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はじめに

現代文明は通信衛星や気象衛星など、宇宙開発のおかげで大きな恩恵を受けている。今や宇宙の利用な
しには現代文明を維持することはできない。ところが、宇宙開発が高度に発展すればするほど、現代文明
は太陽の爆発現象の影響に脆弱になってきた。ひとたび太陽で爆発が発生すると、地球近傍の宇宙空間や
超高層大気は嵐の状態になり、人工衛星が故障したり、電波通信が途絶するなど、大きな被害を被る。地
上でも電力系が寸断されて停電が起きたり、石油パイプラインが腐食したりする。さらに宇宙飛行士や航
空機乗員は放射線による被ばくの恐れすらあるのである。このような宇宙の嵐による被害を最小にするた
めに、その予報が世界各国の緊急の課題となっている。この予報のことを、地上の天気予報になぞらえ
て、「宇宙天気予報」と呼んでいる。
学術創成研究「宇宙天気予報の基礎研究」（代表、柴田一成）は、宇宙天気予報の基礎を確立するため

に、太陽分野と地球分野の研究者 10 名の分担者と代表者による共同研究として、2005年（平成 17 年）
～2009年（平成 21年）の 5年間、実施されたものである。（予期せぬ太陽活動低下のため、一部の研究が
2010年度に繰り越され、最終的には 2010年度末に完了した。）本研究では、さらに、SCOSTEP（太陽地
球系物理学科学会議）の主導する CAWSES（太陽地球系の気候と天気）プログラムの下で、我が国が指
導的な役割を果たし、国際的な共同研究を推進することも重要な目的としていた。また、国内的には、太
陽分野（天文学会）と地球分野（地球電磁気惑星圏学会）という学会の異なる両分野の研究者を一同に集
め、異分野間の交流や共同研究を推進するという責務も担っていた。
この共同研究により、最新の太陽観測データのアーカイブの整備が進み、最新観測データに基づく太陽

地球環境の階層間結合数値モデルの研究が大きく進展した。さらに、我が国の太陽分野と地球分野間の異
分野交流は格段に進み、また国際的にも CAWSESの推進に大きく貢献した。本共同研究プロジェクトの
一環として、宇宙天気に関するわが国初の本格的教科書「総説宇宙天気」（柴田、上出編、京都大学学術出
版会、2011年）を世に送り出すことができたのは、大きな成果と言えよう。
本報告書は、学術創成研究「宇宙天気予報の基礎研究」における、以上のような共同研究の成果や研究

交流の記録をまとめたものである。
最後に、推薦者である上出洋介博士、分担者の方々、共同研究の実質を担っていただいた各組織の中

堅・若手の研究者の方々、さらには、サポーティング・スタッフの皆さま方に、深く感謝申し上げたい。

柴田一成
京都大学大学院理学研究科附属天文台長

平成 23年（2011年）5月 31日
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第 1章

研究組織と体制

1.1 推薦者、研究代表者、研究分担者

氏名 所属研究機関・部局・職 現在の専門 役割分担

推薦者
上出洋介 名古屋大学・太陽地球環境研究

所・教授

研究代表者
柴田一成 京都大学・理学研究科・教授 太陽・宇宙プラ

ズマ物理学
太陽地上観測と総括
　

研究分担者
関井隆
（平成 18年 9月より）

国立天文台・太陽天体プラズマ
研究部・准教授

太陽物理学 太陽スペース観測

草野完也 名古屋大学・太陽地球環境研究
所・総合解析部門・教授

プラズマ物理学 太陽フレア電磁流体
シミュレーション

加藤精一 兵庫医療大学・共通教育セン
ター・講師

情報工学 データベース連携
サービスの構築

藤木謙一 名古屋大学・太陽地球環境研究
所・助教

太陽風物理学 太陽風の構造と変動

荻野竜樹 名古屋大学・太陽地球環境研究
所・教授

宇宙プラズマ物
理学

磁気圏電磁流体シミ
ュレーション

大村善治 京都大学・生存圏研究所・教授 宇宙プラズマ物
理学

ハイブリッド・MHD

統合シミュレーショ
ン

村田健史
（平成 20年 9月より）

情報通信研究機構・電磁波計測
研究センター・宇宙環境計測グ
ループ・グループリーダー

情報工学 バーチャル観測所に
おけるデータベース
構築

次ページに続く
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前ページから続く

氏名 所属研究機関・部局・職 現在の専門 役割分担

星野真弘 東京大学・理学系研究科・教授 宇宙空間物理学 粒子・ハイブリッド
統合シミュレーショ
ン

篠原育
（平成 18年 4月より）

宇宙航空研究開発機構・宇宙科
学情報解析センター・准教授

宇宙プラズマ物
理学

ハイブリッド・MHD

統合シミュレーショ
ン

鵜飼正行 愛媛大学・工学部・教授 宇宙プラズマ物
理学

階層間結合MHDシ
ミュレーション

常田佐久
（平成 18年 9月まで）

国立天文台・太陽天体プラズマ
研究部・教授

太陽物理学 太陽スペース観測

藤本正樹
（平成 18年 3月まで）

東京工業大学・理工学研究所・
助教授

宇宙プラズマ物
理学

ハイブリッド・MHD

統合シミュレーショ
ン

小原隆博
（平成 20年 8月まで）

宇宙航空研究開発機構・宇宙環
境グループ・グループ長

磁気圏物理学 数値宇宙天気予報

1.2 その他の共同研究者
1.2.1 任期付き教員・研究員

*は本研究費により雇用した任期付き教員・研究員。

• 磯部洋明*

京都大学大学院理学研究科附属天文台、研究員（科学研究）、平成 20年 4月
京都大学宇宙総合学研究ユニット、特定助教、平成 20年 5月–平成 22年 3月
• 田中健太郎*

宇宙航空研究開発機構、学術創成招聘研究員、平成 18年 4月–平成 20年 3月
• 塩田大幸*

海洋研究開発機構、ポストドクトラル研究員、平成 20年 4月–平成 21年 7月
• 井上諭*

海洋研究開発機構、ポストドクトラル研究員、平成 20年 4月–平成 21年 7月
• 西田圭佑*

京都大学大学院理学研究科附属天文台、研究員（科学研究）、平成 21年 4月–平成 22年 3月
• 岡光夫
京都大学大学院理学研究科附属天文台、理学部リサーチフェロー、平成 17年 8月–平成 19年 7月
• 浅野栄治
京都大学大学院理学研究科附属天文台、研究員（研究機関）、平成 19年 4月–平成 22年 3月
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1.2.2 若手支援共同研究者

本研究費より、若手研究者への支援を目的に、1人あたり年間 100万円を研究費として支給した。

平成 19年度
• 片岡龍峰（共同研究者：三好由純、井上諭、岡光夫）
「宇宙放射線環境型の自立モデリング」
• 磯部洋明（共同研究者：今田晋亮、岡光夫　協力者：渡邊恭子）
「磁気リコネクションにおける粒子の加速：太陽、磁気圏、惑星間空間の比較研究」

平成 20年度
• 片岡龍峰（共同研究者：三好由純、井上諭、岡光夫）
「宇宙放射線環モデリングの研究」
• 磯部洋明（共同研究者：今田晋亮、岡光夫　協力者：渡邊恭子）
「磁気リコネクションに伴う電子加速」
• 渡邊恭子（共同研究者：平井真理子、簑島敬、今田晋亮）
「太陽と地球磁気圏におけるイオン加速・加熱機構の比較研究」

平成 21年度
• 平成 20年度から継続
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1.3 経費
1.3.1 交付額

（金額単位：円）

平成 17年度 平成 18年度 平成 19年度 平成 20年度 平成 21年度 総計
直接経費 87,400,000 89,800,000 92,900,000 91,100,000 85,200,000 446,400,000

間接経費 26,220,000 26,940,000 27,870,000 27,330,000 25,560,000 133,920,000

合計 113,620,000 116,740,000 120,770,000*1 118,430,000 110,760,000*2 580,320,000

1.3.2 費目別支出額

（金額単位：円）

平成 17年度 平成 18年度
予算額 決算額 差異 予算額 決算額 差異

直接経費 87,400,000 87,400,000 0 89,800,000 89,800,335 △ 335

物品費 49,994,000 59,793,871 △ 9,799,871 53,690,000 49,131,791 4,558,209

旅費 10,700,000 16,956,628 △ 6,256,628 18,850,000 25,514,420 △ 6,664,420

謝金等 12,150,000 6,552,150 5,597,850 14,900,000 11,632,010 3,267,990

その他 14,556,000 4,097,351 10,458,649 2,360,000 3,522,114 △ 1,162,114

間接経費 26,220,000 26,220,000 0 26,940,000 26,940,101 △ 101

合計 113,620,000 113,620,000 0 116,740,000 116,740,436 △ 436

平成 19年度 平成 20年度
予算額 決算額 差異 予算額 決算額 差異

直接経費 92,900,000 92,902,018 △ 2,018 91,100,000 91,100,000 0

物品費 42,299,000 46,294,248 △ 3,995,248 45,900,000 31,364,989 14,535,011

旅費 28,831,000 26,128,778 2,702,222 9,500,000 29,790,292 △ 20,290,292

謝金等 16,015,000 11,906,718 4,108,282 12,650,000 23,162,228 △ 10,512,228

その他 5,755,000 8,572,274 △ 2,817,274 23,050,000 6,782,491 16,267,509

間接経費 27,870,000 27,870,605 △ 605 27,330,000 27,330,000 0

合計 120,770,000 120,772,623 △ 2,623 118,430,000 118,430,000 0

平成 21年度 5年間総計
予算額 決算額 差異 予算額 決算額 差異

直接経費 85,200,000 85,200,000 0 446,400,000 446,402,353 △ 2,353

物品費 13,100,000 32,626,411 △ 19,526,411 204,983,000 219,211,310 △ 14,228,310

旅費 24,000,000 23,116,080 883,920 91,881,000 121,506,198 △ 29,625,198

謝金等 30,000,000 17,363,097 12,636,903 85,715,000 70,616,203 15,098,797

その他 18,100,000 12,094,412 6,005,588 63,821,000 35,068,642 28,752,358

間接経費 25,560,000 25,560,000 0 133,920,000 133,920,706 △ 706

合計 110,760,000 110,760,000 0 580,320,000 580,323,059 △ 3,059
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1.3.3 代表者・分担者別出資額（実績）

（金額単位：円）

直接経費
平成 17年度 平成 18年度 平成 19年度 平成 20年度 平成 21年度 計

柴田一成 36,951,000 29,605,000 34,181,000 22,351,000 32,068,000 155,156,000

関井隆 - 18,983,000 11,683,000 7,396,000 4,489,000 42,551,000

草野完也 2,520,000 3,015,000 4,015,000 16,400,000 21,553,000 47,503,000

加藤精一 800,000 1,240,335 1,340,000 930,000 651,000 4,961,335

藤木謙一 4,760,000 4,372,000 20,471,000 5,316,000 1,909,000 36,828,000

荻野竜樹 6,828,000 17,800,000 5,280,000 15,908,000 248,000 46,064,000

大村善治 0*3 0*3 0*3 13,180,000*4 13,893,000*4 27,073,000

村田健史 - - - 0 2,000,000 2,000,000

星野真弘 5,800,000 5,240,000 4,000,000 3,060,000 3,003,000 21,103,000

篠原育 - 4,500,000 4,717,018 1,779,000 2,493,000 13,489,018

鵜飼正行 5,170,000 5,045,000 7,215,000 4,780,000 2,893,000 25,103,000

常田佐久 19,000,000 0 - - - 19,000,000

藤本正樹 5,171,000 - - - - 5,171,000

小原隆博 400,000 0 0 0 - 400,000

合計 87,400,000 89,800,335 92,902,018 91,100,000 85,200,000 446,402,353

間接経費
平成 17年度 平成 18年度 平成 19年度 平成 20年度 平成 21年度 計

柴田一成 11,085,300 8,881,500 10,254,300 6,705,300 9,620,400 46,546,800

関井隆 - 5,694,900 3,504,900 2,218,800 1,346,700 12,765,300

草野完也 756,000 904,500 1,204,500 4,920,000 6,465,900 14,250,900

加藤精一 240,000 372,101 402,000 279,000 195,300 1,488,401

藤木謙一 1,428,000 1,311,600 6,141,300 1,594,800 572,700 11,048,400

荻野竜樹 2,048,400 5,340,000 1,584,000 4,772,400 74,400 13,819,200

大村善治 0*3 0*3 0*3 3,954,000*4 4,167,900*4 8,121,900

村田健史 - - - 0 600,000 600,000

星野真弘 1,740,000 1,572,000 1,200,000 918,000 900,900 6,330,900

篠原育 - 1,350,000 1,415,105 533,700 747,900 4,046,705

鵜飼正行 1,551,000 1,513,500 2,164,500 1,434,000 867,900 7,530,900

常田佐久 5,700,000 0 - - - 5,700,000

藤本正樹 1,551,300 - - - - 1,551,300

小原隆博 120,000 0 0 0 - 120,000

合計 26,220,000 26,940,101 27,870,605 27,330,000 25,560,000 133,920,706

*1 平成 20年度への繰越承認額 4,470,050円を含む。
*2 平成 22年度への繰越承認額 2,600,000円を含む。
*3 大村氏の配分予算のうち平成 17年度–19年度分は、柴田配分額に含まれている。平成 17年度：5,171,000円、平成 18年度：

5,145,000円、平成 19年度：5,715,000円。
*4 大村氏の平成 20年度–21年度分の予算には、特定教員（磯部洋明助教）の雇用経費 1年あたり 7,000,000円が含まれている。
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（金額単位：円）
総計（直接経費 +間接経費）

平成 17年度 平成 18年度 平成 19年度 平成 20年度 平成 21年度 計
柴田一成 48,036,300 38,486,500 44,435,300 29,056,300 41,688,400 201,702,800

関井隆 - 24,677,900 15,187,900 9,614,800 5,835,700 55,316,300

草野完也 3,276,000 3,919,500 5,219,500 21,320,000 28,018,900 61,753,900

加藤精一 1,040,000 1,612,436 1,742,000 1,209,000 846,300 6,449,736

藤木謙一 6,188,000 5,683,600 26,612,300 6,910,800 2,481,700 47,876,400

荻野竜樹 8,876,400 23,140,000 6,864,000 20,680,400 322,400 59,883,200

大村善治 0*3 0*3 0*4 17,134,000*4 18,060,900*4 35,194,900

村田健史 - - - 0 2,600,000 2,600,000

星野真弘 7,540,000 6,812,000 5,200,000 3,978,000 3,903,900 27,433,900

篠原育 - 5,850,000 6,132,123 2,312,700 3,240,900 17,535,723

鵜飼正行 6,721,000 6,558,500 9,379,500 6,214,000 3,760,900 32,633,900

常田佐久 24,700,000 0 - - - 24,700,000

藤本正樹 6,722,300 - - - - 6,722,300

小原隆博 520,000 0 0 0 - 520,000

合計 113,620,000 116,740,436 120,772,623 118,430,000 110,760,000 580,323,059
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1.4 分担者会議
分担者会議は 5年間のプロジェクト期間のうち 24回行われた。場所は日本全国の研究機関にわたり、

2ヶ月から 3ヶ月に 1回の割合で行われてきた。会議の内容は、各回、内外から講演者を招き最新の研究
について講演が行われ、その後、学創研究の進捗状況報告と議題に関するディスカッションが行われた。
各分担者会議の開催日・場所・参加人数は以下の通り。

回　 開催日　 会場 参加人数　

第 1回 2005年 5月 27日 京大花山・京大飛騨・東大地球惑星・名大 STE研・国
立天文台・東工大（6箇所で TV会議）

18

第 2回 2005年 6月 30日 名大グリーンサロン東山 10（概算）
第 3回 2005年 10月 11日 名大グリーンサロン東山 12（概算）
第 4回 2006年 1月 10日 京大花山天文台 24

第 5回 2006年 4月 14日 情報通信研究機構 24

第 6回 2006年 6月 22日 名大太陽地球環境研究所 21

第 7回 2006年 8月 21日 京大飛騨天文台 33

第 8回 2006年 10月 20日 東大理学部 21

第 9回 2006年 12月 19日 京大生存圏研究所 21

第 10回 2006年 3月 9–10日 愛媛大工学部 25

第 11回 2007年 5月 25日 宇宙科学研究本部 20

第 12回 2007年 7月 17日 国立天文台 21

第 13回 2007年 10月 11日 京大花山天文台・東大（TV会議） 13

第 14回 2007年 12月 18日 京大理学部・東大（TV会議） 16

第 15回 2008年 2月 29日 地球シミュレータセンター 21

第 16回 2008年 5月 9日 名大太陽地球環境研究所 20（概算）
第 17回 2008年 7月 24日 JAXA筑波宇宙センター 14

第 18回 2008年 10月 15日 京大生存圏研究所 17

第 19回 2008年 12月 22日 情報通信研究機構 25（概算）
第 20回 2009年 3月 3日 名大高等総合研究館 21

第 21回 2009年 4月 23日 京大花山天文台・情報通信研究機構（TV会議） 17

第 22回 2009年 7月 1日 京大花山天文台 13

第 23回 2010年 1月 6日 京大花山天文台 18

第 24回 2010年 2月 23日 京大理学部 17　
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鵜飼 荻野
上出

柴田 星野

草野小原

永田
下条

加藤
（精）宮腰近藤

藤木
大村
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菊池

岡久保 藤本

三好

加藤
（雄）島津 坪内

図 1.1 第 4回分担者会議（京大花山天文台、2006年 1月 10日）



10 第 1章 研究組織と体制

図 1.2 第 24回分担者会議（京大理学部、2010年 2月 23日）。（上図）上段左から、篠原育、松本琢
磨、関井隆、荻野竜樹、草野完也、柴田一成、上出洋介、藤木謙一、鵜飼正行、塩田大幸、長妻努。下
段左から、浅野栄治、家田章正、清水徹、加藤精一、西田圭佑。（下図）左から、西田圭佑、家田章正、
玉澤春史、柴田一成、大村善治、松本琢磨、塩田大幸、浅野栄治。（敬称略）
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第 2章

研究の背景と目的・方法

2.1 本研究課題の推薦の観点
近年の太陽–地球間「宇宙」環境の観測の発展によって、我々地球周辺の「宇宙」環境はしばしば太陽

に原因をもつ激しい嵐（電磁気・プラズマ擾乱）に襲われ、その結果、人工衛星、宇宙通信、地上電力系
などにしばしば深刻な障害が発生することがわかってきた。また、これらの嵐は放射線をともなうため、
航空機の乗客・乗務員や宇宙飛行士の健康にも影響を与える。気象衛星や通信衛星など現代社会に不可欠
な人工衛星を守り、さらに生命を脅かす過酷な「宇宙」に人類が進出していくためには、これらの嵐の予
報、すなわち「宇宙天気予報」が不可欠である。
このような重大な使命を達成するために、国際太陽地球系物理学科学委員会（SCOSTEP）は 2004 年

より 5 ヵ年計画で、国際研究計画「太陽地球系の気候と天気」CAWSES （Climate And Weather of the

Sun-Earth System）を開始した。この国際共同プロジェクトは、「太陽–地球」空間をいくつかの個々の領
域に分けて研究するのではなく、全体を一つのシステムとして扱うことが特徴である。本研究の代表者
（柴田）は、CAWSES第 2班「宇宙天気：基礎研究と応用」の座長を務めており、従来ばらばらに研究を
続けていた太陽物理学者と地球物理学者を有機的に結び付け、真に有効な共同研究を推進・奨励するとい
う国際的な責務を負っている。本学術創成研究は、そのような「国際的に対応を強く要請される研究」と
して、国際研究計画 CAWSESを日本がリーダーシップをとって進めるために不可欠な共同研究「宇宙天
気予報の基礎研究」を推進することを目的として推薦され採択された。

2.2 研究目的
嵐の究極の原因は太陽活動にある。太陽で爆発（フレア）やプラズマ噴出（CME = Coronal Mass

Ejection、太陽風）が起これば、その影響が惑星間空間に伝わり、ついには地球磁気圏に到達して上に述
べた嵐（地磁気嵐）を引き起こす。近年の観測の発展は、このような太陽–地球間の一連の現象を直接観
測することを可能にし、宇宙天気予報が決して夢物語ではないことを示している。
本研究では新しい観測データの解析とコンピュータ・シミュレーションを駆使することによって、太陽

面爆発（フレアや CME）や地磁気嵐の発生機構（エネルギー蓄積・トリガー機構と解放機構）を解明し、
コロナから惑星間空間、さらには地球磁気圏、オーロラや磁気嵐に至るまでの物理モデルの枠組みを完成
させる。これに基づいて、太陽から地球に至るまでを 1つのシステムとして扱う階層間結合モデルを構築
し、実際の太陽–地球間現象の観測データの再現を試みる。これは数値宇宙天気予報コードの基礎となる
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ものである。
2003年に太陽全面のベクトル磁場を高分解能（空間・時間）で観測する新望遠鏡（SMART）が京大飛

騨天文台に完成し、2004年度中に定常自動観測が開始された。2006年には日本の SOLAR-B衛星が打ち
上げられ（「ひので」衛星と命名された）、史上最高性能のベクトル磁場観測、X線撮像、極紫外速度場観
測が始まった。本研究の特色は、これらの観測データと解析ソフトを誰もが使いやすい形でインターネッ
トで公開することにある。それによって太陽–地球分野間共同研究、国際共同観測キャンペーンなどを推
進する。目標とする、太陽–地球間を一つのシステムとして扱う階層間結合モデルは、成功すれば世界初
となる。
現代社会のインフラを守り、人類が宇宙に進出するのに不可欠な宇宙天気予報の基礎となる太陽面爆発

の発生機構が解明され、予報コードの基礎が完成するので、社会的インパクトは大きい。

2.3 研究方法、役割分担
本研究では、近年の観測の発展をふまえ、以下の方法、役割分担で研究を進めてきた。

1. 太陽エネルギー解放過程の研究（柴田、加藤、常田／関井、草野）
飛騨天文台における太陽地上観測（柴田・加藤担当）と、2006年打ち上げられた「ひので」（SOLAR-

B）太陽観測衛星によるスペース観測（常田・関井担当）、さらには理論研究（草野担当）を組み合
わせることにより、太陽面爆発の発生機構を解明、モデル化する。

2. 惑星間シンチレーション観測による太陽風モデルの構築（藤木）
天体電波の太陽風による散乱（シンチレーション法）を用いて、太陽面爆発から発生した擾乱の 3

次元構造を観測し、太陽風モデルを構築する。（藤木担当）
3. リアルタイム観測と宇宙天気図モデリング（荻野、小原、大村）
地上磁場観測と磁気圏・電離圏人工衛星観測やレーダー観測、シミュレーションなどを総合し、電
離圏電位・電流の宇宙天気図をリアルタイム（5分–10分毎）で作る（荻野、小原、大村担当）。

4. バーチャル観測所（星野、藤本／篠原、鵜飼）
1.–3.で得られた太陽–太陽風–地球観測を総合し、数値モデリングにより、少ない観測量で望む場
所の諸量を計算できる体制をつくる。すなわち、太陽から地球に至るまでを一つのシステムとして
扱う階層間結合モデルを構築し、太陽–地球間現象の観測データの再現を試みる。これは数値宇宙
天気予報の基礎となるものである。（星野、藤本／篠原、鵜飼担当）
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第 3章

研究成果

3.1 科学研究費補助金研究成果報告書
平成 23 年（2011 年）*16 月に日本学術振興会に提出した「科学研究費補助金研究成果報告書」（様式

C-19）を次ページ以降に掲載する。

*1 当初の研究期間は平成 21年度までであったが、一部研究を平成 22年度に繰り越したため、研究成果報告書の提出は平成 23
年度になった。
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3.2 代表者報告

3.2.1 フレア監視望遠鏡のデジタル化と CHAINプロジェクトの推進
—マクロ的視点からの宇宙天気研究推進—

執筆者：上野悟

この節では、宇宙天気予報の基礎研究を、太陽全面望遠鏡による大規模太陽活動現象の測定・データ蓄
積を通したマクロ的視点から推進するために、当学術創成計画期間中に実施した内容を紹介する。
京大飛騨天文台には 1991年度にフレア監視望遠鏡（FMT）と呼ばれる望遠鏡が太陽活動の長期変動や

太陽地球間環境への太陽活動の影響を調査するために建設された。この望遠鏡は太陽全面を 5つの異なる
波長、モードで同時に撮影することができるため、地球の大気ゆらぎの時間変化の影響を他の地上望遠鏡
と比べて格段に低く抑えた状態で、太陽表面のプラズマガスの運動速度を 3次元的に測定することが可能
であると言う、現在唯一無二の特徴を持った地上太陽望遠鏡である。
ただ、建設当時より、画像データを取得する装置として、長年ビデオカメラを使用してきたため、A/D

変換時の制限などにより、定量的な解析を行なう際に、手間が掛かったり、数値情報や分解能に不足な点
があるなどの短所があった。そこで、2005年度、この FMT望遠鏡に対し、

• デジタル CCDカメラシステムの導入
• デジタルデータ蓄積装置の導入を行なった（図 3.1）。

これらの導入により、観測仕様は以下のように改良された：

• ピクセル分解能：4→ 2 arcsec/pixに向上
• デジタル階調：256→ 1024へアップ
• 感度の向上→露出時間：33 ms→ 4 msに短縮→シーイングの影響大幅抑制
• 多波長完全同期：5波長各々の CCDカメラに共通のトリガー信号を送り、完全同期撮影→シーイ
ング時間変化の影響の無い太陽彩層速度場分布を得る。
• ノイズ面から見たフィラメント噴出速度の算出誤差はおおよそ ±10 km/sから ±2 km/sへと抑制。
• デジタル画像データを学術創成計画期間の 2006～2009年度の 4年間分格納可能な態勢が整う。

また、これらから得られたデータを含む、過去 18 年間に渡る FMT データに対し、図 3.2 のように、
様々な形態でインターネット上での一般への公開を進めた。
現在、地球磁気圏に多大な影響を与える惑星間空間現象について、その地球の極近傍での磁場形体や速

度、密度などが分かれば、その後の振る舞いの予報は精度良く行なえるようになりつつあるが、太陽表
面にまで遡って、どの活動現象がどれほど geoeffectiveであるのか予測するのはまだまだ困難な状況であ
る。この点を改善するためには、太陽表面から噴出するプラズマ中の磁場構造の測定だけでなく、3次元
的な速度場情報、密度情報などを様々なケースについて収集し、統計的に有意な量のデータベースを作成
する必要がある。
この点で、飛騨天文台 FMT望遠鏡は極めて有効な観測装置であったが、活動現象の観測データ量、捕
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図 3.1

図 3.2
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捉確率という点では天候や夜間の観測不可能時間帯の影響などもあり、まだ不十分であった。そこで、太
陽地球間環境に影響を与え得る太陽活動現象を漏らさず測定することを目指し、当天文台では Continuous

H-alpha Imaging Network（CHAIN）の形成を、当学術創成計画の一環として進めることとした。この
CHAINプロジェクトにおいては、複数の FMT型望遠鏡を全地球的に展開することにより、24時間連続
太陽全面観測を実現することで、上記目的を達成し、データの収集面だけでなく、国際協同観測・共同研
究を通じた宇宙天気研究、太陽物理学研究の国際的な普及・発展を目指すものでもある。
我々は、CHAINプロジェクトの海外第一号 FMT望遠鏡として、ペルー国立イカ大学（下図右上）に

飛騨天文台既設の FMTを移設することを決め、2009年度経費にてペルーに FMTを移設する際に新たに
必要となる周辺機器や赤道儀架台を導入したり、ペルーの若手研究者を日本に招いて研修を行ない、2010

年 3月 19日の開所式を目指して、ペルー地球物理学研究所（IGP）やイカ大学と協力しつつ、望遠鏡の
輸送、設置、立上げ作業の仕上げを行なっている所である（ペルーにおけるシステム構成は図 3.3左下を
参照）。

図 3.3

一方、海外第二号 FMT望遠鏡の設置サイトとして、24時間連続観測を実現可能とするアルジェリアを
最有力候補と定め（図 3.3右下参照）、2008年度にはアルジェリア・天文天体物理学地球物理学研究セン
ター（CRAAG）の協力のもと、観測サイト候補地の調査や研究交流を行なった。アルジェリアへの望遠
鏡設置やさらなる学術交流については、当学術創成計画期間が終わった後も、異なる形で推進していく予
定である。

関連論文 Ueno,S., et al., “CHAIN-project and installation of the flare monitoring telescopes in developing countries”,

Bull. Astr. Soc. India, 35, 697–704,（2007）（本報告書 273ページに全文を掲載）
関連新聞記事 本報告書 161ページ以降を参照
CHAINプロジェクトWebページ http://www.kwasan.kyoto-u.ac.jp/CHAIN/



24 第 3章 研究成果

3.2.2 SMART望遠鏡システムの整備

執筆者：北井礼三郎

SMART 望遠鏡は 2003 年設置以来、太陽全面の彩層活動観測および光球磁場観測を行ってきている。
彩層活動現象は、Hα センター、±0.5 Å、±0.8 Å の 5 波長の単色像で連続観測によってとらえられてい
る。この 5波長全面彩層連続観測は、世界中で唯一の観測システムである。その利点を生かして SMART

望遠鏡によって、2005年 8月 3日に太陽フレアの発生に伴って 3連続でモートン波が放出されるのを世
界で初めて発見した。この発見は新聞にも大きく取り上げられ、SMART望遠鏡による観測が社会にも伝
えられた。このことは、宇宙天気予報研究に対する社会の理解を広めることに大きな寄与をした。

図 3.4 3連発モートン波の伝搬の様子: 赤色 +印が 1発目、緑色 +印が 2発目、青色 +印が 3発目の
モートン波の波面をそれぞれ示している。図の上の数字は、それぞれのデータの観測時刻である。お
よそ 10分間に、3つの衝撃波が連続して発生し、伝搬しているのがわかる。

SMART望遠鏡のデータは、以上のように宇宙天気予報の基礎研究にとって重要なデータであり、内外
の多数の研究者からその公開の要望が出された。このため、我々は学術創成研究資金の援助を受けて、イ
ンターネットを通じて全データを公開するシステムを構築した。その概要は、（1）花山天文台に公開用の
データベースサーバーを設置、（2）高速通信回線維持管理、（3）観測原データおよびムービー化したもの
をサーバーに転送蓄積、（4）我々の HP（http://www.kwasan.kyoto-u.ac.jp）から簡便なユーザーイ
ンターフェースによりアクセス可能とするシステムである。
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そのユーザーインターフェースは図 3.5のようなものである。

図 3.5 このページから、それぞれの日の 5波長のムービーページ、リアルタイム太陽彩層画像ページ
に進む形となっている。この公開画像は、ひので観測のターゲットポインティング決定にも利用され
ている。

3連発モートン波論文
Narukage,N., et al., “Three Successive and Interacting Shock Waves Generated by a Solar Flare”, ApJ, Volume

684, Issue 1, pp. L45–L49（本報告書 258ページに全文を掲載）
SMART関連新聞記事

本報告書 142ページ以降を参照。3連発モートン波論文の記者発表資料・新聞記事もあり。



26 第 3章 研究成果

3.3 分担者報告

3.3.1 国立天文台「ひので」チーム報告

執筆者：関井隆

国立天文台「ひので」チーム（常田・関井）は、第 22号科学衛星 SOLAR-Bの製作・試験・運用などを
宇宙航空研究開発機構・宇宙科学研究本部及び海外のパートナー（米国 NASA、英国 STFC、ESA、ノル
ウェー NSC）と共同で推進した。衛星は 2006年 9月 23日に打ち上げられて「ひので」と命名され、太
陽大気構造と磁気活動やコロナの成因の解明、宇宙天気の基礎研究に大きな貢献が期待される。
例えば口径 50 cmの可視光太陽観測望遠鏡（SOT）は、飛翔後軌道上で回折限界（波長 500 nmで 0.2

秒角）を達成し、安定に動作している。可動鏡による制御の結果、非常に質の高い画像・スペクトル像が
取得できる。X線望遠鏡（XRT）の検出器系の開発・製作および検出器感度の絶対較正、極端紫外線撮像
分光装置（EIS）の設計製作にも貢献した。衛星システム試験には全望遠鏡の担当として参加した。飛翔
実験を成功させ、全望遠鏡が軌道上で所期の性能を達成していることを確認している。
打ち上げ以降、国立天文台「ひので」チームは初期運用・科学運用に主力として参加して円滑な衛星運

用の実現に力を注ぐ一方、国立天文台内に「ひのでサイエンスセンター」を設立して、「ひので」データ
の科学解析において国内外の太陽物理・宇宙プラズマ物理のコミュニティのサポートを始めた。現在まで
に、例えば以下の様な新しい知見が得られている。

1）太陽コロナ中に浮揚している紅炎の繊維状・微細構造が振動していることを発見した（SOT）。これ
はコロナの磁力線に沿って、アルヴェン波が伝播していると考えられ、コロナの加熱機構に役割を果たし
ている可能性を示唆した（Okamoto et al 2007、図 3.6）。

図 3.6 プロミネンス中を伝わるアルヴェン波の発見
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2）コロナホールに隣接する活動領域端より、コロナ温度のプラズマが定常的に噴出しているプラズマ
流が観測された（XRT）。このプラズマ流による質量損失率を推定すると、全太陽風の数分の一に相当す
ることが判明し、コロナ中の太陽風源のひとつと考えられる（Sakao et al 2007）。

図 3.7

3）黒点半暗部の詳細研究により、半暗部の明条が捩じれ運動を示すことを見つけた。この運動は半暗
部のみに見られ、また黒点中心と太陽光球円盤を結ぶ線に対称に見られる。更に捩じれの方向は、常に太
陽円盤縁から円盤中心の方向になっているので、これは半暗部の実際の運動ではなく、3次元的輻射輸送
の効果であることが結論付けられる（Ichimoto et al 2007、図 3.8）。

図 3.8 背景:磁場の傾き角。等高線:視線速度の上昇流（青）と下降流（赤）
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4）黒点半暗部に微小なジェット的な構造が発見された（SOT）。このジェット的な構造は幅が狭く、継
続時間も短いので、これまで発見できなかったものである。この微細なジェット的構造は、黒点半暗部の
複雑な磁場構造により、彩層内に引き起こされた磁気再結合過程であると考えられ、黒点上空のコロナ加
熱の一因になっているものと推測される（Katsukawa et al 2007、図 3.9）。

図 3.9 黒点半暗部彩層で普遍的に発生するジェット状の増光現象

5）微細で（1000 km程度）短寿命な（4分）な水平磁場成分を発見（SOT）。発生頻度なども含め、色々
な性質が静穏領域と活動領域とで変わらない。表面付近の対流に起因する磁場の生成機構があることを示
唆する。（Ishikawa et al 2008、図 3.10）。

図 3.10 直線偏光（水平磁場）
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6）極域における磁場の分布が精密に測定された。キロガウス強度を持った磁場が極域コロナホール中
に点在している。靜穏領域では、両方の極性がほぼバランスして存在しているのに対し、極域コロナホー
ルでは一方の極性に偏って存在。ただし、完全に単一なわけではなく、逆極性も混ざっている（Tsuneta

et al 2008、図 3.11）。

図 3.11

7）SOTを用いて局所的日震学解析が可能なことを示し、超粒状斑の深さが数千 km程度であることを
確かめた（Sekii et al 2007、図 3.12）。また、活動領域における Ca II H 線データの局所的日震学解析か
ら、下降流の検出に成功した（Nagashima et al 2009）。

 

図 3.12
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8）極域で発生するコロナ温度のジェットを調べた（EIS、Kamio et al 2009、図 3.13）。足元は、惑星
間空間に向けて開いた構造と考えられている、極領域 kG光球磁場領域と近接している。動径方向速度は
300 km/s程度。

図 3.13
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3.3.2 太陽フレア電磁流体シミュレーション

執筆者：草野完也

2006年 12月 13日に発生した大規模フレアに起因する一連の宇宙天気現象を再現するための包括的な
モデリングの開発を以下の通り行い、宇宙天気の予測性について考察した。*2

第 1に、前年度に開発した非線形フォースフリー磁場モデルをひので観測データに適用し、フレア発生
活動領域の 3次元コロナ磁場を再構成すると共に、これを元にしたフレア発生のMHDシミュレーション
を実施した。特に、太陽表面境界条件を改良し、磁束上昇過程をモデル化することで、どのような磁束上
昇が現実的の活動領域の中でフレアのトリガーとして働くかを調査した。その結果として、磁気中性線近
傍の磁束上昇の結果として磁気中性線に向かった収束流が形成され、フレアの発生に至る可能性を提案
した。
第 2に、フレア発生を仮想的な収束流を使ってモデル化することで、フレア時の磁気リコネクションに

よって活動領域内部に蓄積されていた磁気ヘリシティと磁気エネルギーがその外へ解放される過程を定量
的に解析した。その結果、フレア直後にプラズモイドの膨張が生じた後に、プラズモイド内の磁束の回転
によって磁気エネルギーと磁気ヘリシティが大規模な磁気ループへ継続して放出される過程を捉える事が
できた（図 3.14）。これはフレアからコロナ質量放出（CME）の形成に至る物理過程を探る上で、重要な
発見であると共に、太陽面磁場観測に基づくデータ駆動型シミュレーションにより、CMEの形成過程を
再現することができる可能性を示す成果である。さらに、磁気ヘリシティ注入後の大規模ループの膨張過
程を捉えるための太陽コロナ全球モデルの開発も昨年度から継続して実施した。

図 3.14 活動領域 NOAA 10930において 2006年 12月 13日に発生した大規模フレアのデータ駆動型
シミュレーション。磁力線、電流層（緑）、高速プラズマ流（赤）の時間変化。左がフレア発生直後、右
はその後の構造。

*2 本報告書 169ページ以降に記者発表資料および関連新聞記事あり。
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第 3に、本研究の一環として片岡らによって昨年度、実施された惑星間空間のコロナ質量放出（ICME）
伝播シミュレーション（Kataoka et al. 2009）とプラズマハイブリッドコードを利用することで、惑星間
衝撃波近傍における太陽高エネルギー粒子の形成過程を再現することができる第 1原理シミュレーション
を始めて開発した。このモデルでは、惑星間空間モデルによって再現された衝撃波の物理パラメタを入力
として無衝突衝撃波のイオン運動論シミュレーションを実施し、拡散衝撃波加速の結果現れる高エネル
ギー粒子（SEP）の流束量を解析した。さらに、地球軌道まで伝播する SEP流束量を評価し、2006年 12

月 14日の ACE衛星による観測と比較した。その結果、衝撃波到達前の高エネルギー粒子の流束、エネ
ルギー分布、時間変化について観測とほぼ一致する結果を得ることを確認することができた（図 3.15）。

図 3.15 2006年 12月 13日フレアによって発生したコロナ質量放出で加速された太陽高エネルギー粒
子の観測（実線）とシミュレーション結果（点）。上から 0.546～0.761 MeV, 0.761～1.22 MeV, 1.22～
4.94 MeVのエネルギー帯の粒子流束変化を示す。
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3.3.3 太陽観測データベースとその利用

執筆者：加藤精一

我々は（1）SMART望遠鏡データ公開ページで動作する観測データへのアクセス部分の開発と、それ
らの基本データベースの構築後に必要となるイベント検索アプリケーションの一例として（2）モートン
波候補の自動検出手法についての提案を行った。

（1）SMART望遠鏡公開ページにおけるデータアクセスソフトウェアの開発
SMART望遠鏡公開ページ（http://www.hida.kyoto-u.ac.jp/SMART/）では、移行が楽なように、

それまで蓄積されていたデータ構造をそのまま生かしてユーザの利用環境を作成した。ユーザがカレン
ダーで閲覧したい日を選択した後、図 3.16のようにサムネイル表示を閲覧しながら必要なデータを選択
し、必要なデータのみを圧縮ファイルでダウンロード可能になっている。その日のデータ全体や、チェッ
クしたもの以外を全てダウンロードできるようにもなっており、SMART望遠鏡の画像データはサイズが
大きいため、ユーザがダウンロードにかかる時間を考慮できるように、データサイズについてもあわせて
表示するようにしている。

図 3.16 観測データのダウンロード
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（2）モートン波自動検出手法の提案
大量のデータから必要な情報を選択することは、必ずしも簡単ではない。大量のデータが扱えるように

なった後、大量のデータ処理を自動化することが必要になる。その一例として、観測画像を画像処理し、
モートン波候補を検出する自動化手法を提案した。モートン波はフレアに付随して起こるため、

1. フレア検出
2. フレア部分の除去
3. コントラスト調整
4. ウェーブレット変換によるノイズ除去
5. 二値化
6. 閾値による候補の検出

といった順に画像を処理し、飛騨天文台で作成されたモートン波のイベントリストと比較した。

図 3.17 源画像（左）と処理例（右）

評価は、フレア検出における閾値と、二値化後の閾値を変化させ、既存のイベントリストに基づいて
モートン波の検出率（選別した画像にイベントリストによるモートン波を含む画像が含まれている率）が
最大となるようにパラメータ設定を行い。その検出率と、選別した画像の全画像枚数に対する割合で評価
を行った。結果、候補が含まれている可能性のある画像として提示されたのは全画像の約 38%、検出率は
約 75%であった。これは、全ての画像を検査するのに比べて、約 6割程度実際に確かめる必要がある画
像を削減できたことになる。また、これらのアルゴリズムは容易に並列化が可能であり、最近研究されて
いる GPGPUを用いた画像処理などとあわせて、絞り込むまでの時間は大幅に削減することができると考
えられる。一方で、検出率は現段階で最大でも 75%となっており、検出アルゴリズムには改善が必要で
ある。今回は画像処理の手法のみを用いてアルゴリズムを作成したが、今後理論的なモデルも利用して検
出率をあげること、他のイベントへの応用についても課題としたい。
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3.3.4 太陽風観測グループ報告

執筆者：藤木謙一

（1）太陽圏イメージング装置受信機システムの開発
天空に分布する天体から発せられた電波は太陽風プラズマにより散乱を受ける。この現象は惑星間空間

シンチレーション（IPS）現象と呼ばれ、散乱された電波は地上では強度変動として観測される。この小
さな変動を捉えることで、惑星間空間を流れる太陽風の速度、密度擾乱の情報を引き出すことが可能であ
る。我々は、過去 30年にわたり国内に観測所を展開し太陽風の観測を行ってきた。本予算では、さらな
る高品質のデータを取得するため、拠点となる豊川観測所の新アンテナの受信機システムの開発を行い、
定常観測を開始した。その結果、従来比で 2～3倍の電波天体の観測に成功し、その結果 CME伝搬時の
空間構造や、背景の太陽風構造をより高空間分解能で観測することが可能となった。現在太陽風データは
順調に蓄積されている。

図 3.18 豊川観測所の新アンテナ。左）全景、中央）フロントエンド、右）バックエンド。

（2）IPS観測を用いた太陽風予報の実現
我々が実施している IPS観測では太陽から 0.2～0.9 AUの領域が観測可能である。これは地球に到達す

る太陽風の情報を数日前に知ることができるということを意味する。今回我々は背景太陽風の予報精度と
予報期間の検証を行った。その結果、観測が正常に実施されている場合、太陽風は 5日後まで予報可能で
あるが、その誤差は 4 日後を過ぎると急速に増大することが明らかになった。現在太陽風予報は以下の
Webサイトにて公開されている。
http://stesun5.stelab.nagoya-u.ac.jp/ips_data.html/
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図 3.19 太陽風予報（左）と予報精度の変化（右）の一例

（3）惑星間空間における CMEの伝搬と構造
IPS観測の強度変動の大きさは太陽風プラズマの密度擾乱に比例した大きさを持つ。この強度変動の大

きさから太陽距離依存性を補正した量（g値）を用いると、g値の増加から惑星間空間を伝播する CMEの
スナップショットを得ることができる。これまでに多くの IPS観測から、g値の増加している領域は惑星
間空間衝撃波のような密度変動の大きな領域を観測していると考えてきた。しかし今回 2003年 10月 28

日に発生した CMEを解析したところ、IPS観測データで再現された CMEのループ構造は高密度領域に
感度のある SMIE衛星による撮像観測の結果と一致し、さらに、宇宙線データから推測される磁気ローブ
の向きともほぼ一致していることがわかった。その後、他イベントの解析を実施したところ、IPS観測で
ループ状に再現される CME構造が磁気ローブの形状と密接な関連があることが複数例発見された。この
結果は IPSによる CME観測は衝撃波領域のみならず、CMEの本体も観測可能であることを示唆するも
のであり、今後の IPSによる CMEの研究に大きな変革をもたらす結果が得られた。

図 3.20 IPSにより再現された太陽風構造（左）と SMIE衛星による観測（右）の比較。
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（4）今極小期の異常な太陽風構造
最近になって第 24期太陽活動が低調であるという報告が多くなされるようになった。我々は過去の太

陽風構造と比較することで、太陽風構造の異常性をいち早く発見した。通常太陽活動極小期では太陽磁場
は双極構造をしており、両極の惑星間空間に開いた磁場領域からは高速太陽風がふきだし、赤道域付近で
は低速太陽風が帯状にふきだしている（下図左）。今極小期は太陽の双極磁場成分が前 2サイクルに比べ
て弱く、その結果低緯度においても大きなコロナホールが発生し低緯度でも頻繁に高速風がふきだしてい
ることが明らかになった（図 3.21右）。

図 3.21 極小期の太陽風構造。前サイクル（左）と今サイクル（右）
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3.3.5 磁気圏電磁流体シミュレーション

執筆者：荻野竜樹

概要
宇宙天気現象を解明するためには、太陽から地球までの物質と電磁場擾乱の流れを追跡できる物理モデ

ルを構築し、そのモデルを用いたシミュレーションと観測を比較してモデルの改良にフィードバックして
いくことが重要である。その中で、太陽から地球までを扱う物理モデルを大きくフレアなどの太陽表面爆
発現象から惑星間擾乱の形成・伝播までと、惑星間擾乱が地球磁気圏に与える影響の二つに分けて観測
データを計算の入力に用いたシミュレーションを行って物理モデルを検証した。前者では、太陽観測衛星
「ひので」の磁場データを入力に用いて惑星間擾乱の発達を調べ、後者では太陽と地球を結ぶ線上に位置
する太陽風観測衛星 ACEのプラズマと磁場データを入力に用いて、太陽風と地球磁気圏相互作用の 3次
元MHDシミュレーションを行い、地球磁気圏や極域電離圏の応答と擾乱発生を調べて、衛星や地上観測
と比較した。特に、太陽爆発現象から地球で生起する磁気嵐までを一貫した物理モデルで統一的にシミュ
レーションするモデリングタスクフォースにおいては、太陽風の 3次元モデルのデータを入力とした地球
磁気圏のシミュレーションを実行して、大振幅アルフベン波の励起など微細構造の変化と磁気圏ダイナ
ミックスへの影響を明確に示すことに成功した。

2006年 12月の磁気嵐に対する太陽風と地球磁気圏相互作用の MHDシミュレーション
太陽から地球までの一連の現象を解明するために宇宙天気モデリングタスクフォースを結成して、2006

年 12月の X-クラスの太陽フレア発生とそれに伴う地球磁気圏電離圏の応答と磁気嵐現象を調べた。太陽
フレアの影響が現れる 12月 11–20日のシミュレーションを行い、太陽風の高速流が大きく変化する 12

月 14日と南向き IMF（惑星間磁場）が極端に大きくなる 12月 15日の磁気嵐に注目してモデルの空間と
時間分解能を上げた高精度計算を行った。高速衝撃波の到来は先ず昼側磁気圏を圧縮するとともに振動
を引き起こし、継続的に磁気圏全体を圧縮する。衝撃波の到来時、極域に朝夕一対の渦が発生し、昼側
から夜側に数分で流れて行きそして消滅する。その様な対渦の発生は IMFや太陽風動圧の変化に伴って
繰り返し現れ、2–5分の磁場振動を引き起こす。尾部での磁気リコネクションは圧縮によって強められ、
IMFの方向の変化によって複雑に変化する。IMFの急激な北向きから南向きへの変化と継続的な振動は
リコネクションレートの増大とプラズマシートプラズマの地球方向への急激な注入を伴い、尾部での強い
MHD波動（∼ 5 mHz）を励起する。これらの地球磁気圏シミュレーションの結果は磁気圏構造と磁気圏
電離圏対流変化の宇宙天気図として提供した。また、地上多点の磁場観測を用いた宇宙天気図（極域電離
圏の電場・電流の図）の作成においては、二波長の衛星オーロラ画像から、現実的な電気伝導度を算出す
る手法を開発し、激しく時間変動するオーロラサブストーム時においても、宇宙天気図を作成することを
可能とした。これらの極域電離圏の電場・電流の図はWebで公開するのと同時に HFレーダー観測など
と比較できるようになった。
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図 3.22 2006年 12月の磁気嵐に対するMHDシミュレーション結果（左図）と SuperDARN電離圏
観測及び KRMモデルの極域図の比較。

磁気圏電離圏結合系の三次元 Hall-MHDシミュレーション
従来、地球磁気圏の MHD シミュレーションでは電離圏は電気伝導度モデルにより、平均的な 1 枚の

シートとして与えられてきた。また電離圏のMHDシミュレーションでは二次元のスラブモデルで解かれ
てきた。このようなモデルは 3次元的な空間の広がりをもたず、磁場や重力加速度などはモデルの中で定
常解として空間的に一様な自明な解を用いたため現実的なモデルではない。そこで、電離圏の高さ構造を
考慮した磁気圏電離圏結合系を self-consistentに解く 3次元グローバル Hall-MHDモデルを開発し、電離
圏の 3次元電流系を求めることに成功した。南向き IMFの時、2種類の沿磁力線電流が電離圏上部境界
からアルフベンモードとして緯度 70◦ 付近において高度 160 kmあたりまで伝搬し、そこから徐々に磁場
に垂直方向の電流へ変換されていくのが分かった。北向き IMF の時は、3種類の沿磁力線電流が同様に
下部電離圏に伝搬して垂直方向の電流に変換され、磁気圏に還る電流クロージャが形成されているのが明
確になった。また、各沿磁力線電流間において相互にどの程度の割合で結合しているかを明らかにするこ
とができた。

高精度グローバル MHDシミュレーションによる磁気圏境界層のプラズマ不安定性と乱流形成
プラズマ物理の重要な問題の一つは異常輸送を理解することである。地球磁気圏では物理量の空間変化

が比較的小さくて広がった領域とその領域を区分して物理量が急激に変化する狭い境界層が形成される。
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図 3.23 2006年 12月 14日の衝撃波到来直後（左図）と 15日の磁気嵐時（右図）のおけるシミュレー
ションと SuperDARN観測の比較。

マグネトポーズやプラズマシートは磁気圏境界層の典型的な例である。その境界層のプラズマ不安定とそ
の非線形発展を高精度の太陽風と地球磁気圏相互作用の 3次元グローバルMHDシミュレーションから調
べた。惑星間磁場（IMF）が南向きで比較的強い時、昼側磁気圏境界ではリコネクションの起り方に強弱
ができて、波状の構造や渦列の形成が起る。プラズマシートでは尾部リコネクションが起るが、高精度の
シミュレーションを行うとその起り方が斑状で間歇的になる。その結果プラズマシートに太陽と地球を結
ぶ方向に伸びた筋状の構造が現れる。一方、強い北向き IMFの時は、磁気リコネクションの起る場所が
反平行磁場条件を満たす高緯度尾部領域に移動する。更に高精度のグローバルシミュレーションから磁気
圏境界に波状構造の発生、尾方向へ連続して流れる一連の渦列の形成が見られた。これは磁気圏境界の速
度シアによる Kelvin-Helmholtz不安定の非線形発展の結果である。こうして磁力線方向の有限長の安定
化効果を self-consistent に含めた 3 次元グローバル MHD シミュレーションから Kelvin-Helmholtz 不安
定による渦列の形成を初めて明確に示すことに成功した。

図 3.24 高精度グローバルMHDシミュレーションから見出された南向き IMFの場合の磁気圏境界層
の渦乱流とプラズマシートのフィラメント構造（左図）と北向き IMFの場合の Kelvin-Helmholtz不安
定による渦列の発生（右図）。
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3.3.6 ホイッスラーモード・コーラス放射の発生機構と相対論的電子加速

執筆者：大村善治

ホイッスラーモード・コーラス放射は地球磁気圏のみならず、土星および木星の磁気圏においても観測
されている。地球のダイポール磁場のように磁気赤道面付近で磁場の強度が二次関数的に変化し、そのよ
うな領域に温度異方性をもった高エネルギー電子（10–100 keV）が注入されるとコーラス放射が励起され
ることが、理論とシミュレーションによって確認した。コーラス放射は周波数が大幅に変化するコヒーレ
ントな波動であるあるが、その周波数変化のために広いエネルギー範囲において電子をサイクロトロン共
鳴し、電子からエネルギーを受け取って爆発的に非線形成長する。磁気赤道面付近で、周波数が上昇する
ことにより、共鳴電子の大部分は減速されて、その分、波がエネルギーを得て成長する。このメカニズム
は速度位相空間において電磁的電子ホールが形成されることによっている。このコーラス放射の発生メカ
ニズムを世界で初めて解明し、その周波数変動と波の振幅の関係を導いた（Omura et al., 2008）。さらに、
この赤道域での絶対不安定の時間発展を記述する非線形連立方程式を導いた。この方程式をコーラス方程
式と名付けて、地球のみならず土星や木星のパラメータで解を求めたところ、観測と良く一致する周波数
スペクトルの特性が得られた（Omura et al., 2009）。
これらのコーラス放射はサイクロトロン周波数の半分の周波数を境として上下の周波数帯に分かれるこ

とが観測的に報じられている。上記の非線形成長による絶対不安定が起こっている磁気赤道領域では、上
下の周波数は連続的につながっているが、この波が磁気赤道から離れるにつれて斜め伝搬のホイッスラー
モードとなり磁力線に平行な電界成分が現れる。この時、1/2サイクロトロン周波数において群速度と位
相速度が等しくなり、静電的なトラッピングポテンシャルができるため、高エネルギー電子の一部が捕捉
される。外部磁場の不均一性があるために、粒子は加速されて、波のエネルギーは失われることが示され
る（Omura et al., 2009）。このため、1/2サイクロトロン周波数では波が非線形減衰を受けるため、発生場
所では連続したスペクトルであったコーラス放射が上下の 2つの周波数帯に分かれているように観測され
るのである。
コーラス放射は周波数変化するため、非常に幅広いエネルギー（1 keV～10 MeV）の電子と共鳴するこ

とができる。多くの電子は波のトラッピングポテンシャルの境界を超えることはできず、非捕捉の状態で
波と共鳴する。先に論じたように、非捕捉粒子は波にエネルギーを与えるが、コーラス放射のコヒーレン
トな波に捕捉された共鳴電子は、不均一磁場の効果および周波数が上昇するという両方の効果のために、
共鳴速度が下がり、その分ピッチ角が増加するために、効率よく加速される。この効果は、特に粒子が数
百 keV～数MeVの運動エネルギーを持つ時に効果的に現れる。ーラス放射と共鳴する数百 keV以下の電
子は磁気赤道に向かって進みながら波と共鳴するが、数 keVを超えてローレンツ係数 γ が大きくなると
共鳴速度が 0に近くなり、さらに共鳴速度の符号が反転して波と同じ方向に進行しながら共鳴し続けるこ
とが可能となる。このため、波との共鳴時間が長くなり極めて効率よく加速される。これを相対論的反転
加速（RTA: Relativistic Turning Acceleration）と呼んでいる。（図 3.26）
図 3.25 に示したコーラス放射のシミュレーションにおいて加速された粒子の軌道を図 3.27 に示す。

コーラス放射を構成する個々のコーラスエレメントは周波数が変動しつつパケットの長さも短いため、図
3.26のような RTAは一度には起こらない。しかし、エネルギーの高い粒子は、磁気赤道付近の磁場に捕
捉されて磁力線沿いに南北に往復運動するために、何度も複数のコーラスエレメントと共鳴し繰り返して
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図 3.25 電子ハイブリッドシミュレーションによって再現されたコーラス放射（Omura et al., 2008）

図 3.26 一定周波数のホイッスラーモード波による相対論的反転加速（RTA）（Omura et al., 2007）
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トラップされることにより、図 3.27のような反転軌道を断片的にとり、次第に加速されていく。 RTAを
経て、さらに数MeVのエネルギーにおいても加速が起こっている。これは、波の進行方向と同じ方向に
進みながら波にトラップされて加速されるもので、数MeV以上の相対論的エネルギーのために共鳴速度
が正となっているのである。波と同じ方向に進行することから共鳴時間が長くなり、これも効率の良い
加速であり、超相対論加速（URA: Ultra-Relativistic Acceleration）と呼んでいる（Summers and Omura,

2007）。

図 3.27 コーラス放射のシミュレーションにおける相対論的電子加速（Katoh et al., 2008）
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3.3.7 素過程の粒子モデリングと衛星観測による検証

執筆者：篠原育

JAXA/宇宙研グループでは本研究課題の研究期間を通して、宇宙天気現象の中に現れる “鍵”となる素
過程現象（磁気リコネクション、衝撃波加速）について、粒子シミュレーションによるモデリング、及び、
科学衛星観測データの解析によるモデルの検証を行った。宇宙天気予報研究では、太陽から地球までの広
大な宇宙空間を扱う巨視的な現象のモデリングが先行して進んでいるが、その一方で、磁気リコネクショ
ンや高エネルギー粒子加速現象などは、非常に微視的な現象まで追わない限りは、巨視的な発展を正確
に予測することはできないため、微視的な立場から素過程をモデリングすることも重要な課題とされて
いる。
粒子シミュレーションによるモデリング研究開発のポイントは次の 2点である。

• 粒子シミュレーションの柔軟な（より現実的な）境界条件の開発
• 大規模計算の結果がどこまで観測事実を再現できるか、についての検証作業

具体的には、本研究課題期間の成果として、以下の課題があげられる。

1. イオンスケールの電流層中における磁気リコネクションの成長
• 2次元、3次元計算の比較

2. 磁気島 coalescenceによる電子加速
• 3次元計算から 2次元のより大きな系へ

3. 観測データとの比較と検証
• 磁気圏境界面リコネクション
• coalescenceの証拠を探る

4. 3次元衝撃波

それぞれの項目についての成果を以下に説明する。

a.イオンスケールの電流層中における磁気リコネクションの成長
地球磁気圏の尾部では、厚さがイオン慣性長スケールの電流層が存在することが観測的に示されてお

り、イオン・磁場拡散領域と考えられる領域のイオンの運動論的な振る舞いまでが観測的に明らかになっ
ている。しかし、磁気リコネクションの発生の視点から見て「どの程度まで薄くなった電流層でどのよう
な運動論的効果が発現することが必要であるのか？」を 2次元の粒子シミュレーションからモデル化する
ことを試みた。系の大きさ、電流層の厚さ、イオン/電子の質量比をパラメータとして網羅的に実験した結
果、次の 2点の結論が得られた。
（1）顕著な磁気リコネクションが期待できなくなる臨界条件 Dcr を見出した。イオン慣性長より厚い電流
層では、磁気リコネクションの成長時間はより長く、飽和レベルも小さい。
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（2）臨界条件は電流層の厚さ Dによる。

D1st
cr /λi = 3.5(Me/Mi)1/2 (L = 12D)

D2nd
cr /λi = 2.7(Me/Mi)1/4 (L = 24D)

（λi はイオン慣性長、Lは波長）臨界条件はシステムサイズに依存する。（1）、（2）をあわせて、旧来のテ
アリング不安定の成長率、飽和値の理論的予測とスケーリング則の観点で一致することが確認できたこと
で、理論の長波長極限との間をつなぐ実験事実が確立できたと考えいる。
関連して 3次元の計算の拡張も行ったが、結果は 2次元とは異なるものとなった。3次元では電流駆動

型不安定の非線形効果による電流層構造変化によって、磁気リコネクションのトリガーが急速に行われ
る。しかし、この場合も、電流駆動型不安定の非線形効果の効き方が初期電流層の厚さに依存し、イオン
慣性長よりずっと厚い場合には 2次元と同等の結果になって、磁気リコネクションの自発的な駆動はゆっ
くりとしか起こらないことが確認された。

図 3.28 （左）磁気中性面上での密度の時間変化（右）電子のエネルギースペクトル

b.磁気島 coalescenceによる電子加速
テアリング不安定によって生成される磁気島群は、磁気島の融合を通して大スケールへ発達していく

が、磁気島が合体する際に、強い電子加速が発生することを明らかにした。磁気島の合体が飽和した後に
は、磁気島内部に蓄えられた電子のエネルギー総量は、同じサイズの磁気島を磁気島同士の合体を経ずに
形成した場合に比べてかなり多く、磁気島の合体に伴う電子加速の効率は高いことがわかった。磁気島合
体時における電子加速過程には以下の 4段階がある。（1）X-line近傍においてトランジェントに発生する
大きな電場による加速、（2）磁場パイルアップ領域における非断熱的な運動による加速、（3）磁気島合体
領域における新たな磁気再結合プロセスによる加速、（4）収縮する磁気島内を高速に行き来することによ
るフェルミ加速。複数の磁気島が合体してより大きなスケールに移行するにつれて大きな電子加速が発生
する。これまで磁気リコネクションに伴う電子加速の問題は 1つの X型磁気中性線（あるいは O型磁気
中性線）の周囲での過程として考えられることが多かったが、磁気島融合過程自体が重要な意味を持つこ
とを新たに示すことができた。今後、観測で得られる電子エネルギースペクトルの評価に応用すること
で、磁気リコネクションによる高エネルギー電子の生成モデルの構築に寄与できると考えている。
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c.観測データとの比較と検証
a.、b.のテーマは、理想化された理論モデルに近いセットアップ下でなされたシミュレーションだった

が、現実のリコネクションの現場はより複雑な構造を呈し、かつ、巨視的な構造変化を伴うものである。
そこで、我々はより現実に即したシミュレーション初期条件を用いて、観測データと比較することで計算
の検証を行う研究を行った。

c-1）磁気圏境界面リコネクション
ESAの Cluster-II衛星の編隊衛星観測によって、磁気圏境界面におけるリコネクションの運動論的な様

相が観測されている（Retino et al., 2006）ので、我々は、この観測イベントを模した粒子シミュレーショ
ン計算を行い、計算モデルがどこまで観測事実を説明しうるかを検証した。その結果、電磁場変動、プラ
ズマの密度変動、イオンの速度場構造、などについてシミュレーションによって観測データを非常によく
説明できることを示すことができた。更に、観測の分解能が十分ではない電子ダイナミクスについては、
シミュレーション結果は観測より細部の情報を推測するデータを提供できており、粒子シミュレーション
による物理モデリングの有効性を示した成果である。数値モデリングが観測事実とよく一致することか
ら、観測で見えない物理量を推測することへの可能性を示せた研究例である。

図 3.29 （左）Cluster衛星の観測データ（右）シミュレーション計算結果（密度、磁場、速度、電場）
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c-2） coalescenceの証拠を探る
これまでの衛星による磁気圏の 1点観測では、b.で考えたような磁気島融合が実際の現象として発生し

ているかどうか、証拠は得られていない。そこれで、我々は、磁気島合体の粒子シミュレーション時に、
合体時にのみ現れる特徴的なプラズマの構造に着目して、観測データから磁気島融合の証拠を掴むことを
試みた。候補となる観測データは、Cluster-II衛星の編隊衛星観測データから、磁気圏尾部にて O型磁気
中性線近傍を観測したものを選び、磁気島融合のシミュレーション結果と詳細な比較実験を行った。その
結果、O型磁気中性線近傍で観測された密度減少などの特徴的な構造は、定常構造としては再現できず、
磁気島融合の一時的な現象として説明すると、多くの観測事実と整合することを明らかにした。数値モデ
ルからの予測をデータ解析への応用例としても、我々の粒子モデルの有効性が示せたものと考える。

d. 3次元衝撃波
衝撃波加速による高エネルギー電子生成の問題は、宇宙天気予報に限らず、天文学的にも重要な問題で

ある。生成機構としては統計的加速理論が主流になっているが、地球磁気圏のバウショックで観測される
ように準垂直衝撃波においては、統計的加速とは異なる様相を示した高エネルギー電子の生成が確認され
ている（Oka et al., 2005）。我々は、大規模な計算リソースを費やして、世界ではじめて 3次元粒子計算
で準垂直衝撃波のシミュレーションを行った。その結果、これまでの低次元シミュレーションでは観測さ
れなかった、高エネルギー電子の生成を確認することに成功した。大規模なリソースをつぎ込むことによ
る粒子モデリングの可能性の高さを示す研究成果例である。

図 3.30 （左）Cluster衛星の観測データ（中）シミュレーション計算結果（磁場、密度）（右）密度の
空間分布（シミュレーション）

以上、a.～d.の成果について簡単に報告したが、これらの成果から、今後の宇宙天気予報の基礎研究に
おいて粒子モデリングの方向として、次の 2つの手法の有効性が示せたと考えている。

1. 大規模粒子計算はサブイオン・電子スケールの現象を定性的には観測データを説明できるレベルに
あり、観測だけでは同定できない現象の物理現象の推測に有効

2. シミュレーションパラメータの限界により、パラメトリックな計算から物理を理解しながらモデル
化を進める必要があるが、得られたモデルは理論・観測データの解釈の双方に有効な新しい情報を
もたらす
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図 3.31 準垂直衝撃波 3次元粒子計算の結果（磁場ベクトル分布）

その他の関連研究
JAXA/宇宙研グループでは、上記の粒子シミュレーションによるモデリング研究の他に、次の 2つの課

題も取り組んだ。

e. 科学衛星公開データベースの機能強化
宇宙天気予報研究においては、世界中でおこなわれている様々な観測データを総合することが重要であ

る。JAXA/宇宙研では科学衛星による磁気圏観測、太陽観測データを抱えており、これらのデータの宇宙
天気研究における利便性を向上させる取り組みをおこなった。具体的には、現在、情報通信機構（NICT）
で開発している太陽地球系データの統合利用アプリケーションソフトウェアである STARSとの連携を強
化する機能拡張などの開発を進めた。

f. 宇宙工学への応用：衛星帯電解析計算
宇宙天気研究の必要性として、磁気嵐時の人工衛星の損傷などがあげられている。工学的には衛星が飛

翔するプラズマ環境のパラメータがどのような時に事故が発生するのか、を知る必要があり、特に衛星部
材の帯電状態を評価する必要がある。我々は粒子シミュレーションで人工衛星の帯電をモデル化して、現
実のプラズマ環境における衛星帯電状態を評価できるような研究開発を進めた。関連して人工衛星による
電場計測の模擬などもおこなっており、科学的な課題に対しても貢献できるようにしている。
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図 3.32 人工衛星搭載プローブによる電位計測シミュレーションの例（衛星–プローブの周囲の電位分布）
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3.3.8 階層間結合 MHDシミュレーション

執筆者：鵜飼正行・清水徹・近藤光志

宇宙天気予報研究において最も基本的な問題は、太陽フレアや磁気圏サブストーム現象の物理機構を理
論的に解明し、宇宙プラズマ爆発現象が発生するための物理的条件を知ることである。実際、このような
宇宙プラズマ爆発現象を理論的に解明することなしに、信頼できる宇宙天気予報を実現することは不可能
である。観測的にも理論的にも、高速磁気リコネクション機構がフレアやサブストームに基本的であるこ
とは分かっている。しかしながら、宇宙プラズマにおける磁気リコネクションの物理は複雑な非線形過程
であり、高速磁気リコネクション機構がどのような条件や状況で実現しうるか、という点に関して多くの
論争があり、混乱してきたのが現状である。そこで、本研究の目的は、高速磁気リコネクション機構の基
礎物理機構を三次元電磁流体シミュレーションによって理論的に解明し、実際の代表的衛星観測結果に応
用することによって、サブストームやフレア現象の物理機構を理解することにある。この問題では計算機
シミュレーションが重要な役割を果たすが、リコネクションの過程に対しては特別な注意が必要であり、
数値的（人工的）リコネクションが宇宙プラズマ現象のモデリングに対して誤った結論に導くことを指摘
した。
まず、宇宙プラズマ爆発現象のエンジンとなる高速磁気リコネクション機構を最も簡単化された形状で

詳しく調べ、その三次元的特性と基礎物理を明らかにした。その結果、電流シートの厚みと幅のアスペク
ト比がある程度以上大きくなることが高速リコネクションの発展に必要であることを明らかにした。次
に、高速リコネクション機構の特性を太陽フレア現象や磁気圏サブストームの代表的現象に次のような順
序で応用してきた。まず、リコネクションジェットが自由空間に発展するような状況、即ちオープンシス
テムに対して、地球磁気圏テール領域でサブストームの発生に伴って観測される大規模プラズモイド伝搬
と TCR（Traveling Compression Region）現象を調べた。TCR現象は、プラズモイドが磁気圏テールのプ
ラズマシートを伝搬する時、磁気圏ローブ領域で観測される磁場変化として、30年以上前から明確に報
告されてきたものである。本研究では、高速磁気リコネクション機構の発展にともなう大規模プラズモイ
ドを解析することにより、世界で最初に、定性的かつ定量的に TCR現象を説明し、その物理機構を解明
する事に成功した。
次に、リコネクションジェットが磁気ループにぶつかる閉じた系を考え、このモデルをオーロラ電流回

路の発展過程に応用した。特に、サブストームの発生に伴って、磁気圏テールのシート電流が突然地球
オーロラ領域に回りこみ、オーロラ電流回路を形成するという「Current Wedge」現象が 20年以上前から
多くの観測結果をもとに予言されてきた。本研究では、高速磁気再結合の発展による三次元磁気ループの
形成に伴い Current Wedgeが発展することを実証し、その物理機構を解明した。即ち、図 3.33に示すよ
うに、磁気ループ前面に「ジェネレータ領域」ができ、その結果ループ前面からループ根元に回りこむ電
流回路が形成されることによって外部からのシート電流が遮断され、Current Wedgeが形成されることを
示した。このような磁気ループの根元に回りこむ電流回路の成長により、ループ根元では強い電流ジェッ
トが層状に形成され、それがオーロラブレークアップにつながること、それと同時に磁気パルスが生じる
ことを指摘し、観測結果と一致することを示した。更に、サブストームに伴う地球方向リコネクション
ジェットのシミュレーション結果を応用し、実際の衛星観測結果を定量的に説明できることに成功した。
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図 3.33

次に、図 3.33に示されるような Current Wedgeの発生にともなう磁気ループでの電流回路の発展過程
を、太陽表面で観測される Two-Ribbon Flareへ応用した。その結果、フレア現象に伴うダウンフローや
彩層からのエバポレーション、カスプ状のフレアループの発展など、太陽フレアを特徴づける代表的なプ
ラズマ現象の多くを説明できることが確かめられた。また、マイクロフレアから長時間続く大規模なフレ
アは、磁気リコネクションが引き起こされる状況によって決定されうることを三次元電磁流体シミュレー
ションにより示した。更に、シア磁場が存在する電流シート系で高速磁気リコネクション発展を調べ、生
じたプラズモイドがシア磁場の方向に（斜めに）伝搬することを確かめた。この場合、プラズモイド中心
には強いシア磁場成分がコア状に蓄積されるが、これは地球磁気圏テール領域のプラズモイド衛星観測結
果とよく一致することが示された。更に、太陽フレアで重要なフォースフリー電流シート系で詳しく高速
磁気リコネクションの発展過程を調べ、フレア発生条件を調べている。これらの結果は、最終的に、他の
グループで開発中のグローバルモデリングと連結され、いわゆる「Virtual Observatory」を精密に実現す
ることに利用される。

自発的高速磁気再結合過程の三次元不安定性と太陽フレア、地球磁気圏問題への応用
■研究背景 従来の愛媛大学鵜飼グループの研究により、従来の二次元 Petschek 型高速磁気再結合過程
が三次元的に不安定であることが示されてた。このことは、磁気圏尾部や一部の太陽フレアに見られるよ
うな一次元的電流層において、なぜ三次元的に局在化したプラズモイドが断続的に観測されるかについ
て、極めて自然で明快な一つの答えを与えている。つまり、一次元的な電流層において何らの顕著な外部
駆動因子が無くても、電流層内のわずかな三次元摂動をトリガとして、三次元的な高速磁気再結合過程が
自発的に生じ、それは間欠的かつランダムに維持される（図 3.34）。
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今回の学術創成研究により、太陽物理学研究者ならびに地球物理学研究者との協同研究を進めることが
できた。その結果として、本研究の太陽フレアおよび地球磁気圏尾部問題への応用例が示され、さらにど
のような条件でこの三次元不安定性が現れるかがわかってきた。

図 3.34 三次元不安定化後のランダム高速磁気再結合過程。Y=0の xz面が電流層である。オレンジ
が再結合磁場強度の強いところをしめす。複数のオレンジ領域がいずれも z電流（z）方向に強く局在
化していることがわかる。

■研究成果（磁気再結合過程の三次元不安定性） 時間発展型差分法による三次元磁気流体力学（MHD）
シミュレーションにより高速磁気再結合過程の三次元不安定性を調べた。初期条件は一次元電流層とし、
電流駆動型の異常抵抗を仮定して二次元高速磁気再結合過程が起こるように設定する。ただし、初期摂動
として電流方向（－Z方向）に電気抵抗性ゆらぎを与え、高速磁気再結合過程の成長にともなう初期摂動
の応答を調べる。この数値計算上の留意すべきポイントとしては、スロー衝撃波を数値的に安定化させる
ために加える人工粘性が磁気中性点（磁気拡散領域）にほとんど影響を与えないように配慮することで
ある。
図 3.34は二次元磁気再結合過程が三次元的に不安定化した後の様子を示す。この図の右側に描かれた

多くの磁力線は Z軸付近で生じた二次元磁気再結合過程により形成された二次元的な磁気ループを示し
ている。オレンジの斑点状の領域はその後に間欠的かつランダムに生じた三次元高速磁気再結合過程によ
り生じた再結合磁場強度の強い領域を示す。
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図 3.35 太陽フレアにともなう磁場ループ構造（TRACE EUV、April 2002）

図 3.36 （左）図 3.35の中央部拡大（黒い筋模様が蛇行する下降流）と（右）数値シミュレーション
図 3.34による磁気再結合過程による蛇行流の再現

■研究成果（太陽フレアへの応用研究、京都大学柴田グループの協同研究） 図 3.35は TRACE EUVに
よる太陽フレア観測データである。これらの白く光る光球面上のアーケード磁場（ループ状）の構造の出
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現は上層大気中（視野の上外側）で高速磁気再結合過程が起こっていることを暗示しおり、しかも、高
速磁気再結合過程が起こっていると思われる場所からは黒い筋模様の下降流が断続的に見える。図 3.36

（左）はその下降流の拡大写真であり、図 3.35の中央部を拡大している。時系列解析により、これらの筋
状に見える複数の下降流は同一枚の電流層面内を相互作用しながら流れていることがわかっている。つま
り、これらが高速磁気再結合過程によるものだとすると、一次元的な単一枚の電流層においてフルに三次
元的な高速磁気再結合過程が同時多発していることになる。
従来、このような一次元的電流層において高速磁気再結合過程がどのように三次元的に局在化して発生

するのかについてよくわかっていなかったが、図 3.36（右）に示す我々の計算結果は（左）に見られるよ
うな複数の蛇行する下降流を再現することに成功している。我々の計算によると、フレアがおこる前の電
流層内には顕著な二次元または三次元的な構造は必要ない。にもかかわらず、高速磁気再結合過程はわず
かな摂動（不均一性）により必然的に三次元的に起こり、しかも間欠的かつランダムに発展する。そして
生成される複数の磁気再結合ジェットはその速度の違いにより複雑に相互作用しあうことで、互いの流れ
をそらし、図 3.36に見られるような蛇行流になると考えることができる。

図 3.37 Ogino model（Global 3D MHD simulation of geomagnetoshpere）:（左）速度場、（右）温度
分布を示す。いずれも左方が太陽側であり、原点に地球を配置し、下半分が電流層面内の分布である。
磁気圏尾部付近の温度分布に見られる放射状の赤い筋模様は電流方向に強く局在化した高速磁気再結
合ジェットを示している。これも図 3.34 と同じく Petschek 型の高速磁気再結合過程になっている点
が三次元化（不安定性）に関して重要である。

■研究成果（地球磁気圏尾部への応用研究、名古屋大学荻野グループとの協同研究） そもそも、一次元
電流層において強く三次元化した高速磁気再結合ジェットが生じていると考えられる例は太陽フレア以外
にもある。例えば、地球磁気圏尾部では dawn-dusk方向に広がる準一次元的な電流層が形成されている
が、近年の THEMIS衛星などの多点観測によると磁気再結合ジェットの規模は dawn-duskサイズよりも
はるかに小さく、つまり三次元的に強く局在化している。我々の上述の数値モデルはそのような場所へも
適用できると考えられる。地球磁気圏尾部の磁気再結合過程に関する数値的研究はすでにいくつかある
が、荻野グループ（名古屋大）のグローバル MHD シミュレーションでは磁気圏尾部で我々が指摘して
いるような三次元で間欠的な高速磁気再結合ジェットが見られる（図 3.37）。図 3.34,3.36（右）に示した
我々の数値結果と図 3.37はいくつかの違いがあるが、今までの調査により、高速磁気再結合過程の理論
モデルとしてはいずれも Petschek 型であることが重要だと考えている。つまり、太陽風により駆動され
る磁気圏内部のグローバルなMHD的脈動が、磁気圏尾部における高速磁気再結合過程に対する三次元摂



3.3 分担者報告 55

動となっていることを暗示している。磁気圏のグローバルな MHD 的脈動については衛星観測とシミュ
レーションの両面から現在も研究を続けている。

■まとめ 本研究により、我々、愛媛大学グループが今まで推進してきた三次元高速磁気再結合過程のプ
ラズマ理論研究の成果を、京都大学、名古屋大学との協同研究という形で、太陽物理学、および地球磁気
圏物理学の重要な問題へ応用することができた。特に、太陽物理学（太陽フレア問題）への応用に関して
は、すでにいくつかの論文として発表されており、それらの論文が出版される数ヶ月前から米国の複数の
グループにおいてその論文の内容が話題になっていた。また、地球磁気圏物理学への応用に関しても、各
種の国際会議や全米地球物理学会での発表などを通じてすでに公表を開始しており、論文として取りまと
めているところである。

■公表状況
（論文）

• Shimizu, T., Kondoh. K., Shibata, K., & Ugai, M., “MHD Study for Three-dimensional Instability of

the Spontaneous Fast Magnetic Reconnection”, Phys. Plasmas, 16, 052903, 2009.

• Shimizu, T., Kondoh, K., & Ugai, M., “Three-dimensional Non-linear Instability of Spontaneous Fast

Magnetic Reconnection”, Earth Planets Space, 61, 569–572, 2009.

• Shimizu, T., Kondoh. K., Ugai,M., & Shibata,K., “MHD study of 3d fast magnetic reconnection for

intermittent snake-like downflows in solar flares”, Astrophys.J., 707, 420–427, 2009.
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• Shimizu,T., AGU Fall Meeting, San Francisco USA, Dec. 2010.
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3.4 任期付き研究員報告

3.4.1 宇宙天気モデリング（コード開発、コロナ質量放出、コロナ磁場）

執筆者：塩田大幸

宇宙天気には、フレアやコロナ質量放（CME）に伴う高エネルギー粒子による被ばくや磁気嵐など、太
陽から影響を直接受ける現象が多く、それらの発生メカニズムの理解は宇宙天気予報の基礎として極め
て重要である。従来、太陽表面から地球軌道までは、太陽表面から惑星間空間ではスケールの違い広大
であるため、太陽フレア、コロナ質量放出、太陽風など、それぞれの現象に応じて別々のスケールで空
間を切り出し、研究がおこなわれてきた。しかしながら、太陽フレアから CMEへの発展、惑星間への伝
搬は、その広大なダイナミックレンジをまたぐ連続的な現象である。本学術創成研究では、太陽‐地球
の宇宙空間を連続した一つのシステムとして再現し、そのメカニズムを理解することを目標としてきた。
平成 19 年度から太陽フレア–CME–磁気嵐の連続的な再現を目指す宇宙天気モデリング共同プロジェク
ト（Joint Project for Space Weather Modeling）が立ちあげられ、その中核として、スケールの異なるモデ
ル間で結果を受け渡すことで連続的なモデリングを実現するための磁気流体（MHD）シミュレーション
コードパッケージの開発を行った。
このシミュレーションコードは、CME前面の衝撃波を精度よく安定に解くために HLLD近似 Riemann

解法（Miyoshi & Kusano 2005）を採用、また 2つの球座標系を組み合わせた重合格子である Yin-Yang格
子（Kageyama & Sato 2004）を用いて極問題を回避している。MPIを用いた領域分割により高並列の大
規模シミュレーションが可能な他、地球シミュレータ上で実効性能約 35%を示す高速なコードとなって
いる。さらに、座標系の異なる活動領域シミュレーション結果を初期条件として取り込み、外側のシミュ
レーションの初期・境界条件として受け渡しを可能にし、連続的なシミュレーションを実現した。また、
太陽観測で得られた太陽表面の詳細な磁場データを取り込み、超高次の球面調和関数展開によって、従来
にない高解像度の三次元ポテンシャル磁場を初期・境界条件として利用可能となった。
このシミュレーションコードを利用し、CME 成長過程のシミュレーション（図 3.38、Shiota et al.,

2010）、太陽風三次元シミュレーション（参照：西田原稿）、ひので観測データに基づいた太陽極域の三
次元磁場モデル（図 3.39、Shiota et al., submitted to Proceedings of 3rd Hinode Science Meeting、Ito et al.

2010）などの研究に着手した。
CMEが地球に到達したときに南向きの磁場を持っていると、磁気嵐など地球磁気圏に擾乱をもたらす。

そのため、CME内部の磁場構造の予測は宇宙天気予報にとって重要な要素である。CMEは、太陽フレア
の結果として形成されたフラックスロープ（捻れた磁束管）が惑星間空間へ放出される現象である。太陽
から飛び出したフラックスロープは、惑星間に飛び出す過程で、その CMEとして放出されなくなる可能
性もあり、また、回転など形状が大きく変わる可能性があることが分かった。その過程には、噴出するフ
ラックスロープと周囲の磁場との相互作用が重要な要素であることが明らかになった。

CME形成過程のシミュレーション結果のムービーは、PAONET制作の小中学校教向け DVD「太陽の
なぞに迫る」に提供されアウトリーチに貢献した。
太陽風は様々な宇宙天気現象の源となるものであるが、その加速過程やコロナプラズマの加熱過程は
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図 3.38 CME 形成過程のシミュレーション。チューブは磁力線を示し、背景は速度の動径成分を示
す。フラックスロープ前面に衝撃波が形成され、膨張しながら周囲の磁場とリコネクション（つなぎ
かえ）を起こしながら回転している。（Shiota et al., 2010）
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未だに解明されていない太陽物理学上の最大の謎である。太陽観測衛星「ひので」搭載の可視光望遠鏡
（SOT）の高解像度のベクトル磁場観測により、高速太陽風の源と考えられる太陽極域コロナホール中に、
従来では観測されていなかった磁場強度の小規模磁場構造の存在が明らかになった（Tsuneta et al 2008）。
この極域磁場観測データを境界条件とした高解像度のポテンシャル磁場モデルを用いて、その上空の詳細
な三次元コロナ磁場を再現した。その結果、図 3.39のようにほとんどの極域の open fieldは、SOTで観
測された強磁場パッチにつながっており、その磁場構造は太陽表面のごく近傍で水平方向に急激に広が
る canopy 構造を持つことが確認された。さらにその磁場構造における Alfven 波伝搬についての考察を
行ったところ、canopy構造の縁に近づく程、Alfven波が散逸されコロナの加熱が起こりやすい状況が自
然に形成される可能性が示された。本研究の成果は、2009年 12月に東京で開かれた 3rd Hinode Science

Meetingで報告し、その Proceedingsに投稿中である。また、3月 9日付の国立天文台記者発表の一部と
して公開され、図 3.39は日経サイエンス 2010年 5月号に掲載された。

図 3.39 太陽極域の磁力線構造。太陽表面のカラーは「ひので」によって観測された磁場分布。（Shiota

et al., submitted）
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3.4.2 太陽活動領域モデル

執筆者：井上諭

太陽フレアやコロナ質量放出（CME）は、宇宙嵐を引き起こす根本的な要因であり、その発生過程やダ
イナミクスを理解する事は、宇宙天気予報を実現するためには必要不可欠である。これらのエネルギー源
は、太陽活動領域に蓄積された磁気エネルギーであり、太陽活動領域の磁場構造を理解する事は非常に重
要となる。しかしながら、活動領域の磁場を記述する方程式が非線形方程式であり、解析的な解法が非常
に困難となる。そこで、我々は太陽表面観測磁場データに基づいた境界値問題を解く事で 3次元磁場構造
を計算した。
図 3.40は、2006年 12月 13日に発生したフレアの 6時間前に太陽観測衛星「ひので」が観測した光球

面磁場に基づいて計算された 3次元磁場構造である。図 3.40左は、光球面上の鉛直磁場成分に 3次元の
磁力線を上書きさせた結果であり、黒点間の磁気中性線上に沿って強くねじれた磁場構造が再現された。
また図 3.40右は、「ひので」の X線望遠鏡で観測された X線の輝度分布で、図 3.40左と同じ磁力線構造
を上書きさせた結果である。この結果から、X線の輝度が強く分布している箇所に強くねじれた磁力線構
造が再現されている事がわかる。

図 3.40 太陽観測衛星「ひので」により観測された光球面磁場より計算された 3次元の磁場構造を表
している。白線は磁力線を表しており、左図の背景は、光球面での鉛直方向の磁場成分の分布を表し
ている。右図の背景は、X線望遠鏡で観測された X線の輝度分布を表している。

図 3.41（b）,（d）は計算された Force-Free αを磁力線に沿って積分した値を光球面にマッピングした
フレア前後の結果である。計算された領域は、図 3.41（a）,（b）の領域と同じである。色が濃くmapping

されている箇所に強いねじれを持つ磁力線が存在している事を意味している。これらの結果から、フレア
前にねじれが蓄積されていた場所、またフレアよってねじれの解放が生じた場所を特定できたと共に、そ
の定量的な値の導出にも成功した。さらに、フレア前に蓄積されていたねじれはフレアにより全て解放さ
れたわけではなく、その一部のねじれは活動領域中に残っている事も明らかにされた。図 3.41（c）,（f）
は、図 3.41（b）,（e）の結果にリボン状に磁力線を上書きした結果である。図 3.41（e）,（f）からフレ
ア後にも強いねじれが残っている領域があり、この領域にはねじれた open field（図 3.41（f）の灰色のリ
ボン）が存在している事が明らかになった。この結果は、フレア前に蓄積されていたねじれが、磁気コネ
クションを介して解放された事を示唆している。
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図 3.41 （a）: フレア 6時間前の光球面磁場の法線成分の分布で、黒が負極、白が正極を表している。
白線は磁気中性線。（b）:Force-Free αを磁力線に沿って積分した値を光球面にmappingした結果。青
く色のついた部分にねじれが蓄積されている事を意味している。領域は（a）と同じ。（c）:磁力線をリ
ボン状に書かせた図を（b）の結果に上書きした結果。（d）–（e）はフレアの 4時間後の結果である。
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3.5 若手支援共同研究者報告

執筆担当
まとめ：磯部洋明（京都大学宇宙総合学研究ユニット・特定助教）
研究グループ 1：磯部洋明（京都大学宇宙総合学研究ユニット・特定助教）
研究グループ 2：片岡龍峰（東京工業大学・特任助教）
研究グループ 3：今田晋亮（宇宙航空研究開発機構・プロジェクト研究員）

1. 若手支援研究のまとめ
1.1経緯
本学術創成研究の特徴は、宇宙天気予報に直接的に関連するがこれまで別の学問分野として発展してき

た太陽物理学と地球物理学の研究者が、密接な協力の下で研究を進める点にある。日本におけるこの分野
の研究の裾野を拡げ、将来に渡って研究者層の厚みを増すためには、研究代表者、分担者のリーダーシッ
プによるプロジェクトの推進と同時に、若手研究者によるボトムアップ的な研究が重要な役割を果たす。
以上の考えから、自らの裁量で使える研究費を確保して、若手による自由な研究活動を支援して欲しいと
いう要望が若手研究者から出され、それを受けて 2007年度から 2009年度の 3年間、太陽物理分野と地
球物理分野の若手研究者による共同研究を公募し、分担者会議で認定したものに対し、1グループあたり
年間 100 万円の研究費を共同研究グループの代表者の裁量で使えるように割り当てた。必要な経費は各
分担者から拠出した。

1.2研究グループの公募について
2007年度の公募には 4件の応募があり、このうち「太陽物理研究者と地球物理研究者の共同研究」とい

う用件を満たしていなかった 2件をのぞく 2件（研究グループ 1、研究グループ 2）が採択された。2008

年度の公募では、2007年度に採択された 2件の継続と、新規の 1件（研究課題 3）の計 3件の応募があ
り、審査の結果全て採択された。2009年度は本学術創成研究の最終年度であることもあり、新規課題の
公募は行わず、審査を経て 2008年度からの 3件を全て継続とした。各研究グループには毎年度末に分担
者会議における報告を課した。
採択された研究グループは以下である。

研究グループ 1：太陽・磁気圏・惑星館空間における磁気リコネクションと電子加速の比較研究（代表：
磯部洋明、2007–2009年度）
研究グループ 2：タイトル未記入（代表：片岡龍峰、2007–2009年度）
研究グループ 3：太陽と地球磁気圏におけるイオン加速・加熱機構の比較研究（代表：渡邉恭子、2008–2009

年度）

1.3若手支援全体としての成果
個々の研究グループによる研究成果は後述し、ここでは若手支援研究による分野全体に対する成果を述

べる。「太陽分野と地球分野の共同研究」という条件を課したことが功を奏し、太陽観測と地球近傍の観
測つなぐ、或いは太陽と地球近傍での共通の物理過程を比較するような研究の提案が集まった。直接の研
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究成果以外に特筆すべきは、各グループでの共同研究及び 3グループ合同の研究会等を通して、太陽分野
と地球分野の若手研究者の人的な交流が進んだことである。太陽物理と地球物理の双方に理解がある若手
研究者のネットワークができたことは、将来の宇宙天気研究にとって貴重な財産となる。なお若手支援研
究の参加メンバーのうち、2名が常勤の研究職につき（磯部洋明・2008年度京都大特定助教、片岡龍峰・
2009年度東工大特任助教）、2名が博士号取得した（簑島敬・2007年度東京大、松本琢磨・2009年度京
都大）。

2. 各グループ報告

研究グループ 1: 太陽・磁気圏・惑星館空間における磁気リコネクションと電子加速の比較研究
グループメンバー:

　　磯部洋明（京都大学宇宙総合学研究ユニット・特定助教）
　　今田晋亮（JAXAプロジェクト研究員）
　　岡光夫（カリフォルニア大学バークリー校研究員）
　　渡邉恭子（JAXAプロジェクト研究員）

磁気リコネクションと高エネルギー粒子の加速は、太陽コロナから地球磁気圏まで宇宙天気現象の様々
な場面で重要な役割を果たすプラズマ素過程である。太陽コロナ、地球磁気圏、惑星館空間プラズマは、
磁場強度やプラズマ密度などの物理量が異なるため、比較研究によりこれら共通の素過程の物理に新しい
知見をもたらす可能性がある。この比較物理学的アプローチを磁気リコネクションに伴う電子加速に応用
するのが本研究の目的である。
本研究では、まず太陽活動領域（フレア）、太陽静穏領域（巨大アーケード形成）、磁気圏尾部（サブス

トーム）、そして太陽風中の磁気リコネクション現象において、観測から得られている典型的な物理量を
表に書き出して、何が共通で何が異なっているかを洗い出すことから始めた。太陽活動領域と磁気圏尾部
では、磁気リコネクションに伴って非熱的粒子が観測されており、エネルギー（>10 keV）、スペクトルと
も似通っている。一方興味深いことに、Phanらによって最近発表された太陽風中での磁気リコネクショ
ンでは、ペチェック型の速い磁気リコネクションが起きているらしいにも関わらず、非熱粒子が観測され
ていない。また太陽静穏コロナの巨大アーケード形成現象に置いては、物理過程がフレアと共通であり、
解放される全エネルギーも太陽フレアと同程度であるにも関わらず、非熱的粒子の証拠である硬 X線や
ガンマ線が観測されていない。速い磁気リコネクションが起きているにも関わらず、非熱的粒子の有無の
違いを生むものは何であろうか？
最も単純そうな答えは、磁場の強さ、リコネクションに伴う電場の強さ、電場の強さに現象のサイズを

かけたもの（電位差）である。しかしこれらのパラメータは強いものから順に活動領域（100 G, 100 V/m,

1010 V）、静穏領域（10 G, 10 V/m, 109 V）、磁気圏尾部（3 × 10−4 G, 10−2 V/m, 106 V）、太陽風（10−4 G,

10−5 V/m, 105 V）となり、磁気圏では非熱粒子があるのに静穏領域はないという事実を説明できない。粒
子加速に関係しそうなパラメータのうち、磁気圏尾部が静穏領域より強くなるパラメータは、アルフベン
速度（サイクロトロン振動数とプラズマ振動数の比）、そして電場 ×ジャイロ半径であることが分かった
（Isobe et al. in prep）。これらの事実が加速の理論に照らしてどういう意味を持つのかを、粒子シミュレー
ションにより調べる研究も進めつつある（Oka et al. 2008, Oka et al. in prep）。
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論文リスト
• Isobe H., M. Kubo, Minoshima, T., et al.; “Flare Ribbons Observed with G-band and FeI 6302 Å

Filters of the Solar Optical Telescope on Board Hinode”, PASJ, (2007), 59, 807–813

• Tripathi, D. Isobe H., Jain, R.; “Large Amplitude Oscillations in Prominences”, Space Sci. Rev. (2009)

doi:10.1007/s11214-009-9583-9

• Oka M., Fujimoto M., Nakamura, T.K.M., Shinohara I., Nishikawa, K.-I., Phys. Rev. Lett. (2008),

101, 205004

• Isobe, H. Proctor, M. R. E., Weiss, N. O. “Convection-Driven Emergence of Small Scale Magnetic

Fields and Their Role in Coronal Heating and Solar Wind Acceleration”, ApJ (2008)

• Isobe H., Imada S., Oka, M. and Watanabe, K.; “Comparative study of electron acceleration during

magnetic reconnection in solar, magnetosperic and interplanetary plasmas” in prep.

研究グループ 2: 片岡班
グループメンバー:

　　片岡龍峰（東工大）
　　三好由純（名大）
　　塩田大幸（名大）
　　山本哲也（名大）
　　井上諭（情通機構）
　　森田諭（京大）
　　伊藤弘晃（名大）
　　松本琢磨（京大）

本研究の目的は、太陽・太陽風のような MHD スケールの観測データから、太陽高エネルギー粒子
（SEP）や放射線帯などの高エネルギー粒子現象を予測することにある。より具体的には、静止軌道を周
回する GOES衛星によって観測されるMeV陽子やMeV電子の異常増加を予測するために必要な太陽風
構造の規則性などによる経験則や、流体と粒子を結合する新しいモデリング手法の基礎的な開発を行うこ
とが、本研究の目的である。従来、放射線帯外帯電子フラックスの予測には太陽風スピードが最重要パラ
メタであり、他の太陽風パラメタの重要性は不明とされてきたが、Miyoshi and Katoka（2008 JGR）は、
太陽風の南北磁場によって放射線帯外帯MeV電子がコントロールされていることを明らかにした。これ
は、外帯MeV電子のソースであるプラズマシートからの数 10 keV電子の注入が南北磁場でコントロール
されているためであると考えられる。一方、Kataoka and Miyoshi（2008 GRL; 2008 AnGeo）は、太陽風
密度が極端に低い状況で静止軌道におけるMeV電子の異常増加が発生しやすいことを明らかにした。こ
れは、磁気圏が通常より巨大になるため、磁気圏境界と関連する外帯電子のロスが減るためであると考え
られる。また、長期的には、Miyoshi and Kataoka（2010 JASTP）でまとめられているように、共回転相
互作用領域（CIR）やコロナ質量放出（CME）の大規模構造と地球の位置関係によって外帯MeV電子の
変動パターンがコントロールされていることも明らかになった。以上から、太陽風の大規模構造と地球に
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おける太陽風パラメタを観測データに忠実に再現することは放射線帯電子の予測に必要不可欠であること
がわかり、我々は太陽風と CMEのモデリングに取り組んだ。Kataoka et al.（2009 JGR）は、磁場を伴う
コロナ質量放出の磁気流体モデリングに成功し、地球における太陽風パラメタを定量的に予測する手法を
開発した。Yamamoto et al.（2010 ApJ）は、Kataoka et al.（2009 JGR）で用いたようなスフェロマック
磁場を持つ CMEは、従来のフラックスロープ磁場よりも現実的である可能性を示唆している。Shiota et

al. （2010 in prep）は、Kataoka et al. （2009 JGR）で得られる惑星間空間での衝撃波パラメタを用いて、
第一原理的に地球で観測される SEPフラックスを予測する新しいシミュレーションを適用し、惑星間衝
撃波と共に観測されるMeV陽子が、熱的な太陽風から発生した非熱的成分であることを提案した。この
新手法は従来の DSA理論よりも数段フレキシブルであり、衝撃波角の依存性が出るため、今後、動的な
MHDコロナモデルと組み合わせることによって GeV陽子の予測への重要な貢献も期待できる。これに
合わせ、SEPスペクトルの統計解析や GLE時のMoreton波の解析などによる観測的検証も行っている。

論文リスト（査読中・提出予定を含む）
太陽・太陽風・SEP（4編）
• “Is the polar region of the Sun different from the quiet region of the Sun?”, ITO et al. (2010 ApJ)

• “Three-dimensional magnetohydrodynamic (MHD) modeling of the solar wind structures associated

with 13 December 2006 coronal mass ejection”, Kataoka et al. (2009 JGR)

• “Helical lengths of magnetic clouds from the magnetic flux conservation”, Yamamoto, Kataoka and

Inoue (2010 ApJ)

• “First principle modeling of energetic storm particles”, Shiota, Kataoka, Sugiyama, and Kusano (2010

in prep)

放射線帯（5編）
• “Flux enhancement of the outer radiation belt electrons associated with stream interaction regions”,

Miyoshi and Kataoka (2008 JGR)

• “Magnetosphere inflation during the recovery phase of geomagnetic storms as an excellent magnetic

confinement of killer electrons”, Kataoka and Miyoshi (2008 GRL)

• “Average profiles of the solar wind and outer radiation belt during the extreme flux enhancement of

relativistic electrons at geosynchronous orbit”, Kataoka and Miyoshi (2008 AnGeo)

• “Solar cycle variations of outer radiation belt and solar wind structures”, Miyoshi and Kataoka (2010

submitted to JASTP)

• “Why are relativistic electrons persistently quiet at geosynchronous orbit in 2009?”, Kataoka and

Miyoshi (2010 submitted to Space Weather)
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研究グループ 3: 太陽と地球磁気圏におけるイオン加速・加熱機構の比較研究
グループメンバー:

　　渡邉恭子*（宇宙航空研究開発機構・宇宙科学研究本部・プロジェクト研究員）
　　平井真理子（東京大学大学院理学系研究科・地球惑星科学専攻・学術振興会特別研究員 DC1）
　　簑島敬（名古屋大学太陽地球環境研究所・総合解析部門・GEMSIS研究員）
　　今田晋亮 +（国立天文台・ひので科学プロジェクト・プロジェクト研究員）
　　*研究代表者　 + 代表代理

1. 研究背景と目的
国際宇宙ステーションの建設が着々と進んでいる今、宇宙空間は人類の活躍の場の一つとなっている。

しかし、その宇宙空間では高エネルギープラズマが宇宙飛行士の被爆や衛星通信に被害をもたらすなど深
刻な問題が発生している。特に被爆の元となっているのは高エネルギー中性子であり、その中性子はイオ
ンが加速された結果発生したものである。したがって、イオン加速機構についての基礎物理を研究するこ
とは宇宙天気分野において最も重要な研究課題の一つである。太陽における加速イオンの観測からは、加
速イオンの空間分布やフラックスの時間変化は得られているが、スペクトルの時間変動は得られていな
い。一方、地球磁気圏では in situ観測により加速イオンのスペクトルは得られているが、空間情報と時間
情報の分離ができていない。これら双方の物理量を包括的に用い比較するという初めての試みを行うこと
で、太陽と地球磁気圏におけるイオン加速機構の理解が進むと考えている。

2. 研究成果
1）イオン加熱と粒子加速について
粒子加速は必ず加熱を伴う現象であるので、粒子加速を理解するためには、まず加熱をよく理解しなく

てはならない。そこで、まずイオン加速とイオン加熱の関係について地球磁気圏と太陽コロナでの比較研
究を行った。これまで太陽コロナでは、イオン温度は観測できないため議論されてこなかった。そこで、
2種類の質量が違うイオンからの輝線を用いてイオン温度を計測するという新しい解析方法を提案し、実
際にひので EISの観測に適用し、まず準備段階として太陽コロナ活動領域のイオン温度を求める事に成功
した。この結果は Imada et al. 2009 ApJLにて報告した。不運にも、この数年大規模なフレアが起こって
いないため、現時点でこの新しい手法を本題である太陽フレアに適用する事はできていないが、これから
迎える太陽活動極大期に実力を発揮するものと期待している。地球磁気圏でのイオン加速と加熱の関係に
ついては GEOTAIL衛星の in-situ観測を用いて、磁気リコネクション領域を通過したイベントをピック
アップし議論した。まだ議論の余地は残されているが、加熱と加速にそれほど明確な関係があるわけでは
ない事が分かった。

2）リコネクションレートと粒子加速について
リコネクションレートは磁気リコネクションによって解放されるエネルギーのレートに相当するもの

であり、この値が高い時には激しい粒子加速が起こる事が期待される。そこで太陽フレアについては、
ニュートロンモニターの結果を使い、加速粒子のベキ指数及び最高到達エネルギーを求めた。リコネク
ションレートは古典的な方法（磁場: SOHO/MDI、フレアリボン運動: TRACE）で求めた。その結果 3つ
のイベントについて、リコネクションレートと加速粒子のベキ指数及び最高到達エネルギーの関係を求め
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る事に成功した（表 1）。リコネクションレートが高いイベントはベキ指数も小さく最高到達エネルギー
が高い事が分かった。地球磁気圏のイオン加速とリコネクションレートの関係については、1）と同じく
GEOTAIL衛星の観測を用いた結果、地球磁気圏でもリコネクションレートとイオンのベキ指数に非常に
良い相関がある事がわかった。

3）地球磁気圏と太陽コロナでのイオン加速の共通点及び相違点
地球及び太陽の共通点として、イオン加速（ベキ指数）はリコネクションレートと良い相関がある事が

挙げられる。さらに驚くべきことは、リコネクションレートを横軸に、ベキ指数を縦軸に取ると、両者が
ほぼ同じ直線上に乗ることである。この結果は、地球磁気圏と太陽コロナ程度の違いでは、磁気リコネク
ションの粒子加速プロセスに違いは無く、リコネクションレートでイオン加速効率がコントロールされる
ことを示唆している。次に相違点として、加速イオンの最高到達エネルギーが両者で異なる事があげられ
る。これは、電場 ×距離で決まるポテンシャルの違い（太陽コロナの磁気リコネクションで ∼ 1011 eV、
地球磁気圏で ∼ 105 eV）によるものと推測されるが、実際に今回求めた最高到達エネルギーを両者で比
較すると、太陽では ∼ 109 eV、地球では ∼ 106 eVと違いは 3桁程度であった。太陽ではポテンシャルの
1%程度しか加速されていないのに対し、地球磁気圏はポテンシャルの 10倍まで加速されている事が初
めて分かった。つまり地球磁気圏では太陽に比べて非常に効率よくイオンを加速している。これまで提唱
されてきた加速機構モデルでは、これらの共通点と相違点を矛盾無く説明する事はできない。今回得られ
た研究結果は、磁気リコネクションにおけるイオン加速に大きな問題を投げかける結果となった。

図 3.42 ニュートロンモニターによる高エネルギーイオン観測結果と磁気リコネクション電場及び予
想される最高到達エネルギー
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3.6 関連報告

3.6.1 宇宙天気図

執筆者：家田章正

宇宙天気図（極域電離圏の電場・電流の図）の作成には、入力として、電離圏の電気伝導度と、地上磁
場データが必要である。地上磁場データは、電離圏での等価電流に変換して用いる。本年度は、地上磁場
データから等価電流を求める方法を改良した。特に、これまで伝統的に使用されていた地上磁場データの
水平成分に加えて、鉛直成分を追加することにより改良した。また、球関数展開の次数は、これまで伝統
的に 34 に固定されていたが、より高次での計算を行った。図は左から、用いた地上磁場観測所の配置、
伝統的な方法で計算した沿磁力線電流、改良した方法で計算した沿磁力線電流、である。これらの改良に
よって、局在した電流をより表現できるようになった。特に、右図に示したように、オーロラ爆発領域の
極側で予想される、R0（Region 0）電流が再現された。

図 3.43 図 a: 地上磁場観測所。ベクタは、等価電流のプロキシであり、球関数展開を用いないで求め
た。図 b: 伝統的な手法（地磁気の水平成分のみ）かつ、伝統的な次数（34）の球関数展開で求めた沿
磁力線電流。図 c: 改良した手法（地磁気の水平・鉛直成分を用いる）かつ、高次（60）の球関数展開
で求めた沿磁力線電流。
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3.6.2 フレアとサブストームの比較考察

執筆者：家田章正

太陽フレアと地球サブストームの観測的相違を、地球電離圏に重点を置いて考察する。フレア・サブ
ストームは両現象とも、磁気リコネクション（コロナ・磁気圏近尾部）と、光学的な爆発（彩層・電離
圏 E層）の結合した過程である。このうち、リコネクション現象が類似していることは、Terasawa et al.

（ASR, 537, 2000）で述べられている。一方、光学的な爆発については、相違がほとんど分かっていない。
電離圏の観測からは、光学的爆発がリコネクションの単なる投影ではないように思われる。本稿では、電
場投影と電流系を議論したあと、その他の特徴も含めて、リコネクション領域・光学爆発領域に分けたサ
マリー表を示す。

地球での電場投影と沿磁力線電流
地球では、磁気圏の電場が、どのように電離圏に投影されるかを理解することが重要である。電場の投

影は、磁力線に沿った電流（field-aligned current, FAC）により支配される。静穏時には、電場の投影はほ
ぼ完全であると考えられている。サブストーム時には、電場は完全には投影されず、磁力線に沿った電場
が生成され、その電場により加速された電子によってオーロラが増光すると思われるが、統一的な描像は
確立されていない。従って、地球では FACの空間時間変化を調べることが、リコネクションと光学爆発
を統一的に理解するために必要である。具体的な問題点は例えば、リコネクション電場が、オーロラ爆発
のどの部分に投影されているか不明なことである。また、リコネクション電場は西向きであるが、電離圏
の電場は主として南向きである、などの基本的な矛盾が解明されていない。

太陽での電場投影と沿磁力線電流
一方、太陽では、電流系に関する議論がなされているのか不明である。彩層でのリボンフレア近辺の電

流系・電場・電気伝導度はどのように考えられており、リコネクション電場は、フレアのどの部分に接続
しているのか知りたいところである。リコネクション領域と光学爆発領域の結合について、太陽と地球で
相違があるならば、それは、リコネクションで加速された高エネルギー粒子が、太陽では直接彩層に突入
し得ることに対して、地球では磁場のミラーフォースによって反射してしまうことが挙げられる。この
場合、太陽では FACが流れやすく、電場は容易に投影されることを意味する。しかし、リボンフレアの
outward expansion速度を用いたリコネクション電場の推定では、彩層での電場は無いと暗に仮定されて
いる、つまり、電場は投影されていないと考えられており、電場の投影がどう考えられているのか不明で
ある。なお、地球ではオーロラ爆発の poleward expansion速度は、リコネクション電場と直接関係が無い
と考えられる。これは、リコネクションがほぼ定常状態になれば、リコネクション領域は拡大しないのに
リコネクション電場は存在することを考えれば明らかである。
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リコネクション領域

太陽（コロナ） 地球（磁気圏近尾部）

リコネクション inflow ? yes

リコネクション outflow plasmoid は yes。counter-

flow?

plasmoidは yes。counter-flowは△。

リコネクション電場 ? 西向き。
リコネクションの経度 ? premidnight（真夜中よりも西）。
リコネクションの緯度 ? オーロラ爆発のオンセットよりも高緯度

とされることが多い。
比熱的粒子 yes yes

光学爆発領域

太陽（彩層、リボンフレア） 地球（電離圏 E層、オーロラ爆発）

電場の投影 ? 静穏時: yes。サブストーム時: 破れる。
電場 ? 南向き。西向き成分の報告もある。
電気伝導度 ? 電場方向（Pedersen）より、−E×B方向

（Hall）が卓越。
水平電流 ? westward electrojet

沿磁力線電流（FAC） ? 経度方向ループ（current wedge）か緯度
方向ループ（meridian loop）か不明。

沿磁力線電場 ? inverted V。オーロラ電子を加速。
電場 ? 南向き。西向き成分の報告もある。
電気伝導度 ? 電場方向（Pedersen）よりも −E×B方向

（Hall）が卓越。
オンセット前の光学観測 ? auroral oval / quiet time arc

オンセット後の光学観測 Hα ribbon。bulge（ふくら
み）?

auroral bulge

オンセットの経度 ? premidnight（真夜中より西）
極方向への光学的な動き outward expansion poleward expansion

西向きへの光学的な動き ? westward traveling surge
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3.6.3 2006年 12月 13日に起きた巨大フレアの観測の概要

執筆者：浅井歩

2006年 12月 13日世界時 02:14に発生した X3.4クラスの太陽フレアは、「ひので」衛星が観測したフ
レアの中で最大級のものである。また、その後に太陽活動が極小期に突入しフレアの発生が極端に少なく
なったことも重なり、フレア研究にとって極めて重要なイベントとなっている。これまで精力的に研究さ
れており、すでに出版された学術論文は 2010年 1月現在で 36篇（添付資料 1参照）にものぼる。ここ
ではそれらをレビューするとともに、このフレアの概要をまとめる。

図 3.44 活動領域 NOAA 10930の成長。左から「ひので」で撮影された、白色光、磁場画像、Ca II線
での画像。右はこの活動領域の概念図。（Kubo et al. 2007より）

このフレアを発生させた活動領域は NOAA 10930である。図 3.44の可視画像（左）と磁場画像（中）
を見比べると、この活動領域では正負の黒点暗部の対が一つの半暗部を共有するように形成されている。
このような活動領域は、「デルタ型黒点」と呼ばれ、非常に複雑で入り組んだ磁場構造を示すことが多い。
また、Xクラスなどの巨大フレアは、このデルタ型黒点で発生しやすいことも知られている。Kubo et al.

（2007）によると、対となる黒点の間にさらに複数回浮上磁場が起こり、南側の負極黒点の反時計回りの
回転に引きずられるように浮上磁場（EFR）が引き伸ばされている（図 3.44）ことが「ひので」SOT の
データからわかった。このため、フレア発生直前には、正負の磁場領域が幾重にも繰り返されるような、
非常に複雑な構造が形成されていた。いたるところで磁場極性が反転しており、そこでは電流シートが形
成され、（弱い）Ca II線増光などエネルギー解放現象を繰り返していたことも確認されている。「ひので」
SOT により詳細な磁場観測データが連続的に得られるようになったことで、長時間にわたる活動領域の
成長と、それに伴う磁気エネルギーの蓄積過程を調べることが可能となり、黒点の回転によるシアーや
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複数の EFRなどにより、複雑な構造へと発展していった様子が複数の論文で定量的にも議論されている
（Gosain et al. 2009, Jing et al. 2008, Magara & Tsuneta 2008, Wang et al. 2008など）。また、理論に基づ
く、コロナ磁場推定も盛んに行われている（Guo et al. 2008, Schrijver et al. 2008）。
次に、フレアの特徴について述べよう。フレアは典型的な two-ribbon 構造を示し、2 筋の明るい領域

（フレアリボン）が東西方向に平行に現れた（図 3.45）。またフレアに先立って形成された Halpha線フィ
ラメントや軟 X線シグモイド状磁気ループが、フレアに伴い噴出される様子も観測されている（Asai et

al. 2008など）。フレアリボンの時間発展（Jing et al. 2008）やこれらの噴出現象は、磁気リコネクション
モデルの枠組みで説明可能であることが確認されている。また、Williams et al. （2009）によると、噴出
前のプラズモイドが回転運動しているたことも「ひので」EISの分光データから報告されている。フレア
を開始させるきっかけとなった現象については、まだ明確にはわかっていないが、上にあげた複数の EFR

により、彩層など低層の大気でまず磁気リコネクションが発生したことによると考えられる。

図 3.45 「ひので」SOTが撮影した Ca II線でのフレアリボンの様子。

加えてこのフレアでは、軟 X線画像で衝撃波らしき現象が「ひので」XRTで観測されている。図 3.46

左は XRTによるフレアの時間発展であるが、上段では軟 X線プラズモイドの噴出（矢印）が、直ちに軟
X線 MHD衝撃波現象（実線）が続いて観測されていることを示している。XRT画像から求まる平面内
の速度は、プラズモイドで約 100 km/s、衝撃波で約 700 km/sであった。一方図 3.46右は、「ひので」EIS

によるプラズモイド噴出現象（上）と衝撃波現象（下）の Fe XV輝線のスペクトルの様子を示している。
どちらも青方偏移を示しており（それぞれ 150 km/sと 100 km/sのドップラー速度に相当; 図中の矢印で
示す）、われわれに向かって飛来していることが確認できる。一方、衝撃波でのスペクトル形状は、通常
のプラズマ流で見られるスペクトルとは大きく異なる非常に広がったものになっている。これはある速
度を持ったプラズマの流れではなく、例えば膨張する球殻状の構造であれば説明が付く。ショック条件
など詳細な解析は準備中（Narukage et al. 2010, in prep）であるが、この現象が EISにより世界で初めて
MHD衝撃波の分光観測に成功した例であることは間違いない。
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図 3.46 （左）「ひので」XRTによる、軟 X線画像でのフレアの時間発展。上段はプラズモイド噴出
が、下段では軟 X線衝撃波が見られる。（右）「ひので」EISによる、これらの現象（上;プラズモイド
噴出、下; X線衝撃波）の Fe XV輝線スペクトル。右側が長波長。矢印は青方偏移成分を指している。
（Asai et al. 2008より改編）

このような衝撃波や噴出現象は、もちろん宇宙天気研究の観点から非常に重要である。惑星間空間の擾
乱源となり、地球へも多大な影響を及ぼすからである。図 3.47は SOHO衛星 LASCO観測装置による、
コロナ質量放出現象（CME）の様子を示す。特に右の C3画像では、このフレアの衝撃波で加速された太
陽高エネルギー粒子（SEP）が観測装置に衝突することで生じる、白い線状のノイズが見られる。Abbasi

et al.（2008）、Liu et al.（2008）、Vashenyuk et al.（2008）のように、SEPに関する論文も数多く出版さ
れている。

図 3.47 2006年 12月 13日に発生した CME（SOHO衛星/LASCO望遠鏡による）。画面中、白っぽ
く見えるのが CME。

以上のように、非常に複雑でバラエティに富んだ様子を示すフレアであるが、それだけにとても興味深
い。また、地球への影響も大きかったため、宇宙天気研究においての注目度も極めて高い。これらの現象
を総合的に説明付ける理論構築が進んでいるが、観測面からも、いつどこでどのようなエネルギー解放現
象が起きているのか、より一層の詳細なデータ解析が要求されている。
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■資料 1—2006年 12月 13日についての学術論文の一覧（アルファベット順）
Abbasi, R., et al. 2008, ApJ, 689, L65–L68

Abramenko, V., Yurchyshyn, V., Wang, H. 2008, ApJ, 681, 1669–1676

Afraimovich, E. L., et al. 2008, J. Atmo. Sol.-Terr. Phys., 70, 1985–1994

Asai, A., et al. 2008, ApJ, 685, 622–628

Chen, B., and Yan, Y. 2008, ApJ, 689, 1412–1420

Fischbach, E., et al. 2009, SSR, 145, 285–335

Gosain, S., et al. 2009, ApJ, 706, L240–L245

Guo, Y., et al. 2008, ApJ, 679, 1629–1635

Harra, L. K., et al. 2009, ApJ, 691, L99–L102

Imada, S., et al. 2007, PASJ, 59, S793–S799

Imada, S., et al. 2008, ApJ, 679: L155–L159

Isobe, H., et al. 2007, PASJ, 59, S807–S813

Jenkins, J. H., and Fischbach, E. 2009, Astroparticle Phys., 31, 407–411

Jin, M., et al. 2009, ApJ, 702, 27–38

Jing, J., et al. 2008, ApJ, 676, L81–L84

Jing, J., Chae, J., and Wang, H. 2008, ApJ, 672, L73–L76

Kosovichev, A. G., and Sekii, T. 2007, ApJ, 670, L147–L149

Kubo, M. et al. 2007, PASJ, 59, S779–S784

Li, C., et al. 2009, A& A, 503, 1013–1021

Liu, Y., et al. 2008, ApJ, 689, 563–571

Magara, T., and Tsuneta, S. 2008, PASJ, 60, 1181–1189

Minoshima, T., et al. 2009, ApJ, 697, 843–849

Ning, Z. 2008, Sol. Phys., 247, 53–62

Schrijver, C. J., et al. 2008, ApJ, 675, 1637–1644

Struminsky, A. B., and Zimovets, I. V. 2008, Astro. Lett., 34, 704–712

Su, Y., et al. 2007, PASJ, 59, S785–S791

Tan, B., et al. 2007, ApJ, 671, 964–972

Tan, C., et al. 2009, ApJ, 690, 1820–1828

Vashenyuk, E. V., et al., 2008, Geomagnetism and Aeronomy, 48, 149–153

Wang, H., et al. 2008, ApJ, 687, 658–667

Wang, S. J., et al. 2008, Sol. Phys., 253, 133–141

Williams, R. D., et al. 2009, PASJ, 61, 493–497

Yan, Y., et al. 2007, PASJ, 59, S815–S821

Zhang, J., Li, L., and Song, Q. 2007, ApJ, 662, L35–L38

Zhang, Y., Tan, B., and Yan, Y. 2008, ApJ, 682, L133–L136

Zimovets I. Gros, V. M., Struminsky, A. B. 2009, Adv. Space Res., 43, 680–686

以上、36篇（2010年 1月現在）
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■資料 2—2006年 12月 13日についての学術論文の一覧（現象別）

現象 著者、発行年 Remarks

Energy build up Abramenko+2008 intermittency

Magara+2008 magnetic helicity

Zhang+2008 magnetic helicity

Coronal field modeling Guo+2008 NLFFF, SOT-SP

Schrijver+2008 NLFFF, SOT-SP

Magnetic field structure Jin+2008 SOT-SP, G-band

Kubo+2007 SOT-SP

Tan+2009 SOT

Wang+2008 SOT

Zhang+2007 EFR, SOT, MDI

Gosain+2009 penumbral motion, SOT-SP

Su+2007 XRT

Preflare feature Harra+2009 nonthermal broadening, EIS

Williams+2009 filament rotation, EIS

Zimovets+2009 HXR precursor, INTEGRAL/ACS

Flare Asai+2008 ejection, shock, EIS

Jing+2008 RX rate, flare ribbon, SOT

Imada+2008 line profiles, EIS

Isobe+2007 white light flare

Kosovichev+2007 umbral oscillation

Flare (particle accel.) Minoshima+2009 RHESSI, NoRH, SOT-SP

Ning+2008 RHESSI, NoRP, decay phase

Radio burst Chen+2008 Huairou, decay

Tan+2007 Huairou, decay

Wang+2008 Huairou, decay

Yan+2007 Huairou

Struminsky+2008 Neupert effect

Coronal dimming Imada+2007 dimming, decay, EIS

Jin+2009 CME, outflow

SEP Li+2009 summary of flare (as a source of SEP)

Abbasi+2008

Liu+2008 SEP, IP

Vashenyuk+2008 SEP, GLE

Nuclear decay Fischbach+2009

Jenkins+2009

Others Afraimovich GPS test, radio burst
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3.7 研究集会
本プロジェクトが主催・共催したものを中心に、本プロジェクトに関係した研究集会を掲載した。

名称 日程 会場 参加者数

The 6th SOLAR-B Science Meeting 2005/11/8–11 京都市国際交流会館 140名
CAWSES Space Weather Workshop 2005

　
2005/12/10–12 スタンフォード大学 29名

Conference on Earth-Sun System Explo-

ration: Energy Transfer

2006/1/16–20 ハワイ 104名

学術創成「宇宙天気ワークショップ」 2006/8/21–23 飛騨天文台 33名
CAWSES Space Weather Modeling WS 2006/11/14–17 地球シミュレータセンター 61名
学術創成・年度末研究会 2007/3/9–10 愛媛大学 約 25名
CAWSES Space Weather Workshop 2007/3/18–20 アラスカ 40名
CAWSES国際シンポジウム 2007/10/23–27 京都大学 376名
Conference on Earth-Sun System Explo-

ration: Energy Coupling Within and Be-

tween Plasma Regimes

2008/1/14–18 ハワイ 約 70名

宇宙天気サマースクール 2008/8/28–31 清泉寮 80名
宇宙天気研究会 2009/8/19–21 関西セミナーハウス 46名
宇宙天気データ解析ワークショップ　 2009/8/24–26 情報通信研究機構 23名以上
Solar Energetic Particles: Origin and Envi-

ronmental Impacts

2010/1/12–14 京都大学 31名
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3.7.1 The 6th SOLAR-B Science Meeting（2005年 11月、京都市国際交流会館）

名称 The 6th SOLAR-B Science Meeting

日程 2005年 11月 8日–11日
会場 京都市国際交流会館
参加者数 140名
主催 京都大学理学研究科附属天文台
共催 京都大学 21世紀 COE「物理学の多様性と普遍性の探求拠点」

京都大学基礎物理学研究所
名古屋大学太陽地球環境研究所

Webページ http://www.kwasan.kyoto-u.ac.jp/solarb6/

集録 “New solar physics with solar-B mission: Proceedings of the Sixth Solar-B Science Meeting” (ASP

Conference Series, Vol. CS 369)

詳細は本報告書 108ページを参照。
SOC K. Shibata (co-chair), T. Sakurai (co-chair), M. Carlsson, J.L. Culhane, J. Davis, L. Golub, H.S.

Hudson, T. Kosugi, B. Lites, T. Sekii, K. Shibasaki, A.M. Title, S. Tsuneta, T. Watanabe, T. Yokoyama

LOC K. Shibata (chair), H. Kurokawa, R. Kitai, S. Masuda, S. Nagata, S. Ueno, T. Miyagoshi, T. Ishii, S.

Tanuma, H. Isobe, A. Asai, M. Shimojo, H. Tonooka, C. Sampa, M. Oka, M. Uemura

本国際会議は Solar-Bで推進すべき具体的研究課題、それに関連する運用・観測プログラム、解析ソフ
トなどを議論することを目的として開催された。会議では、黒点、磁束管、ダイナモ、彩層加熱、コロナ
加熱、磁気リコネクション、フレア、コロナ質量放出、太陽風などのテーマに関して研究の現状と今後の
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課題に関するレビュー講演を中心に、質疑応答に重点を置いた。参加者数は当初の予想の 100人を大幅に
上回る 140人にも達し、外国人参加者数（75人）が日本人参加者数（65人）を上回った。

3.7.2 CAWSES Space Weather Workshop 2005（2005年 12月、スタンフォード大学）

名称 CAWSES Space Weather Workshop 2005

日程 2005年 12月 10日–12日
会場 スタンフォード大学
参加者数 29名
Webページ http://www.kwasan.kyoto-u.ac.jp/spw/cawses-ws2005/
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2005年 12月 10日

Time Speaker Title

09:30–12:00 Chair: Kozyra (Tutorial talks)

Shibata Solar Flares

Kozyra Inner magnetosphere

Hudson CMEs

13:30–17:10 Chair: Shibata

Hoeksema Magnetic Field in the Corona and Heliosphere

Nitta Solar Energetic Particles

Tsurutani Magnetic storm activity associated with ICMEs and CIRs

Basu and Basu Ionosperic Plasma Structuring during Magnetic Superstorms

Kosovichev Helioseismic Observations of Magnetic Flux Emergence

2005年 12月 11日

Time Speaker Title

09:30–12:10 Chair: Tsurutani

Gopalswamy Overview on CMEs and space weather with particular reference to

the Sep Jan periods

Yurchyshyn Space Wather Events and Campaign Data in Sep 2005 Halpha and

Magnetic Field data

Kikuchi Magnetospheric Storms

Narukage Halpha and other data from Hida Obs

13:40–18:00 Chair: Kikuchi

Manucci (Tsurutani) Ionosperic Effects

Horton WINDMI model

Asai Solar Flares and related data in Aug/Sep 2005

Shiokawa Ionospheric Effects

Brandt and Mitchell (Kozyra) Ring Current Response

Goncharenko (Kozyra) Observations of a positive storm phase on Sep 10, 2005

Blake (Kozyra) Preliminary SAMPEX Observations

Oka SEPs and IP Disturbances observed by Geotail
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2005年 12月 12日

Time Speaker Title

09:30–12:00 Chair: Ogino

Roudier (Shibata) Solar JOP178 campaign

Schmieder (Shibata) Solar JOP178 campaign

Keil (Shibata) NSO observations during 2005 September campaign

Other events (Aug, June, Jan 2005, Nov 2004)

Shimojo Solar Flares and related data in Jan 2005 and Nov 2004

Shinohara Magnetosperic Storms

Paxton TIMED observations of the Ionosphere-thermosphere during the Aug/Sep

2005 interval

Fujiki Solar Wind and CMEs

13:30–17:00 Chair: Gopalswamy

Ogino MHD Modeling

Mannucci Ionospheric modeling

Omura Wave-Particle Interactions

Hayashi Solar Wind Modeling

Future Plans of CAWSES workshops and international collaboration

Kozyra lists of science questions for the Jan 2005 events the CAWSES March/April

2004 campaign, the superstorms, and the Aug/Sep 2005 events

3.7.3 Conference on Earth-Sun System Exploration（2006年 1月、ハワイ）

名称 Conference on Earth-Sun System Exploration: Energy Transfer

日程 2006年 1月 16日–20日
会場 Kona・Hawaii

参加者数 104名
主催 The Johns Hopkins University Applied Physics Laboratory

Solar-Terrestrial Environment Laboratory, Nagoya University

Committee on Space Research (COSPAR)

International Association of Geomagnetism and Aeronomy (IAGA)

National Aeronautics and Space Administration (NASA)

Scientific Committee on Solar-Terrestrial Physics (SCOSTEP)

名古屋大学 21世紀 COE「太陽・地球・生命圏相互作用系の変動学」
Conveners A.T.Y. Lui and Y. Kamide

Program Committee James Chen, Giuseppe Consolini, Philippe Escoubet, Yohsuke Kamide, Janet Kozyra,

Zhen-Xing Liu, Anthony Lui, Rumi Nakamura, Tatsuki Ogino, David Rust, Andrew Yau

Companion Activity Director Susan Fry

Space assets form an important fabric of our society, performing functions such as television broadcasting,

cell-phone communication, navigation, and remote monitoring of troposphere weather. There is increasing

awareness on how much our daily activities can be adversely affected by space disturbances tracing all the
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way back to the Sun. These space disturbances can be viewed as consequences of physical processes in-

volving energy transfer in the Earth-Sun system. In some of these energetic phenomena, energy in various

forms can propagate long distances from the solar surface to the interplanetary medium and eventually to the

Earth’s immediate space environment, namely, its magnetosphere, ionosphere, and thermosphere. In addi-

tion, transformation of energy can take place in these space disturbances, allowing charged particle energy

to be transformed to electromagnetic energy or vice versa. In-depth understanding on energy transformation

and transmission in the Earth-Sun system will foster the identification of physical processes responsible for

space disturbances and the prediction of their occurrences and effects. This symposium provides a forum for

physicists engaged in the Earth-Sun system as well as in laboratory experiments to exchange knowledge on

the subject from observation, numerical simulation, and theory.

3.7.4 学術創成「宇宙天気ワークショップ」（2006年 8月、飛騨天文台）

名称 学術創成「宇宙天気ワークショップ」
日程 2006年 8月 21日–23日
会場 京都大学飛騨天文台
参加者数 33名
Webページ http://www.kwasan.kyoto-u.ac.jp/spw/modules/research1/index.php?id=5
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2006年 8月 21日

時間 発表者 タイトル

Session 1: イントロダクション（座長：荻野）
09:30–10:00 柴田一成（京大花山） 宇宙天気予報の基礎研究
10:00–10:30 岡　光夫（京大花山） 宇宙天気と粒子加速
10:30–11:00 黒河宏企（京大花山） 強いフレア発生の予兆現象について
11:00–11:30 片岡龍峰（名大 STE） 太陽風構造と放射線帯
11:30–12:00 村田健史（愛媛大） バーチャルオブザーバトリーについて

Session 2: 2005年 9月の領域・イベント（その 1）（座長：藤木）
13:30–14:00 長島　薫（京大花山） 2005年 9月の太陽フレア活動の多波長観測
14:00–14:30 篠原　学（九大） 長期間データから宇宙天気を見る
14:30–15:00 塩川和夫（名大 STE） 磁気嵐開始直後のリングカレントイオンフラックスの増大

Session 3: 2005年 9月の領域・イベント（その 2）（座長：草野）
15:30–16:00 永田伸一（京大飛騨） 活動領域 NOAA 10808の磁気ヘリシティー入射とフレア活動
16:00–16:30 山内洋平（京大飛騨） フィラメント消失と惑星間空間Magnetic Flux Ropesとの関係
16:30–17:00 三好由純（名大 STE） 2005年 9月の内部磁気圏粒子変動
17:00–17:30 近藤光志（愛媛大） 地球磁気圏尾部における BBFの数値計算と衛星観測

17:30–20:00 第 7回　学術創成　分担者会議
20:00–21:00 観望会（65cm屈折望遠鏡、曇りの場合は中止）

2006年 8月 22日

時間 発表者 タイトル

Session 4: データ解析一般（座長：篠原（育））
09:30–10:00 上野悟（京大飛騨） フレアカーネルと光球磁場構造との空間的相関調査の中間報告
10:00–10:30 藤木謙一（名大 STE） IPSで観測された惑星間擾乱
10:30–11:00 家森俊彦（京大理） 地磁気指数予測モデルの現状
11:00–11:30 小原隆博（NICT） New Electron Radiation Belt Formation During Bastille Day Super Storm

天文台見学（DST, FMT, SMART, etc.）

Session 5: モデリング 1（座長：星野）
14:00–14:30 草野完也（地球シミュ） 太陽フレア発現機構とコロナモデリング
14:30–15:00 篠原育（JAXA/ISAS） 磁気島の合体によるMHD scaleへの移行と電子加速
15:00–15:30 荻野竜樹（名大 STE） 大きな南向き惑星間磁場に対する地球磁気圏の応答
15:30–16:00 清水徹（愛媛大） 磁気再結合過程の三次元不安定性によるパルス的プラズモイド放出の

MHDシミュレーション

Session 6: モデリング 2（座長：小原）
16:30–17:00 星野真弘（東大理） 磁気圏での粒子加速
17:00–17:30 塩田大幸（地球シミュ） フレア・CME発生過程の 3次元MHDモデリング
17:30–18:00 品川裕之（NICT） NICTリアルタイム熱圏電離圏モデルの開発
18:00–18:30 大塚史子（京大 RISH） 太陽起源の高エネルギー粒子の伝搬過程
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2006年 8月 23日

時間 発表者 タイトル

Session7: モデリング 3（座長：大村）
09:30–10:00 真柄哲也（京大花山） 惑星間空間における大規模擾乱を生み出す太陽面上の駆動機構
10:00–10:30 藤田茂（気象大） 太陽風変動による磁気圏電離圏応答数値実験-電離圏電場過遮蔽の例
10:30–11:00 三好隆博（広島大） 宇宙プラズマMHDシミュレーションにおける保存型数値解法
11:00–11:30 田中健太郎（JAXA/ISAS） より複雑な電流層での電子ダイナミクス
11:30–12:00 浅井歩（国立天文台） Anemone Structure of AR NOAA 10798 and Related Geo-Effective

Flares and CMEs

Session8: モデリング 4（座長：柴田）
13:00–13:30 梅田隆行（名大 STE） 運動論的シミュレーションコードの改良
13:30–14:00 井上諭（名大 STE） 非線形 Force-Free磁場の再構築問題
14:00–14:30 大村善治（京大 RISH） 放射線帯粒子の加速（サマリートークを兼ねる）

14:30–15:00 ディスカッション

3.7.5 CAWSES International Workshop on Space Weather Modeling（2006年 11月、
地球シミュレータセンター）

名称 CAWSES International Workshop on Space Weather Modeling

日程 2006年 11月 14日–17日
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会場 海洋研究開発機構　横浜研究所　地球シミュレータセンター（横浜市）
参加者数 61名
Webページ（ミラー） http://www.kwasan.kyoto-u.ac.jp/spw/cawses-mws2006/

集録 “Space Weather Modeling: Status and Prospects” (Journal of Geophysical Research, Journal of Geo-

physical Research, Vol. 113, No. A3, 2008)

詳細は本報告書 110ページを参照。
主催 海洋研究開発機構　地球シミュレータセンター
共催 学術創成研究「宇宙天気予報の基礎研究」（代表・柴田一成）

国際太陽地球系物理学科学委員会・太陽地球系の気候・天気（CAWSES/SCOSTEP）
名古屋大学太陽地球環境研究所
京都大学生存圏研究所（第 58回生存圏シンポジウム）

SOC K. Shibata (Co-chair), K. Kusano (Co-chair), J. Buechner, T. I. Gombosi, N. Gopalswamy, M. Hesse,

J.U. Kozyra, J. Lin, T. Ogino, B. Sanahuja, S. T. Wu

LOC M. Fujimoto, S. Hirose, M. Hoshino, K. Kusano, T. Miyoshi, T. Obara, M. Oka, Y. Omura, T. Sakurai,

K. Shibata, T. Sugiyama, S. Tsuneta, M. Ugai, T. Yokoyama

Advancement in our understanding of the space environment is in great demand now as the dynamic ac-

tivities of the Sun, solar wind, magnetosphere and ionosphere can influence modern technology systems and

endanger human life and health. The numerical simulation and modeling driven by integrated observations

are powerful methods for understanding the complex Sun-Earth system, and they are an important means for

predicting space weather. To address this issue, a workshop on “CAWSES International Workshop on Space

Weather Modeling (CSWM)” will be held at the Earth Simulator Center in Yokohama, Japan. This workshop

will provide a forum for review of the recent progress and the scientific challenges in space weather modeling

research.

Workshop topics include: Modeling of solar and heliospheric magnetic field; solar flares, CMEs, and

filament eruption; solar energetic particles; solar wind; magnetospheric storm and sub-storm; radiation belt

and ring current; Magnetosphere-Ionosphere coupling; and new simulation algorithms of solar and space

plasmas. The observations and the assimilation technique concerned with the space weather are also included.

2006年 11月 14日
K. Kusano Opening

S. Tsuneta “Hinode”; A New Solar Observatory in Space—Current Status— (invited)

Y. Katsukawa First Light of Solar Optical Telescope (SOT) on HINODE

H. Hara Hinode X-ray Telescope and EUV Imaging Spectrometer

F. R. Toffoletto Magnetosphere-Ionosphere Coupling: A Modeler’s Perspectiv (invited)

H. Shinagawa Development of the NICT real-time thermosphere-ionosphere simulator

H. Fujiwara GCM simulations of the thermaospherer/ionosphere (invited)

V. Archontis Emergence and eruptions of magnetic flux in the solar atmosphere (invited)

H. Kurokawa Observational Evidences of Emerging Twisted Magnetic Flux Ropes in Strong Flare Regions

N. Gopalswamy Coronal Mass Ejections and Adverse Space Weather

S. Pohjolainen Tracing CMEs from the corona to 1 AU in radio emission

Poster I
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Virtual Conference I

2006年 11月 15日
T. Wiegelmann Nonlinear force-free field modeling of the solar coronal magnetic field (invited)

Y. Yan Nonlinear Force-Free Field Modeling of Solar Coronal Magnetic Fields (invited)

H. He Non-linear force-free magnetic field extrapolation scheme based on the direct boundary integral formulation

W. B. Manchester Simulations of the Sun-Earth System: Modeling the Halloween Events with SWMF (invited)

D. Odstrcil Numerical Modeling of May 1998 Interplanetary CME Events (invited)

K. Hayashi MHD simulation of solar corona and solar wind and the sub-Alfvénic boundary treatments to utilize the

measurement data

T. Miyoshi A positively conservative scheme for MHD in space plasma simulations

G. Li Particle acceleration and transport in large SEP events (invited)

N. V. Nitta SEP Properties and Magnetic Field Connection of the Source Region

M. Oka Particle Acceleration by Shocks and the Whistler Critical Mach Number

I. Shinohara Electron acceleration via magnetic island coalescence

“The Earth Simulator” Tour

Banquet at China Town, Yokohama

2006年 11月 16日
T. Amari (invited)

B. Kliem Mechanisms and Kinematics of CoronalMass Ejections (invited)

D. Shiota Three dimensional Magnetohydrodinamic modeling of Coronal Mass Ejections

T. G. Onsager Scientific Model Developments Needed to Mitigate Space Weather Impacts (invited)

J. Raeder Progress and Challenges Modeling the Geospace Environment (invited)

T. Ogino An MHD Simulation of the Solar Wind-Magnetosphere Interaction on Substorms and Magnetospheric Storms

M. Fok Modeling the Inner Magnetosphere (invited)

R. Kataoka MHD and ring current simulations of a superstorm on 20 November 2003

H. Shimazu Real-time global MHD simulation of the solar wind interaction with the earth’s magnetosphere

S. Fujita A numerical simulation of an overshielding effect of the magnetospheric convection electric field

Poster II

Virtual Conference II

2006年 11月 17日
M. Rempel Modeling and predicting solar cycles using a flux-transport dynamo (invited)

T. Magara Photospheric and coronal activities dynamically produced by flux emergence

H. Wang Correlation between Solar Flare Procuntivity and Photospheric Magnetic Field Properties

A. Asai Anemone Structure and Geo-Effective Flares/CMEs

B. T. Welsch Forecasting Space Weather with Dynamic Coronal Models (invited)

T. K. Suzuki Forecasting Solar Wind Speeds

D. Nagata Solar wind control of plasma number density in the near-Earth plasma sheet: Coordinated study of WIND-

ACE/GEOTAIL observations

Y. Katoh Particle simulation of VLF triggered emissions—roles of the nonlinear cyclotron resonant interaction in the

wave generation process

K. Kusano Predictability of Solar Flare Onset and Multi-scale Modelings for Space Weather Dynamics (invited)

T. Sugiyama MHD-PIC Interlocked Simulation Model for Magnetic Reconnection
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T. Umeda Polynomial interpolation for hyperbolic conservation laws (PIC) scheme: Application to Vlasov Simulations

K. Fujimoto Magnetic Reconnection in Large and Fully Kinetic System

Y. Kamide Toward the success of space weather predictions

K. Shibata Discussion & Closing

Poster I
K. K. Reeves Expected Performance and Science Modes of the X-Ray Telescope on Solar B

T. Yamamoto Forecast of the Solar Flare Magnitude from the Photospheric Magnetic Field

K. Nagashima The trigger mechanism of flares occurred in the most flareproductive active region during Solar Cycle

23

K. Hori Coronal Transient Activities Observed with Norikura Green-line Imaging System “NOGIS”

T. Matsumoto MHD modeling for global corona

T. Yokoyama Study of the Energy Build-up Process in Solar Active Regions by Using the Longitudinal Magnetic Field

Observations

S. Ueno Investigation of the Spatial Correlation between Solar Flare Kernels and Photospheric Magnetic Field Config-

urations by using the SMART at Hida Obs.

S. Yashiro X-class Flares without Coronal Mass Ejections during Solar Cycle 23

K. Nishida An MHD model for impulsive flares focused on a correlation between plasmoid speed and reconnection rate

K. Hakamada The relationships among Solar Wind Speed, Coronal Magnetic Field, and Photospheric Magnetic Field

K. Tsubouchi Processes of the Alfvén wave compression by high-speed solar winds

K. G. Tanaka Study of reconnection layer structure with density asymmetric current sheet

T. Shimizu MHD Study of Three-Dimensional Instability in the Spontaneous Fast Magnetic Reconnection

Poster II
L. L. Lundquist Calibration of the X-Ray Telescope on Solar-B

K. Otsuji The measurement of ascent speed of the ephemeral active regions using the cloud model

P. Antolin Nanoflare and Alfvén wave heating models, predicting differences in the observational signatures

Y. Yamauchi Comparison between Characteristics of Filament Eruptions and Magnetic Flux Ropes

J. C. Santos Studying the evolution of plasma and magnetic field over active regions associated to flares and CMEs

J. C. Santos Determining the photospheric plasma flow from photospheric magnetic field measurements

H. Isobe MHD simulations of solar emerging flux regions using the Earth Simulator

S. Inoue Three-Dimensional Flux Tube Dynamics in the Solar Corona

S. Inoue The Extrapolation of Three-Dimensional Magnetic Field in the Solar Corona

S. Notoya The process of the flux-rope formation and eruption triggered by the emerging flux

S. Watari High speed solar wind and coronal holes near solar minimum

A. K. Jadeja CORONAL MASS EJECTIONS OF 28 OCTOBER 2003 & 14 NOVEMBER 2003 AND ASSOCIATED

SPACE WEATHER EFFECTS

A. Nakata The current wedge in Magnetohydrodynamics simulation of fast reconnection model

K. Kondoh Study of Fast Convection Flow by Three Dimensional MHD Simulations

Y. Matsumoto Turbulent transport of cold and dense solar wind plasma into the magnetosphere by 3-D evolution of the

Kelvin-Helmholtz instability

T. Amano Effect of Shock Angle on Fast and Direct Acceleration of Electrons in High Mach Number Quasi-

Perpendicular Shocks

N. Nishizuka The test of the Fermi acceleratoion of the plasmoids passing through the fast shock

Y. Ebihara Dynamics of the ring current during severe magnetic storms

R. Kombiyil Storm-time equivalent currents derived from a meridional magnetometer chain and the investigation of
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associated dynamics

N. Terada Numerical modeling of the circulation of ionospheric and solar wind particles in the magnetosphere

S. Shima Super-Droplet Method: a Particle-Based Cloud Microphysics Coupled with Nonhydrostatic Model

A. Kawano Macro-micro Interlocked Simulation of Gas Detonation

3.7.6 学術創成・年度末研究会（2007年 3月、愛媛大学）

名称 学術創成・年度末研究会
日程 2007年 3月 9日–10日
会場 愛媛大学城北キャンパス工学部本館
参加者数 約 25名
Webページ http://www.kwasan.kyoto-u.ac.jp/spw/modules/research1/index.php?id=7

2007年 3月 9日

時間 発表者 タイトル

Session 1: 太陽・太陽風（座長：菊池）
09:00 永田伸一（京大飛騨） 飛騨天文台研究進捗報告

柴田一成（京大花山） 京大における太陽研究
関井　隆 ひのでの現状と初期観測
（NAOJ/SOLAR-B推進室）
下条圭美 ひのでサイエンスセンターについて
（NAOJ/SOLAR-B推進室）
藤木謙一（名大 STE） CMEの構造・太陽風加速機構解明のための観測的研究

Session 2: STARS＋磁気圏・電離圏・宇宙天気図（座長：増田）
13:00 村田健史（愛媛大） STARSデモ

上出洋介（名大 STE） 宇宙天気図の改良
海老原祐輔（名大 STE） 実証型ジオスペース環境モデリングシステム（GEMSIS）が目指す宇宙

天気研究
16:00 荻野竜樹（名大 STE） Computer Simulation on Dynamics of the Earth’s Magnetosphere Depend-

ing on the Solar Wind and Interplanetary Magnetic Field

新堀淳樹（名大 STE） 磁気嵐と内部磁気圏電場
片岡龍峰（名大 STE） 宇宙天気研究の進捗状況報告
塩川和夫（名大 STE） 名大 STE研を中心としたジオスペースの地上ネットワーク観測の現状と

将来計画
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2007年 3月 10日

時間 発表者 タイトル

Session 3: バーチャルオブザーバトリー（座長：草野）
09:00 鵜飼正行（愛媛大） 愛媛グループ報告

近藤光志（愛媛大） Virtual Observatory in Near-Earth Geomagnetotail

清水　徹（愛媛大） 三次元高速磁気再結合過程におけるプラズモイド放出
岡　光夫（京大花山） コメント：SEPのモデリング
篠原　育（JAXA/ISAS） ISASにおける粒子シミュレーションと観測データ比較研究

13:30 磯部洋明（東大理） 学術創成・宇宙天気東京大学の報告
真柄哲也（京大花山） A study of sigmoid for the prediction of solar flares

草野完也 マルチスケールモデリングの現状と展望
（地球シミュレーター）

15:30 全員 議論（16:00閉会、18:30時頃まで有志で議論）

3.7.7 The CAWSES Workshop（2007年 3月、アラスカ）

名称 The CAWSES workshop—Comparative Study of Solar Flares and Magnetospheric Substorms as a

Basis of Space Weather Research

日程 2007年 3月 18日–20日
会場 Fairbanks Princess Riverside Lodge (Fairbanks, Alaska)

参加者数 40名
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Webページ http://www.kwasan.kyoto-u.ac.jp/spw/cawses-ws2006/

集録 Flare-Substorm/Space Weather Topics (Earth, Planets and Space, Vol. 61, No. 5, 2009)

詳細は本報告書 111ページを参照。
Convenors S. Akasofu, B. Tsurutani, K. Shibata

SOC S. Akasofu, T. Forbes, M. Fujimoto, H. Hudson, T. Kikuchi, J. Kozyra, K. Kusano, T. Ogino, M. Oka

(secretary), B. Schmieder, K. Shibata, B. Tsurutani, H. Wang

1. Introductory Talks（2007年 3月 18日午前）
アスタリスク（*）は一般講演、その他は招待講演を示す。

Syun Akasofu Longstanding Unsolved Problems in Solar Physics and Magnetospheric Physics

Kazunari Shibata Introduction to Solar Flares: Questions from Solar Physicist

Bruce Tsurutani Interplanetary Disturbances and General Space Weather Problems

Hirohisa Hara Hinode Initial Results

Natchimuthuk Gopalswamy Halo coronal mass ejections and their geoeffectiveness

2. Comparison of Flares and Substorms, Common Processes? （2007年 3月 18日午後）
Gordon Rostoker The Role of Substorms in Influencing Types of Space Weather That Have Damaging Consequences

Haimin Wang Evolution of Photospheric Magnetic Fields associated with Solar Flares

Kiyofumi Yumoto Substorm onsets obtained from satellite and ground-based observations

Stefaan Poedts Numerical simulations of the initiation and the IP evolution of coronal mass ejections

Joe Kan Storm and Substorm Driven by Magnetic Reconnection in the Plasma Sheet

Takenori Okamoto* Discovery of cool cloud-like structures in the corona with Hinode Solar Optical Telescope

Ryuho Kataoka* Acceleration mechanisms of radiation belt electrons during magnetic storms driven by CMEs and

CIRs

Syun Akasofu Global Warming

3. What is the role of reconnection in flares/CMEs and substorms? （2007年 3月 19日）
Masayuki Ugai Modeling of substorms and flares by the fast reconnection mechanism

Amitava Bhattacharjee Role of Collisionless Reconnection in Flares and Substorms: a Comparative Study

Masaaki Yamada Study of Physics of Magnetic Reconnection in Laboratory and Space Plasmas

Mark Linton Post-CME Reconnection and the Generation of Descending Coronal Voids

Brigitte Schmieder Coronal loop and chromospheric ribbon motions during slip-running reconnection

Masaki Fujimoto Towards more realistic full particle simulations of magnetic reconnection: Effects of density jump

across a current sheet

Jack Gosling Magnetic Reconnection in the Solar Wind and Within ICMEs

Kanya Kusano The role of magnetic reconnection in the onset of solar flares and CMEs

Lyndsay Fletcher The solar flare electron number problem—time for a new acceleration scenario?

Tatsuki Ogino Response of the Earth’s Magnetosphere to the Strength and Rotation of IMF

Hiroaki Isobe* Magnetic reconnection in solar atmosphere: three-dimensional evolution and fine structures

Tohru Shimizu* MHD study of three-dimensional instability and plasmoid ejections of the spontaneous fast magnetic

reconnection

Syun Akasofu Video of Aurora

Kazunari Shibata Discussion on Proceedings
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4. Fundamental processes in solar flares/interplanetary disturbances/magnetospheric substorms（2007

年 3月 20日）
Koji Kondoh* Three dimensional configuration of earthward fast plasma flow in near-Earth plasma sheet

Katsuhide Marubashi Impacts of a torus model on the geometry of magnetic clouds

Mitsuo Oka Particle Acceleration by Shocks

Sam Krucker Coronal Hard X-ray Sources in Solar Flares: new RHESSI results

Danny Summers Wave-particle interactions in the Van Allen radiation belts with implications for space weather science

Hugh Hudson White-light flares and why the chromosphere is different from the ionosphere

James Chen Driving Force of CMEs:Acceleration and Propagation

Yoshiharu Omura Relativistic Turning Acceleration of Resonant Electrons by Coherent Whistler-Mode Waves in a

Dipole Magnetic Field

ST Wu Coupling the photosphere and corona using a data -driven 3D MHD model

Satomi Kamei* Development of global simulation model of the Heliosphere

5. Summary and Discussion（2007年 3月 20日午後）
Syun Akasofu Comment and Summary

Yingna Su* Shear Motion of the Footpoints in Two-Ribbon Flares (presented by K. Shibata)

Kathy Reeves Observations of Solar Flares and Eruptive Events With the X-Ray Telescope on Hinode (presented by

K. Shibata)

Kazunari Shibata Comment on Jet

Bruce Tsurutani Summary (presented by K. Shibata)

Kazunari Shibata Summary

Brigitte Schmieder Comment on CAWSES

Syun Akasofu Summary

Kazunari Shibata Remark

Terry Forbes Energy Transfer in Solar Flares (Files sent after meeting)

Joachim Raeder On measuring the reconnection rate in magnetosphere simulations (Files sent after meeting)
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3.7.8 International CAWSES Symposium（2007年 10月、京都大学）

名称 International CAWSES Symposium

日程 2007年 10月 23日–27日
会場 京都大学時計台記念館　百周年記念ホール
参加者数 376名
Webページ http://www.stelab.nagoya-u.ac.jp/cawses/

主催 国際太陽地球系物理学科学委員会（SCOSTEP）
京都大学生存圏研究所（第 77回生存圏シンポジウム）
京都大学理学研究科附属天文台
名古屋大学太陽地球環境研究所
学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）
京都大学 21世紀 COE「物理学の多様性と普遍性の探求拠点」
京都大学 21世紀 COE「活地球圏の変動解明」
名古屋大学 21世紀 COE「太陽・地球・生命圏相互作用系の変動学」
情報通信研究機構

協賛 日本学術会議
日本天文学会
日本気象学会
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地球電磁気・地球惑星圏学会
日本地球惑星科学連合

後援 日本学術振興会
日本万国博覧会記念機構

Convenors T. Tsuda, R. Fujii, K. Shibata, M. Geller

SOC J. Alexander, S. Avery, D. Baker, S. Basu, J. Beer, J.-L. Bougeret, C. Z. Cheng, J. Davis, E. Friis-

Christensen, C. Frohlich, K.-H. Glassmeier, T. Gombosi, N. Gopalswamy, L. Gray, M. Hagan, J.

Haigh, L. Harra, M. Hirahara, T. Hirooka, M. Hoshino, T. Iyemori, K. Kodera, M. Kojima, J. Kozyra,

K. Labitzke, L.Lee, C.-H. Liu, M. Lockwood, F.-J, Luebken, T. Obara, Y. Omura (chair), J. Pap, A.

Richmond, J. Russell III, T. Sakurai, K. Sato, B. Schmieder, K. Shiokawa, J. Sojka, S. K. Solanki, R.

Vincent, J. X. Wang, S. T. Wu, M. Yamamoto, K. Yumoto, L. Zelenyi

LOC M. Akioka, K. Fujiki, T. Goka, H. Kawano, T. Kikuchi, H. Kojima, K. Kusano, K. Maezawa, T.

Maruyama, S. Masuda, T. Murata, R. Kitai, T. Nakamura, T. Ogino (chair), T. Ono, A. Saito, N. Sato,

Ki. Shibata, S. Taguchi, T. Terasawa, F. Tohyama, S. Tsuneta, H. Usui, S. Watanabe, T. Watanabe, T.

Yokoyama

本国際会議の報告は天文月報 2008年 5月号に「国際会議『International CAWSES Symposium』報告」
という題で掲載された。本報告書 124ページに該当記事を掲載した。

Objectives and Overview

This International CAWSES Symposium hosted by SCOSTEP (Scientific Committee on Solar-Terrestrial

Physics) will provide an excellent opportunity to discuss the scientific accomplishments of CAWSES and

look forward to SCOSTEP’s future programs at a moment toward the end of its initial five-year period. The

symposium will cover the four major themes of CAWSES, 1) Solar Influence on Climate, 2) Space Weather:

Science and Applications, 3) Atmospheric Coupling Processes, and 4) Space Climatology. Since treating

the entire solar-terrestrial domain as one system rather than treating each region independently is the most

important concept of CAWSES, the symposium offers tutorial lectures/keynotes that will be interesting for

all participants every morning and more specific sessions of presentations in the afternoon. We welcome all

those who are involved and/or interested in CAWSES to Kyoto in the autumn when we will have the pleasure

of being surrounded by the great historical and modern sites of Kyoto in the Japanese atmosphere with the

beautiful yellow leaves of the season.

Opening lecture

S. K. Avery Lecture on CAWSES

Tutorial lectures

M. Geller 1960s Advances in Middle Atmosphere Research

A. Nishida Early Japanese Contributions to Space Weather Research

E. N. Parker Hydrodynamics, Magnetohydrodynamics, and Electric Circuit Analogs
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Keynote speakers

J. Beer Evidence for solar forcing : some selected aspects

M. DikPati Simulating and predicting solar ‘climate’

J. Forbes Tidal coupling from the Troposphere to the Thermosphere-Ionosphere System

C. Frohlich Total Solar Irradiance : What have we learned about its valiability from the record of the last

three solar cycles?

S. Fukao What we have learnt from the Japanese project, Coupling Processes in the Equatorial Atmosphere

N. Gopalswamy Coronal Mass Ejections and Space Weather

J. Gosling Magnetic Reconnection in the Solar Wind

J.Haigh Mechanisms for solar influence on Earth’s climate

Y. Kamide Storm-Substorm Relationships

J. Kozyra Advances in Space Weather Research and Interdisciplinary Collaboration through CAWSES

Worldwide Campaigns

K. Labitzke Winter variability in the Stratosphere: Coupling between the Arctic and the Tropics

F.-J. Luebken The upper mesosphere : a transfer region from terrestrial to solar influences or CAWSES

activities in Germany

L. Svalgaard Calibrating Sunspot Numbers Using the Magnetic Needles

S. Tsuneta “Hinode” A New Solar Observatory in Space

R. A. Vincent Gravity wave coupling in the middle Atmosphere

L. Zelenyi Maqnetotail after GEOTAIL, INTERBALL, and CLUSTER: accelerated beams, thin current

sheets and intermittent turbulence
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3.7.9 Conference on Earth-Sun System Exploration（2008年 1月、ハワイ）

名称 Conference on Earth-Sun System Exploration: Energy Coupling Within and Between Plasma Regimes

日程 2008年 1月 14日–18日
会場 Kona・Hawaii

参加者数 約 70名
主催 The Johns Hopkins University Applied Physics Laboratory (JHU/APL)

National Aeronautics and Space Administration (NASA)

National Science Foundation (NSF)

Scientific Committee on Solar-Terrestrial Physics (SCOSTEP)

学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）
Conveners A.T.Y. Lui and Y. Kamide

Program Committee Vassilis Angelopoulos, James Chen, Giuseppe Consolini, Iannis Dandouras, Philippe

Escoubet, Wendell Horton, Rickard Lundin, Tatsuki Ogino, Zuyin Pu, Kazunari Shibata, Andrew Yau

Energetic plasma phenomena in the Earth Sun System not only are challenging research topics for funda-

mental comprehension of physical processes in the plasma universe but also may bear important impacts to

our daily societal functions focused by space weather research. In general, there are three different approaches

to understand these energetic plasma phenomena. One approach is to examine the system with a kinetic

description for individual particles, making use of the Boltzmann or Vlasov equations and the Maxwell’s

equations. Another approach is to utilize the fluid equations and describe the system with fluid parameters.

The third way is to use a system-wide approach with modern statistical tools to probe the intrinsic and per-

haps universal characteristics of the system as representative of a broad class of systems in nature. All these

approaches have their merits and limitations. Scientists engaged in research related to Earth Sun system

exploration, including the laboratory experimentalists in plasma physics research, can benefit from learning

from each other research results based on one of the above approaches or a combination of them. This sym-

posium provides a forum for scientists to exchange knowledge on the energy coupling in space plasmas from

observation, numerical simulation, and theory. This topic includes coupling between different plasma regimes

in the Earth Sun system as well as energy coupling between particles and waves in energetic space plasma

phenomena.

2008年 1月 14日
Lui & Kamide Welcome and logistics

Gombosi Simulating everything under the Sun (Coupled model of solar and heliospheric disturbances) (Invited)

Chen A new paradigm of solar eruptions: Driving mechanism (Invited)

Kusano The data-driven simulation of solar flare and coronal mass ejections (Invited)

Manchester Energetic coupling between the convection zone and corona by Lorentz-force-driven shear flows: An

explanation for CMEs and two-ribbon flares (Invited)

Lyu A model to explain the cause of latitudinal solar differential rotation and the nonlinear evolution of solar coronal

hole during the rising phase of the solar cycle (Invited)

Fletcher The role of large-scale Alfvén waves in solar flare energy release and particle acceleration (Invited)



96 第 3章 研究成果

Nakariakov Seismology of the solar corona (Invited)

Goossens Coronal seismology using standing fast transverse kink waves in loops (Invited)

Ugai Conditions for current wedge evolution and applications to two-ribbon flares (Invited)

St. Cyr Coronal mass ejections—A statistical view (Invited)

Doschek New views of the Sun from the Hinode spacecraft (Invited)

Howard The SECCHI experiment on the STEREO mission (Invited)

Goldstein New results on properties of magnetohydrodynamic turbulence in the solar wind (Invited)

Akasofu Need for integration/synthesis in space weather research (Invited)

Kitai Observations of solar activity at Hida Observatory as a basis of space weather research (Invited)

Echim Kinetic description of energetic plasmoids and their decoupling from background magnetic field and plasma

(Invited)

Kessel Impact of high-speed solar wind streams: with and without solar storms

Nykyri Plasma transport due to Kelvin-Helmholtz instability: 2-D and 3-D MHD simulations and Cluster observations

(Invited)

Rosenqvist Modulated reconnection rate and energy conversion at the magnetopause under steady IMF conditions

(Invited)

Retinò Microphysics of magnetic reconnection in space plasmas: Cluster spacecraft in situ observations (Invited)

Roth Statistical approach to the formation of energetic solar particles

2008年 1月 15日
Angelopoulos First results from THEMIS (Invited)

Donovan Comparison of auroral and inner CPS in situ measurements during an expansive phase onset (Invited)

Parks Super-Alfvén flows associated with substorms in the plasma sheet (Invited)

Runov Dynamics of the near-Earth current sheet: Recent Cluster and Double Star observations (Invited)

Frey The value of auroral imaging for the investigation of energy coupling in space plasmas (Invited)

McFadden Magnetospheric-ionospheric energy coupling with a twist (Invited)

Winglee The generation of earth moving flux ropes and nightside auroral acitivity (Invited)

Lee Formation of a thin current sheet, magnetic field dipolarization and enetropy antidiffusion instability during geo-

magnetic substorms (Invited)

Cheng Theory of substorms (Invited)

Raeder Magnetosphere energy entry and release: OpenGGCM simulations

Cai New results on particle simulation of magnetotail plasma dynamics (Invited)

Zhang Cluster observations of collisionless Hall reconnection at high-latitude magnetopause

2008年 1月 16日
Kamide Size of the auroral belt during geomagnetic storms

Ogino MHD simulation of interaction of the solar wind with Earth’s magnetosphere: Magnetic storm events (Invited)

Lyons Nightside region 2 magnetosphere-ionosphere electrodynamical coupling unifying the Harang reversal region,

penetration/shielding, and SAIDS (Invited)

Ambrosino SuperDARN observations of northern and southern high latitude convection during a positive By period

Anderson A global subauroral electric field model

Jones Pulsating aurora and associated particle precipitation as observed by the rocket observations of pulsating aurora

mission

Balsamo Statistical and morphological features of auroral emission as observed at the “Mario Zucchelli” station

(Antarctica)

Baker Great storms: Energetic particle acceleration in Earth’s environs (Invited)
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Miyoshi Radiation belt weather (Invited)

Tsurutani Chorus in minimum-B pockets: Exceptionally strong waveparticle interactions (Invited)

Zong Energetic particle modulation by waves in the radiation belt (Invited)

Mann ULF wave-particle interactions in the storm-time magnetosphere (Invited)

Larson THEMIS energetic particle distributions in the inner magnetosphere

2008年 1月 17日
Sakao New views of the Sun with Hinode (Invited)

Lemaire Hydrodynamic and kinetic models of solar and polar wind: argument and summary of an interdisciplinary

focus group (Invited)

Escoubet Responses of the mid-altitude polar cusp to IMF changes as seen by Cluster (Invited)

Taylor Cold dense plasma sheet and boundary layers: Multi-point observations (Invited)

Berchem Magnetic reconnection at the dayside magnetopause: Results from global simulations (Invited)

Amata High kinetic energy plasma jets in the Earth’s magnetosheath (Invited)

Newell Pairs of solar wind-magnetosphere coupling functions: Combining a merging terms with a viscous term works

best (Invited)

Sitnov Atypical current sheets, plasma bubbles, and related reconnected phenomena in the magnetotail: Models and

observations (Invited)

Lee Very long period oscillations in the near-Earth magnetotail

Tsiklauri Magnetic reconnection during collisionless, stressed, X-point collapse using particle-in-cell simulations

Kondoh Comparison between the satellite observation and MHD simulation of earthward fast convection flow event

Lundin Attractive and repulsive ponderomotive forces in space- and astrophysical plasmas (Invited)

Chang Crossover phenomenon and dynamical complexity of intermittent turbulence in space plasmas (Invited)

Consolini On the small-scale fluctuations in space plasmas (Invited)

Materassi Determining the direction of energy scale-to-scale transfer in a turbulent plasma medium via transfer entropy

analysis (Invited)

Mithaiwala Generation of lower hybrid turbulence in the ionosphere and its evolution in the magnetosphere

Liu A magnetospheric substorm model with global-scale driving and local granulation (Invited)

2008年 1月 18日
Horton Storms and substorms from real-time solar wind data through basic physics models (Invited)

Cogger & Trondsen Studies of fast and small auroral structures using newgeneration imagers (Invited)

Liou Characteristics and causes of “compression aurora” (Invited)

Morioka Auroral particle acceleration and substorm onset (Invited)

Lessard Pi1B pulsations, fast flows, and Alfvnic aurora at substorm onset

Jasperse Anomalous resistivity in the Birkeland current regions: Fact or fiction? Important or unimportant? (Invited)

Yau Observation of “non-classical” polar wind: Past, present, and future (Invited)

Knudsen The effect of auroral inputs on ionospheric ions as revealed by thermal ion distribution imaging (Invited)

James Coordinated space-ground studies of transionospheric radio propagation (Invited)

Paxton Energy coupling in the Earth’s upper atmosphere (Invited)
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3.7.10 宇宙天気サマースクール（2008年 8月、清泉寮）

名称 宇宙天気サマースクール
日程 2008年 8月 28日–31日
会場 清泉寮（山梨県清里）
参加者数 80名
主催 学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）
協力 国立天文台・野辺山太陽・宇宙電波観測所
Webページ http://www.kwasan.kyoto-u.ac.jp/swss08/

SOC

名誉校長 上出洋介（京大）
地球物理 渡部重十（北大）、小野高幸（東北大）、星野真弘（東大）、品川裕之（NICT）、小原隆博
（JAXA）、藤本正樹（JAXA）、荻野竜樹（名大）、家森俊彦（京大地磁気）、大村善治（京大生
存研）、鵜飼正行（愛媛大）、湯元清文（九大）

太陽・太陽風 桜井隆（国立天文台）、常田佐久（国立天文台）、柴崎清登（国立天文台）、坂尾太
郎（JAXA）、徳丸宗利（名大）、草野完也（地球シミュレータ）、寺沢敏夫（東工大）、柴田一成
（京大）

LOC 片岡龍峰（理研、校長）、今田晋亮（国立天文台、副校長）、磯部洋明（京大、副校長）、下条圭美、
浅井歩（国立天文台野辺山）、塩田大幸、井上諭（地球シミュレータセンター）

本サマースクールでは宇宙天気予報の基礎研究で活躍する講師陣による、大学院生や若手研究者を主な
対象にした授業を中心に行った。太陽物理学者と地球物理学者との真の融合を目指し、太陽研究志望の若
手が地球に興味を持つような内容、地球研究志望の若手が太陽に興味を持つような内容、分野外の人にも
わかる物理の言葉で議論ができるように、若いうちに視野をできるだけ広く持つように、などを大きな目
標として掲げた。本サマースクールの報告は天文月報 2008年 12月号に掲載された（本報告書 126ペー
ジ参照）。また、本サマースクールの講義内容を元にして、わが国初の宇宙天気に関する教科書「総説　
宇宙天気」が出版された。詳細は本報告書 115ページを参照。

2009年 8月 28日

時間 講演者 タイトル

午後（司会：片岡龍峰）
13:30–15:00 柴田一成 太陽・太陽風フレアにともなう質量噴出とコロナ質量放出
15:00–16:30 余田成男 地球太陽活動の地球気候への影響

16:30– ポスターセッション
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2009年 8月 29日

時間 講演者 タイトル

午前（司会：磯部洋明）
8:30–10:00 大村善治 地球磁気圏からの電磁放射
10:00–11:30 一本潔 太陽・太陽風黒点と太陽活動周期

午後 1（司会：今田晋亮）
12:30–14:00 小島正宜 太陽・太陽風太陽風と惑星間コロナ質量放出
14:00–15:30 寺沢敏夫 地球衝撃波と宇宙線

午後 2（司会：井上諭）
15:45–17:15 上出洋介 地球磁気嵐とサブストーム
17:15–17:45 八代誠司 Special Topicコロナ質量放出と電波バースト

午後 3（司会：塩田大幸）
19:30–21:00 三好由純 地球放射線帯

2009年 8月 30日

時間 講演者 タイトル

午前（司会：片岡龍峰）
8:30–10:00 関井隆 太陽・太陽風日震学と太陽内部構造
10:00–11:30 渡部重十 地球熱圏電離圏プラズマ圏

午後 1（司会：磯部洋明）
12:30–14:00 星野真弘 共通物理磁気リコネクション
14:00–15:30 桜井隆 太陽・太陽風太陽観測入門と彩層・コロナの加熱

午後 2（司会：今田晋亮）
15:45–17:15 塩川和夫 地球磁気圏構造とオーロラ
17:15–17:45 宗像一起 Special Topic宇宙線によるリモートセンシング

2009年 8月 31日

時間 講演者 タイトル

午前（司会：塩田大幸）
8:30–10:00 常田佐久 太陽・太陽風フレア放射と粒子加速
10:00–11:30 草野完也 共通物理連結階層モデリング
11:30–12:00 小原隆博 Special Topic宇宙天気被害と予報の現状
12:00– 柴田一成 最後に
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3.7.11 宇宙天気研究会（2009年 8月、関西セミナーハウス）

名称 宇宙天気研究会
日程 2009年 8月 19日–21日
会場 関西セミナーハウス（京都修学院）
参加者数 46名
主催 学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）
Webページ http://www.kwasan.kyoto-u.ac.jp/spw/cawses-ws2009/

本プロジェクトの最終年度（2009年度、平成 21年度）を迎えるにあたり、まとめとして「宇宙天気研
究会」を開催した。関連分野からの招待講演を行うとともに、一般講演として学術創成の研究分担者が講
演を行った。また学術創成と共同研究を行っている若手研究者による講演もあわせて行った。本研究会は
学術創成研究の一環として行われるものであるが、会はオープンとした。
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2009年 8月 19日：太陽、太陽圏他

時間 講演者 タイトル

セッション 1（司会：草野完也）
10:00–10:20 柴田一成 代表あいさつ
10:20–10:35 上出洋介 推薦要旨「学術創成科学研究費の始まり」
10:35–11:25 柴田一成/上野悟 太陽地上観測・CHAIN Projectと SMARTに関する報告
11:25–11:55 議論

セッション 2（司会：鵜飼正行）
13:30–14:20 関井隆・常田佐久 太陽観測衛星「ひので」の成果
14:20–15:10 藤木謙一 IPS観測を用いた太陽風研究

セッション 3（司会：一本潔）
15:40–15:55 下条圭美 VSOへの対応　—野辺山太陽電波観測所の場合—

15:55–16:10 加藤精一 SMARTデータのデータベース化について
16:10–16:25 磯部洋明（若手支援：

磯部グループ）
太陽・磁気圏・惑星間空間における電子加速の比較研究

16:25–16:55 議論

2009年 8月 20日：磁気圏、電離圏他

時間 講演者 タイトル

セッション 4（司会：大村善治）
9:30–10:10 菊池崇（招待講演） 太陽活動に起因する磁気圏電離圏システムの変動
10:10–11:00 荻野竜樹 太陽風と地球磁気圏電離圏相互作用
11:00–11:15 平井真理子（若手支援：

渡邉グループ）
太陽と地球磁気圏におけるイオン加速・加熱機構の比較研究

11:15–11:30 林寛生 超高層大気長期変動の全球地上ネットワーク観測・研究—メタ情報デー
タベースの開発—

11:30–11:45 町田忍 サブストームに伴う磁気圏尾部の変化とサブストームモデルについて
11:45–12:00 議論

セッション 5（司会：村田健史）
13:30–14:20 大村善治 放射線帯におけるホイッスラーモード非線形波動粒子相互作用
14:20–15:10 家田章正・上出洋介 オーロラ爆発の電流系

セッション 6（司会：町田忍）
15:40–16:20 寺沢敏夫（招待講演） Shocks in the heliosphere

16:20–16:35 三好由純・片岡龍峰 放射線帯の太陽風応答と宇宙天気予報への応用
16:35–16:50 片岡龍峰（若手支援：

片岡グループ）
宇宙放射線環境モデリングの研究

16:50–17:25 村田健史・亘慎一 宇宙天気のためのバーチャルラボの取り組み
17:25–17:50 議論
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2009年 8月 21日：モデリング他

時間 講演者 タイトル

セッション 7（司会：荻野竜樹）
9:00–9:40 山川宏（招待講演） 太陽風をつかまえる　～磁気セイル宇宙機の研究開発～
9:40–10:30 草野完也 宇宙天気予報を目指した太陽嵐のモデリング研究
10:30–10:45 井上諭（PD） 太陽活動領域の精密モデリング
10:45–11:00 塩田大幸（PD） 太陽地球システム宇宙天気モデリング基盤コード開発
11:00–11:15 西田圭佑（PD） 宇宙天気予報のための太陽風モデリング
11:15–11:45 議論

セッション 8（司会：篠原育）
13:30–14:20 鵜飼正行 高速磁気リコネクション機構とフレア、サブストーム現象への応用
14:20–15:10 今田晋亮（星野代理講

演）
宇宙天気における高エネルギー粒子加速の基礎研究

セッション 9（司会：柴田一成）
15:40–16:30 篠原育・藤本正樹 素過程の粒子モデリングと衛星観測による検証
16:30–17:15 西田篤弘、桜井隆他 講評および議論
17:15–17:25 柴田一成 まとめあいさつ

ポスター

番号 氏名 タイトル

P-01 西塚直人 Xクラス太陽フレアに伴う複数プラズモイド噴出と粒子加速
P-02 上野悟 CHAINプロジェクト進捗状況報告—マクロ的視点からの宇宙天気研究—

P-03 上野悟 スペクトロヘリオグラフを用いた太陽微細活動現象の研究—ミクロ的視点からの宇宙天気研
究—

P-04 中井仁 磁気圏尾部夕方側側面における大規模波動のプラズマ構造とその粒子および運動量輸送への
影響

P-05 永野達也 静止軌道における磁気圏境界と人工衛星障害
P-06 小路真史 ミラー不安定性の非線形発展の研究
P-07 伊藤大晃 極域コロナホールと静穏領域における光球面磁場構造と性質の違い
P-08 近藤光志 Multi-point observation and MHD simulation of a narrow transient fast flow in the plasma sheet

P-09 家田章正 サブストーム開始時のリコネクション発生確率
P-10 山本哲也 光球面の磁場パラメータによるフレア規模の予測
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3.7.12 宇宙天気データ解析ワークショップ（2009年 8月、情報通信研究機構）

名称 宇宙天気データ解析ワークショップ
日程 2009年 8月 24日–26日
会場 情報通信研究機構（NICT）
参加者数 23名以上
主催 学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）
協力 情報通信研究機構（NICT）

京都大学宇宙総合学研究ユニット
Webページ http://www.kwasan.kyoto-u.ac.jp/swws/

ワークショップ概要
特定のイベント、統計解析などテーマごとに 3–4つの班に分かれ、地球物理と太陽物理の両分野の
研究者が共同でデータ解析を行う。

テーマ例
• データの充実したイベントのケーススタディ、
• SEPイベントの統計解析
• 磁気リコネクション（太陽、磁気圏）の比較研究

ワークショップの目的
1. 共同研究の促進
地球物理学研究者と太陽物理学研究者の共同データ解析による宇宙天気現象の研究

2. 人材育成
両分野の研究者がお互いの分野のデータで得られる情報や扱い方を学び、将来の共同研究につ
なげる

3. 宇宙天気データベース構築
ワークショップでの議論をもとに、NICTが中心となって将来の宇宙天気研究に役立つデータ
ベースを構築。データにはイベントリストや関連論文を含み、「SEPイベント」「ひのでの観測
のあるフレア」などキーワード検索ができるようにする。

ワークショップ参加者（敬称略）
浅井歩（NAOJ 野辺山）、磯部洋明（京大）、遠藤輝（埼玉大）、片岡龍峰（東工大）、塩田大幸
（JAMSTEC）、西田圭佑（京大）、野村麗子（名大）、羽田裕子（日大）、平井真理子（東大）、堀智昭
（名大）、簑島敬（名大）、森田諭（京大）、渡邉恭子（JAXA）
＋ NICT宇宙環境計測グループの皆さん（村田さん、亘さん、坪内さん、井上さん、長妻さん、田
さん、津川さん、上本さん、島津さん、国武さん...）

世話人
磯部洋明、西田圭佑（京大）、村田健史、亘慎一（NICT）、今田晋亮（JAXA）、浅井歩（NAOJ）、平
井真理子（東大）、片岡龍峰（理研）
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プログラム
2009年 8月 24日

11:00開始：自己紹介、作戦会議、STARS（村田）、THEMISツール（？）、Solarsoft（浅井 or磯
部）の説明
午後：解析
夕方：懇親会

2009年 8月 25日
朝から夕方まで解析。必要なら午後に中間発表

2009年 8月 26日
午前：解析
午後：成果発表。ただしプレゼン等は用意せず、端末を見ながら議論。
論文につながる成果を出すことが最優先。

サイエンスターゲット案のリスト
• SEPとその太陽面起源

– スペクトルの時間発展
– flare、CMEのパラメータと SEPパラメータの統計的研究→予測
– GLEイベントの太陽面起源を同定
– Tylka model（フレアのプリ加熱／加速が CMEショック加速の種になる）の検証
– 連発 CMEの効果

• 太陽風／ CMEイベントと太陽面現象
– アネモネ型の地球への影響
– 低速太陽風とその中の乱流の起源（太陽面ソースの同定）
– 太陽風消失イベントの起源
– 太陽面ベクトル磁場データと in situ観測（flux rope, magnetic couud）比較

• 比較プラズマ物理
– 太陽–磁気圏　粒子加速の比較
– 弱電離プラズマ（電離層、彩層、原始惑星系）

• その他
– 人工衛星ドラッグ
– 今回の太陽周期の磁場は特殊なのか？（dipole磁場？）
– 宇宙線と雲
– 太陽風パラメータ input⇒磁気圏グローバルMHD

– 電離層 TEC⇔太陽 EUV（ひので EIS, SOHO195Å, GOES X-Ray）
– SFE（Solar Flare Effect）
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3.7.13 Solar Energetic Particles: Origin and Environmental Impacts （2010 年 1 月、
京都大学）

名称 Solar Energetic Particles: Origin and Environmental Impacts

「太陽高エネルギー粒子の起源とその地球環境への影響」
日程 2010年 1月 12日–14日
会場 京都大学時計台記念館会議室 III

参加者数 31名
共催 学術創成研究「宇宙天気予報の基礎研究」（代表：柴田一成）

東京工業大学特別教育研究プロジェクト「21世紀の地球環境変動を予測する」（代表：丸山茂徳）
名古屋大学太陽地球環境研究所
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2010年 1月 12日

Start Time(m) Title Speaker Institute

1300 10 opening address K. Shibata Kyoto University

1310 20 Space weather forecast and solar energetic particle

modeling

R. Kataoka Tokyo Institute of Tech-

nology

1330 90 Acceleration and transport of SEPs in solar corona

and interplanetary space (tutorial)

R. Vainio Helsinki University

1530 20 Electron injection in collisionless shocks via self-

generated whistler waves

T. Amano Nagoya University

1550 20 Mach number dependence of electron heating in su-

percritical quasiperpendicular shocks

S. Matsukiyo Kyushu University

1610 20 Energetic particle transport simulation in the turbu-

lent magnetic fields

Y. Kubo National Institute of In-

formation and Communi-

cations Technology

1630 20 Advanced Internet Program for the Calculation of

Aviation Route Doses

H. Yasuda National Institute of Ra-

diological Sciences

2010年 1月 13日

Start Time(m) Title Speaker Institute

930 20 Comparative study of electron acceleration in so-

lar, magnetospheric and interplanetary reconnec-

tion events

H. Isobe Kyoto University

950 20 Ion acceleration in magnetic reconnection: Com-

parative study between Solar corona and Earth’s

magnetotail

M. Hirai University of Tokyo

1040 60 Ion acceleration at coronal shocks (invited) R. Vainio Helsinki University

1330 20 Magnetic holes and associated particle energetics

inside CIR

K.Tsubouchi National Institute of In-

formation and Communi-

cations Technology

1350 60 Solar Energetic Particle Events (invited) M. Scholer Max-Planck-Institut fuer

extraterrestrische Physik

1520 30 Hinode Observations Related to Coronal Mass

Ejection (invited)

S. Imada Institute of Space and As-

tronautical Science

1550 20 On the generation mechanism of escaping particles

from the Sun

T.Minoshima Nagoya University

1610 20 Energy release and particle acceleration mecha-

nisms in the preflare phase

A. Asai Nobeyama Solar Radio

Observatory

1630 20 Time variability of solar-wind chargeexchange X-

ray emission observed with Suzaku

H.Yoshitake Institute of Space and As-

tronautical Science

1730 120 workshop dinner
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2010年 1月 14日

Start Time(m) Title Speaker Institute

1000 30 Analytical model for calculating GCR spectra in the

atmosphere PARMA/EXPACS and its future appli-

cation to SEP

T. Sato Japan Atomic Energy

Agency

1030 60 Study of the solar events of 13 and 14 December

2006 with Pamela detector (invited)

N.D.Simone National Institute of Nu-

clear Physics & Univer-

sity of Rome Tor Vergata

1130 20 Diffusive shock acceleration of energetic particles

with non-Gaussian transport

T. Hada Kyushu University

1330 20 Ab initio Modeling of Proton Flux Observed as En-

ergetic Storm Particles

D. Shiota Nagoya University

1350 30 Long-term variation of GCR/SEP events revealed by

ice core analysis: A review (invited)

H. Miyahara University of Tokyo

1420 30 Investigation of Earth’s particle radiation environ-

ment: ERG project (invited)

Y. Miyoshi Nagoya University

1450 20 summary. T. Terasawa University of Tokyo

1510 adjourn.



108 第 3章 研究成果

3.8 出版物
本プロジェクトに関連する出版物は以下の通りである。

出版年 書名 出版社 備考

2007 New Solar Physics with Solar-B Mis-

sion: Proceedings of the Sixth Solar-b

Science Meeting

Astronomical Society

of the Pacific

ASP Conference Series,

No. 369, 2007

2007 Handbook of the Solar-Terrestrial En-

vironment

Springer-Verlag

2008 Space Weather Modeling: Status and

Prospects

American Geophysical

Union

Journal of Geophysical Re-

search, Vol. 113, No. A3,

2008

2009 Flare-Substorm/Space Weather Topics テラ学術図書出版 Earth, Planets and Space,

Vol. 61, No. 5, 2009

2010 太陽の科学—磁場から宇宙の謎に迫
る

NHK出版

2011 太陽活動 1992–2003—フレア監視望
遠鏡が捉えたサイクル 23

京都大学学術出版会

2011 最新画像で見る太陽 ナノオプトニクスエナ
ジー出版局

2011 総説　宇宙天気 京都大学学術出版会

3.8.1 New Solar Physics with Solar-B Mission: Proceedings of the Sixth Solar-b Sci-

ence Meeting（ASP Conference Series, No. 369, 2007年）

編集 Shibata,K., Nagata,S., and Sakurai,T.

出版 Astronomical Society of the Pacific

発行年月 2008年 3月
言語 英語
ISBN 978-1583812372

本書は 2005年 11月 8日–11日に京都で開催された「The 6th SOLAR-B Science Meeting」（本報告書
77 ページを参照）の集録として出版されたものである。本書の紹介文を出版社の Web サイトより引用
する。

These proceedings of an international conference held 8–11 November 2005 in Kyoto provide a

comprehensive overview of the science and possible observing programs of the Solar-B mission, whose

main goals are to identify the coronal heating mechanism and to investigate magnetohydrodynamic
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processess occurring in the solar atmosphere such as magnetic reconnection.

The Solar-B satellite was successfully launched on 23 September 2006 (JST) by ISAS/JAXA, and

has been renamed Hinode (sunrise in Japanese). The Solar-B mission is the third japanese Solar

physics satellite project following Hinotori and Yohkoh, and involves significant multilateral interna-

tional collaboration with NASA (USA), PPARC (UK), and ESA.

The aim of the conference was to discuss basic scientific objectives, possible observing proposals

and programs of the Solar-B mission. This conference was the sixth in the series of Solar-B sci-

ence meetings. The conference consisted of 12 sessions: Instrumentation, Convection and Dynamo,

Magnetism of Quiet Sun and Active Regions, Waves and Shocks, Chromospheric Heating, Coronal

Heating, Local Helioseismology, Emerging Flux, Reconnection Flares, Coronal Mass Ejections, and

Solar Wind, thus covering almost all fields of solar physics. There were 19 invited reviews, 18 con-

tributed talks, and 73 poster papers presented on these topics. The book is suitable for researchers

and graduate students interested in solar physics and related fields, such as astrophysics, space plasma

physics, magnetospheric physics, laboratory plasma physics, and magnetohydrodynamics.

3.8.2 Handbook of the Solar-Terrestrial Environment（Springer-Verlag, 2007年）

編集 Kamide, Yohsuke; Chian, Abraham C.-L.

出版 Springer-Verlag

発行年月 2007年 9月
言語 英語
ISBN （ハードカバー）978-3540463146、（ソフトカバー）978-3642079689

本書の紹介文を出版社のWebサイトより引用する。

The Handbook of the Solar-Terrestrial Environment is a unique compendium. Recognized interna-

tional leaders in their field contribute chapters on basic topics of solar physics, space plasmas and the

Earth’s magnetosphere, and on applied topics like the aurora, magnetospheric storms, space weather,

space climatology and planetary science.

This book will be of highest value as a reference for researchers working in the area of planetary and

space science. However, it is also written in a style accessible to graduate students majoring in those

fields.

本書の表紙と第 14章 “Geomagnetic storms” （著者 Yohsuke Kamide and Yuri P. Maltsev）を本報告書
209ページ以降に掲載している。
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3.8.3 Space Weather Modeling: Status and Prospects （Journal of Geophysical Re-

search, Vol. 113, No. A3, 2008年）

出版 American Geophysical Union

掲載誌 Journal of Geophysical Research, Vol. 113, No. A3, 2008

言語 英語

本書は 2006 年 11 月 14 日–17 日に地球シミュレータセンター（横浜市）で開催された「CAWSES

International Workshop on Space Weather Modeling」（本報告書 83ページを参照）の集録として出版され
たものである。本報告書の付録 Aにこれらの論文を掲載している。掲載論文リストを以下に示す。

• Introduction to special section on Space weather modeling: Status and prospects,

Kamide, Y. (2008),

J. Geophys. Res., 113, A03S01, doi:10.1029/2007JA012972

• Magnetic flux emergence in the Sun,

Archontis, V. (2008),

J. Geophys. Res., 113, A03S04, doi:10.1029/2007JA012422

• Radiation Belt Environment model: Application to space weather nowcasting,

Fok, M., R. B. Horne, N. P. Meredith, and S. A. Glauert (2008),

J. Geophys. Res., 113, A03S08, doi:10.1029/2007JA012558

• Nonlinear force-free coronal magnetic field extrapolation scheme based on the direct boundary

integral formulation,

He, H., and H. Wang (2008),

J. Geophys. Res., 113, A05S90, doi:10.1029/2007JA012441

• Geomagnetically induced currents during intense storms driven by coronal mass ejections and

corotating interacting regions,

Kataoka, R., and A. Pulkkinen (2008),

J. Geophys. Res., 113, A03S12, doi:10.1029/2007JA012487

• Properties of AE indices derived from real-time global simulation and their implications for solar

wind-magnetosphere coupling,

Kitamura, K., H. Shimazu, S. Fujita, S. Watari, M. Kunitake, H. Shinagawa, and T. Tanaka (2008),

J. Geophys. Res., 113, A03S10, doi:10.1029/2007JA012514

• Numerical studies on three-dimensional earthward fast plasma flows in the near-Earth plasma

sheet by the spontaneous fast reconnection model,

Kondoh, K., and M. Ugai (2008),

J. Geophys. Res., 113, A03S07, doi:10.1029/2007JA012707

• Flux enhancement of the outer radiation belt electrons after the arrival of stream interaction

regions,

Miyoshi, Y., and R. Kataoka (2008),

J. Geophys. Res., 113, A03S09, doi:10.1029/2007JA012506
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• A quantitative MHD study of the relation among arcade shearing, flux rope formation, and

eruption due to the tearing instability,

Shiota, D., K. Kusano, T. Miyoshi, N. Nishikawa, and K. Shibata (2008),

J. Geophys. Res., 113, A03S05, doi:10.1029/2007JA012516

• Parametric decay of circularly polarized Alfvén waves in the radially expanding solar wind,

Tanaka, S., T. Ogino, and T. Umeda (2007),

J. Geophys. Res., 112, A10110, doi:10.1029/2007JA012513

• Nonlinear force-free modeling of the solar coronal magnetic field,

Wiegelmann, T. (2008),

J. Geophys. Res., 113, A03S02, doi:10.1029/2007JA012432

• Key points model for polar region currents,

Xu, W., G. Chen, A. Du, Y. Wu, B. Chen, and X. Liu (2008),

J. Geophys. Res., 113, A03S11, doi:10.1029/2007JA012588

• Some ubiquitous features of the mesospheric Fe and Na layer borders from simultaneous and

common-volume Fe and Na lidar observations,

Yi, F., S. Zhang, X. Yue, Y. He, C. Yu, C. Huang, and W. Li (2008),

J. Geophys. Res., 113, A04S91, doi:10.1029/2007JA012632

3.8.4 Flare-Substorm/Space Weather Topics （Earth, Planets and Space, Vol. 61,

No. 5, 2009年）

Guest Editors Bruce T. Tsurutani, Kazunari Shibata, Syun-Ichi Akasofu, Mitsuo Oka

出版 テラ学術図書出版（TERRAPUB）
掲載誌 Earth, Planets and Space, Vol. 61, No. 5, 2009

言語 英語

本書は 2007年 3月 18日–20日にアラスカで開催された「CAWSES Space Weather Workshop」（本報
告書 88ページを参照）の集録として出版されたものである。本報告書の付録 Bにこれらの論文を掲載し
ている。掲載論文リストを以下に示す。

• Preface,

Earth Planets Space, Vol. 61 (No. 5), pp. 553, 2009

• A two-step scenario for both solar flares and magnetospheric substorms: Short duration energy

storage,

Bruce T. Tsurutani, Kazunari Shibata, Syun-Ichi Akasofu, and Mitsuo Oka,

Earth Planets Space, Vol. 61 (No. 5), pp. 555–559, 2009

• Modeling of substorms and flares by the fast reconnection mechanism,

M. Ugai, K. Kondoh, and T. Shimizu,

Earth Planets Space, Vol. 61 (No. 5), pp. 561–564, 2009

• Coronal loops, flare ribbons and aurora during slip-running,
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Brigitte Schmieder, Guillaume Aulanier, Pascal Demoulin, and Etienne Pariat,

Earth Planets Space, Vol. 61 (No. 5), pp. 565–568, 2009

• Three-dimensional non-linear instability of spontaneous fast magnetic reconnection,

T. Shimizu, K. Kondoh, and M. Ugai,

Earth Planets Space, Vol. 61 (No. 5), pp. 569–572, 2009

• Patchy reconnection in a Y-type current sheet,

M. G. Linton, C. R. DeVore, and D. W. Longcope,

Earth Planets Space, Vol. 61 (No. 5), pp. 573–576, 2009

• Flares and the chromosphere,

Hugh S. Hudson and Lyndsay Fletcher,

Earth Planets Space, Vol. 61 (No. 5), pp. 577–580, 2009

• Development of the global simulation model of the heliosphere,

Satomi Kamei, Aoi Nakamizo, Takashi Tanaka, Takahiro Obara, and Hironori Shimazu,

Earth Planets Space, Vol. 61 (No. 5), pp. 581–584, 2009

• The interplanetary magnetic decrease automatic detection (IMDAD) code,

F. L. Guarnieri, B. T. Tsurutani, and E. Echer,

Earth Planets Space, Vol. 61 (No. 5), pp. 585–588, 2009

• Impacts of torus model on studies of geometrical relationships between interplanetary magnetic

clouds and their solar origins,

Katsuhide Marubashi, Suk-Kyung Sung, Kyung-Suk Cho, and Ronald P. Lepping,

Earth Planets Space, Vol. 61 (No. 5), pp. 589–594, 2009

• Halo coronal mass ejections and geomagnetic storms,

Nat Gopalswamy,

Earth Planets Space, Vol. 61 (No. 5), pp. 595–597, 2009

• Numerical simulations of the solar corona and Coronal Mass Ejections,

Stefaan Poedts, Carla Jacobs, Bart van der Holst, Emmanuel Chane, and Rony Keppens,

Earth Planets Space, Vol. 61 (No. 5), pp. 599–602, 2009

• Non-thermal electrons at the Earth’s bow shock: A ’gradual’ event,

M. Oka, T. Terasawa, M. Fujimoto, H. Matsui, Y. Kasaba, Y. Saito, H. Kojima, H. Matsumoto, and

T. Mukai,

Earth Planets Space, Vol. 61 (No. 5), pp. 603–606, 2009

• Influence of the foreshock of the Earth’s bow shock on the interplanetary shock propagation

during their mutual interaction,

Lubomı́r Přech, Zdeněk Němeček, and Jana Šafránková,

Earth Planets Space, Vol. 61 (No. 5), pp. 607–610, 2009

• Three dimensional configuration of earthward fast plasma flow in the near-Earth plasma sheet,

Koji Kondoh, Masayuki Ugai, and Tohru Shimizu,

Earth Planets Space, Vol. 61 (No. 5), pp. 611–614, 2009

• Timing of substorm related auroral oscillations,

P. Martin, N. E. Turner, and J. Wanliss,
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Earth Planets Space, Vol. 61 (No. 5), pp. 615–619, 2009

• Statistically predicting Dst without satellite data,

A. S. Parnowski,

Earth Planets Space, Vol. 61 (No. 5), pp. 621–624, 2009

• Properties of dayside nonlinear rising tone chorus emissions at large L observed by GEOTAIL,

Olga P. Verkhoglyadova, Bruce T. Tsurutani, Y. Omura, and S. Yagitani,

Earth Planets Space, Vol. 61 (No. 5), pp. 625–628, 2009

• Proxy for the ionospheric peak plasma density reduced by the solar zenith angle,

T. L. Gulyaeva,

Earth Planets Space, Vol. 61 (No. 5), pp. 629–631, 2009

• Investigation of ionospheric gradients for GAGAN application,

K. Ravi Chandra, V. Satya Srinivas, and A. D. Sarma,

Earth Planets Space, Vol. 61 (No. 5), pp. 633–635, 2009

• The total failures of GPS functioning caused by the powerful solar radio burst on December 13,

2006,

E. L. Afraimovich, V. V. Demyanov, and G. Ya. Smolkov,

Earth Planets Space, Vol. 61 (No. 5), pp. 637–641, 2009

• Aeronomic effects of the solar flares in the topside ionosphere,

L. A. Leonovich and A. V. Taschilin,

Earth Planets Space, Vol. 61 (No. 5), pp. 643–648, 2009

3.8.5 太陽の科学—磁場から宇宙の謎に迫る（NHK出版、2010年）

著者 柴田一成
出版 NHK出版
発行年月 2010年 1月
言語 日本語
価格 1,019円（税込）
ISBN 978-4140911495

本書の紹介文を「BOOK」データベースより引用する。

人工衛星「ようこう」「ひので」などの最新成果により、太陽は爆発を繰り返すダイナミックな天
体であることがわかった。磁場の作用で、パチンコのようにプラズマが射出するメカニズムや、そ
れが磁気嵐となって地球に影響を及ぼすプロセスを解明する。また、黒点の少ない時期（極小期）
イコール太陽活動不活発期であり、黒点減少と気温変動との密接な関わりについても詳しく解説。
さらに、太陽研究の知見を援用し、原始星、活動銀河中心核など爆発だらけの宇宙における天体進
化の核心にまで迫る。太陽研究の基礎から最先端の成果まで詰まった、知的興奮の書。

本書は第 26回（2010年）講談社科学出版賞受賞作品に選ばれた。
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3.8.6 太陽活動 1992–2003—フレア監視望遠鏡が捉えたサイクル 23（京都大学学術出
版会、2011年）

著者 柴田一成、北井礼三郎、門田三和子、他著
出版 京都大学学術出版会
発行年月 2011年 3月
言語 日本語・英語併記
価格 5,460円（税込）
ISBN 978-4764955189

本書の紹介文を「BOOK」データベースより引用する。

太陽の爆発現象は、地球の磁気圏や超高層大気に甚大な影響を及ぼしている。世界で唯一、フレ
ア監視望遠鏡でしか得られない太陽画像をふんだんに使用し、太陽活動現象の諸相について、最新
の知見を鮮やかに解説する。

また本書出版の目的について、本書「はじめに」より引用する。

本書出版の目的は、以下のようになる。
（1）フレア監視望遠鏡によって観測された 1992年 5月–2003年 4月の太陽活動現象データの総合
報告をすること。
（2）フレア監視望遠鏡をペルーに移設するにあたり、ペルーでのフレア監視望遠鏡の活用にとって
テキストの役割を果たせるような書物をまとめること。
この目的を満たすように本書の編集に努め、上梓することができた。本書がペルーだけでなく、日
本や世界の関連研究者や学生にとっても役に立つ貴重な文献になることを期待している。
本書の読者は、太陽物理学者、関連研究者（天文学、地球物理学、地球環境学、物理学）、アマ
チュア天文家、大学院生、大学生、教育普及関係者（学校教員、博物館解説員など）を想定してい
る。本書が、これらの読者に広く読まれ活用されることを、京大附属天文台一同、心より願うもの
である。

3.8.7 最新画像で見る太陽（ナノオプトニクスエナジー出版局、2011年）

著者 柴田一成、大山真満、浅井歩、磯部洋明
出版 ナノオプトニクスエナジー出版局
発行年月 2011年 4月
言語 日本語
価格 5,775円（税込）
ISBN 978-4764955189

本書の紹介文を「BOOK」データベースより引用する。

「ひので」衛星の最新画像をはじめ、衛星・観測所のベストショットを厳選。激しく絶え間ない
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変化を見せるダイナミックな天体、太陽の知られざる姿に迫る。太陽研究の第一線で活躍する執筆
陣による詳細解説を収録。

3.8.8 総説　宇宙天気（京都大学学術出版会、2011年）

編著 柴田一成、上出洋介
出版 京都大学学術出版会
発行年月 2011年 5月
言語 日本語
価格 6,300円（税込）
ISBN 978-4876985548

2008年 8月 28日–31日に山梨県清里で開催された「宇宙天気サマースクール」（本報告書 98、126ペー
ジを参照）の講義内容を元にして書かれた、わが国初の宇宙天気に関する教科書である。次ページに本書
の目次を掲載する。
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章 章題 著者

はじめに 柴田一成・上出洋介（京都大学）

1 宇宙天気被害と宇宙天気予報 小原隆博（JAXA）

第 1部　宇宙天気と太陽
2 太陽内部構造：日震学からの理解 関井隆（国立天文台）
3 太陽大気と彩層・コロナの加熱 桜井隆（国立天文台）
4 黒点と太陽活動周期 一本潔（京都大学）
5 太陽フレアとコロナ質量放出 柴田一成（京都大学）
SP1 コロナ質量放出の統計的性質 八代誠司（NASA/GSFC）
6 太陽フレアと粒子加速 常田佐久（国立天文台）
SP2 太陽高エネルギー粒子 片岡龍峰（東京工業大学）
7 太陽風 小島正宣（名古屋大学）
SP3 太陽圏と探査機ボイジャー 岡光夫（UAH/CSPAR）

第 2部　宇宙天気と地球
8 磁気嵐 上出洋介（京都大学）
9 放射線帯 三好由純（名古屋大学）
10 磁気圏構造とオーロラ 塩川和夫（名古屋大学）
11 地球磁気圏からの電磁放射 大村善治（京都大学）
12 電離圏 渡部重十（北海道大学）
13 太陽活動変動と地球気候 余田成男（京都大学）

第 3部　宇宙天気予報へのアプローチ
14 宇宙天気予報の現状 長妻努（情報通信研究機構）
15 宇宙天気リモートセンシング 宗像一起（信州大学）
16 宇宙天気のモデリング 草野完也（名古屋大学）

第 4部　宇宙天気の物理を理解するために
17 磁気リコネクション 星野真弘（東京大学）
18 太陽ダイナモ機構 磯部洋明（京都大学）
19 太陽風の衝撃波 寺沢敏夫（東京工業大学）

用語集
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3.9 解説記事
本プロジェクトに関連する、雑誌等に掲載された解説記事は以下の通りである。次ページ以降にこれら

の記事を掲載する。

著者 タイトル 掲載誌 本報告書での
掲載ページ

柴田一成 宇宙天気予報 岩波「科学」2007年 2

月号
118ページ

柴田一成 ユビキタス・リコネクションの証拠と
しての彩層アネモネ型ジェットの発
見

ISAS ニュース、2008

年 2月号*1

120ページ

石井貴子、柴田一成 第 24太陽活動周期（サイクル）始ま
る*2

岩波「科学」2008年 3

月号
121ページ

増田智、柴田一成 国 際 会 議「International CAWSES

Symposium」報告*3

天文月報、2008年 5月
号

124ページ

片岡龍峰 宇宙天気サマースクールの研究会報
告*4

天文月報、2008 年 12

月号
126ページ

小原隆博 宇宙天気の科学 ISAS ニュース、2008

年 12月号*1

128ページ

浅井歩、柴田一成 宇宙の天気の鍵を握る、太陽表面のア
ネモネ（イソギンチャク）型構造*5

天文月報、2010年 3月
号

131ページ

*1 ISASニュースのバックナンバー: http://www.isas.ac.jp/ISASnews/backnum.html
*2 関連する新聞記事が 142ページ以降にあり。
*3 会議の詳細は本報告書 91ページを参照。
*4 研究会の詳細は本報告書 98ページを参照。
*5 関連する記者発表資料および新聞記事が 152ページ以降にあり。
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6 ISASニュース No.323 2008.2

2006年，太陽観測衛星「ひので」が打

ち上げられ，太陽の驚くべき素顔が明

らかになってきました。中でも興味深いのは，

太陽の「彩層」と呼ばれる層（太陽表面の上空

の大気層）が，非常に小さなジェット現象（細長

い高速の流れ）に満ちていることが発見された

ことです。彩層は，想像されていたよりもずっ

とダイナミックだったのです。とりわけ，そのよ

うな小さなジェット現象のうち，アネモネ型ジ

ェットが多数発見されたのは驚きでした。

アネモネ型ジェットは，今から16年ほど前，

我が国が打ち上げた「ようこう」の太陽X線観

測により，X線ジェットとしてコロナ中で多数発

見されました。ジェットの足元の形が，イソギ

ンチャク（sea-anemone）そっくりなので，その

ように呼ばれます。アネモネ型の形状から，コ

ロナのX線ジェット生成機構が「磁気リコネク

ション」と呼ばれるメカニズムであることが判

明しました。今回発見された彩層のアネモネ

型ジェットは，コロナのアネモネ型ジェットの

数十分の1程度の長さしかなく（20 0 0～

5000km），速度も遅い（10～20km/s）のです

が，形がコロナのアネモネ型ジェットとそっく

りなのです。このことから，ジェット発生のメカ

ニズムは，磁気リコネクションであると考えら

れます。ジェットは彩層の至る所に存在するの

で，磁気リコネクションが太陽彩層中で普遍的

に起きていることを示唆します。「ユビキタス・

リコネクション（普遍的に発生するリコネクシ

ョン）」が発見された，といってもよいでしょう。

コロナ加熱機構の有力な説の一つに，微小

リコネクション（ナノフレア）説があります（パ

ーカー，1988）。今回発見された彩層アネモネ

型ジェットのエネルギーはまさにナノフレアの

エネルギー程度なので，ユビキタス・リコネク

ションの発見は，コロナ加熱のナノフレア説を

サポートする，ということができます。

磁気リコネクションによって，コロナ加熱の

もう一つの有力な説であるアルヴェーン波も

生成されます。「ひので」によって観測されたジ

ェットを詳しく調べると，アルヴェーン波の証

拠も次々に見つかってきました。したがって，

私はひそかに，「ナノフレア説―アルヴェーン

波説の統一モデル」を考えています。今後の

研究の発展が楽しみです。

（しばた・かずなり）

図10 可視光磁場望遠鏡（SOT）で見た彩層の様子
太陽の縁近傍を見ている。黒い楕円の領域は黒点。無数の微小ジェットが見える。その中で，
足元が光っているジェットがアネモネ型ジェット（矢印）。2006年12月17日，カルシウムⅡ
H線フィルターによる。（Shibata et al. 2007, Science 318, 1591より）

図11 彩層アネモネ型ジェット
左は「ひので」によって発見
された彩層アネモネ型ジェッ
ト。SOTのカルシウムH線フ
ィルターによる。1秒角＝720
km。右は彩層アネモネ型ジェ
ットの発生機構の想像図。Xの
ところで磁気リコネクション
が起きていると考えられる。
（Shibata et al. 2007, Science
318, 1591より）

柴田一成
京都大学大学院理学研究科
附属天文台 台長

ユビキタス・リコネクションの
証拠としての彩層アネモネ型
ジェットの発見

科 学 的 成 果

コロナ

遷移層

彩層

磁気
リコネクション

光球

100～1000km
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ニュース
宇宙科学研究本部

　太陽の嵐
　一瞬にして数十を超える人工衛星が，太陽の発す
る放射線によって機能停止あるいは機能喪失に遭い
ました。2003年10月に発生した史上最大規模の太
陽フレアの影響です。その後の復旧措置で，多くの
衛星は正常に戻りましたが，米国の気象衛星の観測
機器をはじめ，いくつかの計測装置や実験機器は壊
れました。
　太陽フレアに伴って発生する太陽放射線（太陽宇宙
線）の影響は，1990年代の中ごろから，人工衛星に
現れ始めています。極度に集積され高性能になった
宇宙部品が，太陽放射線の影響で壊れました。永久
故障した人工衛星も多くあります。
　太陽フレアは，発達した黒点群を中心に，太陽表

面の彩層からコロナ領域にかけて発生する，大規模
なエネルギー解放現象（爆発現象）です。光や電波で
太陽フレアの発生はいち早く察知できますが，その後
わずかな時間を経て，太陽放射線が地球近傍の人工
衛星に押し寄せてきます。
　太陽物理の研究成果を応用して，いつ，どこで，
どの程度，太陽が危険な状態になるかを知ることは，
安全な宇宙開発を行う上で必須です。太陽放射線は，
宇宙飛行士たちにも影響を及ぼすことが懸念されて
います。放射線被曝に遭わないようにすることが重
要です。
　太陽からのX線は，地球の電離層にも悪い影響を
与えます。具体的には，高度80km付近の大気を電
離させて，D層と呼ばれる新しい電離層をつくります。
これは太陽の光が当たる日中（昼間側）に限られてい

宇 宙 科 学 最 前 線

小原隆博
研究開発本部・宇宙科学研究本部 
宇宙環境グループ グループ長

金星気象衛星 PLANET-C一次噛合せ中のクリーンルーム。左側の黒い箱は衛星の支持構
造，右側のびょうぶのようなものは壁面パネル。多くの搭載機器は壁面パネルの内側に
取り付けられ，このパネルは支持構造に覆いかぶさるようにして固定される。

宇宙天気の科学
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ますが，その領域を通過する電波（特に短波）を強く
吸収してしまいます。人工衛星からの電波が地上に
うまく届かないような状況も，時には発生します。

　宇宙の天気
　宇宙は，何もない真空の世界と思われがちですが，
決してそうではありません。例えば地球の超高層大気
です。地上500kmといえば，国際宇宙ステーション
が飛ぶ高さの少し上ですが，ここには10－8パスカル
の大気があります。地上1000kmに行くと10－9パス
カルになりますが，それ以上の高さでは，今度は電離
気体であるプラズマが主役になります。
　地球周辺の宇宙空間は，プラズマと地球の磁場が
共存する空間です。いろいろな構造が形成されていて，
非常に激しくエネルギーをやりとりしています。地球
の夜側にエネルギーのたまる場所ができています。ま
た，静止軌道より少し地球に近い領域にも，地球をぐ
るりと取り巻く形で，エネルギーのたまる場所ができ
ています。
　太陽に目を転じると，日食時にきれいに見えるコロ
ナのガスの一部は，太陽の重力を振り切って，太陽系
空間に飛び出していきます。これは太陽から吹き出す
風という意味で，太陽風と呼んでいます。太陽風は，
平均で3日かかって地球に到達します。地球周辺の空
間は，地球磁場とプラズマで囲まれていて，磁気圏と
呼ばれていますが，太陽風は磁気圏の磁場やプラズ
マと相互作用して，エネルギーや運動量を磁気圏に絶
えず注入しています。日本など世界の大きな国が毎日

使っているのとほぼ同じ量のエネルギーを，磁気圏は
太陽風から，いつももらっています。
　地球の気象現象に目をやると，そこでは時々，低気
圧や台風が発生します。それは赤道域にたまったエネ
ルギーを冷たい極域に移す仕組みです。磁気圏でも
同じように，蓄え過ぎたエネルギーを時々解放してい
ます。その現れの一つが，オーロラ嵐です。そして，
磁気嵐と呼ばれる地球の磁場が大きく減少する嵐も，
時々起こります。
　オーロラは，宇宙から地球の極域を目指して，もの
すごい速度で突入してくる電子が，地球大気と激しく
衝突して起こる，大気の発光現象です。オーロラの
光は，地上100km付近を中心に輝きます。オーロラ
の光が輝くためには電子が加速されていることが必要
ですが，人工衛星の観測によって，オーロラ上空に電
子を加速する電圧があること，地球規模で発電が行
われていることが分かりました。大きなオーロラの発
生時には，その上空を飛翔している人工衛星がオーロ
ラ粒子の直撃を受けて，異常状態になりました。
　また，オーロラになれなかったプラズマは，今度
は電磁波動や磁場の振動のエネルギーをもらい，非
常に高いエネルギーを持つ粒子（放射線帯粒子）にな
り，人工衛星の部品や表面に，甚大な被害を与えて
います。また，オーロラ電子は強いX線を放射します。
宇宙飛行士も注意しなければならない状況が発生し
ます。
　地球の天気になぞらえて，変動する宇宙環境を「宇
宙天気」と呼んでいます。宇宙天気とは，人工衛星
や宇宙飛行士，通信などに障害を及ぼす宇宙環境の
変動です。そして，太陽や地球の嵐の発生を事前に
予測しようとする「宇宙天気予報」への取り組みも，
世界中で進んでいます。

　宇宙の嵐を科学する
　世界には，宇宙天気予報を実現しようと努力して
いる組織があります。国際宇宙環境情報サービス
（ISES）がそれで，本部は米国コロラド州ボルダーに
あります。今から10年以上前になりますが，私は，
それまで所属していた宇宙科学研究所から郵政省通
信総合研究所に宇宙環境研究室長として異動して，
日本の宇宙天気予報の確立の仕事を始めました。通
信総合研究所は，電波研究所以来の電離層研究に加
えて，太陽活動の本格的研究を始めていました。そこ
に，地球磁気圏における宇宙天気予報を付加する目
的がありました。
　地球の周辺には，バンアレン帯として知られた放射
線の帯が存在しています（『ISASニュース』2006年
5月号「ジオスペース最高エネルギー粒子誕生の謎を
追う」参照）。放射線帯の最も地球から遠い領域は，
静止軌道高度に達しています。太陽フレアは，光，電

図 2　放射線が飛び交う
宇宙空間

図 1　「ひので」衛星が
観測した太陽コロナ

フレア（太陽面爆発）
太陽放射線 各種宇宙機器

放射線帯粒子

宇宙基地

地球

高エネルギー
放射線

太陽X線

有人宇宙活動

太陽
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波，放射線のほかに，太陽のコロナのガスを放出しま
す。このガスの塊は非常に大きく重いもので，飛び出
す速度も秒速2000kmに達することもあり，とても
大きなエネルギーを運んでいきます。地球に向かった
コロナのガスは2日程度で地球磁気圏に衝突し，磁気
嵐と呼ばれる地球の嵐が発生しますが，この磁気嵐
の回復過程でバンアレン帯は非常に活性化すること
が分かりました。それには太陽風の変動，特に太陽風
磁場の赤道面に対する成分の向きが重要で，これが
下向き（南向き）になった状態が続くと，バンアレン帯
の放射線粒子（特に電子）が増大することが分かりま
した。
　通信総合研究所が情報通信研究機構に名称を変え
た2001年から，同機構の仲間とともに，太陽風を入
力とした地球磁気圏のリアルタイムシミュレーション
を始めました。磁気圏の宇宙天気予報です。これを
進めていく過程で，オーロラの発生は磁気圏のトポ
ロジーの変化によっていること，すなわち磁場のエネ
ルギーの解放がプラズマの圧力や運動を発達させて
オーロラ嵐や磁気嵐を直接に引き起こすことが分かり
ました。地球嵐の発生の理解が進んだ現在，太陽の
表面の観測データから太陽風の構造をモデリングす
る段階に達しています。また研究グループのメンバー
は日本中に広がり，九州大学，気象大学校，そして核
融合科学研究所で，宇宙環境シミュレーションを進め
ています。
　また，文部科学省学術創成研究「宇宙天気予報の
基礎研究」（代表：京都大学 柴田一成教授）にも参加
して，宇宙環境モデリング研究を継続しています。
　最も重要で，しかしながら大変難しいのが，太陽フ
レアの発生予測です。太陽観測衛星「ようこう」と
「ひので」によって，太陽フレアの発生の仕組みが，
だんだん分かってきています。黒点上空にある磁力線
が大きくねじれてエネルギーをため込んでいく様子，
そして，あるときに形の変化を伴って磁場に蓄えられ
たエネルギーが解放される様子が，X線の波長を持っ
た望遠鏡で観測されました。磁力線のトポロジー変化
が起こることは，よく考えると，地球磁気圏でオーロ

ラが発生する状況ととても似ています。それもそのは
ず，太陽コロナも地球磁気圏も，プラズマと磁場から
構成される世界です。宇宙プラズマ物理学が，太陽
と地球の嵐を解明してくれると思いながら，研究を進
めています。

　防ぎたい宇宙環境による被害
　̶̶結びに代えて̶̶
　私たちJAXAの宇宙環境グループでは，宇宙環境
を人工衛星などを用いて直接観測することによって，
地球嵐によって増加するバンアレン帯電子や，太陽フ
レアによって発生する太陽放射線の地球への侵入機
構などについて，監視と研究を行っています。宇宙の
放射線の影響は，人工衛星の部品に現れます。宇宙
環境グループでは，耐放射線宇宙部品の開発におい
て，衛星周辺の放射線環境を定量的に見積もる作業
を行いました。また，いくつかの衛星事故（サテライ
トアノマリー）発生時における宇宙環境の状態の分析
を行い，原因究明に参加しています。衛星が非常に
強く帯電する状況，大気膨張によって姿勢が大きく乱
される状況も，宇宙環境の変動によって発生します。
　このような経験を通じて，私たちの中には，環境変
動に強い衛星をつくりたいという想いがわいてきまし
た。目下，JAXAの衛星設計基準改定プロジェクトに
参加して，宇宙環境ワーキンググループを主宰してい
ます。衛星設計基準の改訂作業は，緊急かつ重要な
事項として全技術分野で進められていて，多くのワー
キンググループがあります。帯電や部品のワーキング
グループにも参加しながら，そこでは宇宙工学の専門
家との共同作業を行っています。
　過酷な宇宙から衛星や宇宙飛行士の安全を守るこ
とが，宇宙環境研究の使命です。本稿では，太陽の
嵐や地球の嵐について，どこまで予測が可能かという
視点で大半の字数を費やしましたが，科学研究の出
口には，強い衛星をつくりたいとする技術研究課題が
大きくそびえていました。JAXAの宇宙環境研究は，
理学と工学が車の両輪となって，今，進んでいます。

（おばら・たかひろ）

図 3　磁気圏観測衛星「あけぼの」が
宇宙から観測したオーロラ像

図 4　シミュレーションによって
可視化された地球磁気圏
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Abstract : We examined the evolution of the
Active Region (AR) NOAA 10798, and the
features on/near the solar surface and in the
interplanetary space. The AR formed a sea
anemone like configuration, and therefore, was
categorized as a typical “anemone AR”. This AR
generated extremely fast coronal mass ejections
(CMEs) that caused a large geomagnetic storm.
In this paper we discussed the anemone
configuration of the AR, as a reason why such
fast and geo-e#ective CMEs occurred.
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3.10 報道
飛騨天文台 SMART望遠鏡で第 24太陽活動周期を示す太陽黒点を観測（2008年 1月）

1. 2008年 1月 8日、京都新聞、「京大が黒点を観測」
2. 2008年 1月 9日、毎日新聞、「太陽の活動活発新しい黒点発見」
3. 2008年 1月 19日、岐阜新聞、「太陽の新周期示す黒点」

飛騨天文台 SMART望遠鏡で 3連続衝撃波を観測（2008年 9月）
1. 2008年 9月 1日、京都大学ニュースリリース、太陽磁場活動望遠鏡（SMART）が捉えた太陽フレ
アに伴う 3連続衝撃波

2. 2008年 9月 2日、朝日新聞、太陽表面の爆発「フレア」連続衝撃波を記録
3. 2008年 9月 2日、京都新聞、太陽衝撃波 3連続で観測
4. 2008年 9月 2日、毎日新聞、太陽フレアで 3連続の衝撃波
5. 2008年 9月 2日、日本経済新聞、太陽表面の衝撃波観測
6. 2008年 9月 2日、産経新聞、太陽表面の爆発で 3つの衝撃波観測

アネモネ型活動領域（2009年 2月）
1. 2009年 2月 23日、京都大学ニュースリリース、宇宙の天気の鍵を握るは太陽のアネモネ（イソギ
ンチャク）であることを発見

2. 2009年 2月 21日、京都新聞、磁気嵐起こす太陽活動特定
3. 2009年 2月 21日、毎日新聞、コロナホールの爆発で磁気嵐に
4. 2009年 2月 21日、日本経済新聞、太陽風低温部分でも噴出
5. 2009年 2月 21日、読売新聞、磁気嵐を起こす太陽の領域確認
6. 2009年 3月 22日、しんぶん赤旗、磁気嵐を起こす前ぶれ？

CHAINプロジェクト（2009年 8月–2010年 5月）
1. 2009年 8月 29日、京都新聞、地球規模で太陽観測網
2. 2009年 3月 10日、毎日新聞、渡航半世紀学者へ贈り物
3. 2010年 1月 8日、中日新聞、高山・ペルー共同観測
4. 2010年 3月 19日、La Opinion（ペルー紙）、Entrega de equipos para la estación solar y el otorgamiento

del grado de Doctor Honoris Causa al Dr. Kasunari Shibata

5. 2010年 3月 19日、La Voz De Ica（ペルー紙）、Entregarán telescopio y heliógrafo

6. 2010年 3月 20日、Correo（ペルー紙）、El Centro de Investigación Solar, único en América L.

7. 2010年 3月 20日、La Voz De Ica（ペルー紙）、Centro de Investigación

8. 2010年 4月 20日、朝日新聞、太陽観測網　南米で始動
9. 2010年 5月 2日、読売新聞、「ペルー天文学の父」に望遠鏡
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太陽フレアのモデリング（2010年 3月）
1. 2010年 3月 15日、京都大学ニュースリリース、宇宙天気予報の基礎となる太陽嵐の最新モデリン
グに成功

2. 2010年 3月 16日、中日新聞、進む「宇宙天気予報」
3. 2010年 3月 16日、京都新聞、太陽フレアで発生磁気嵐を再現
4. 2010年 3月 16日、朝日新聞（夕刊）、太陽嵐スパコンで再現
5. 2010年 3月 16日、毎日新聞、「太陽嵐」スパコンで再現
6. 2010年 3月 16日、産経新聞、太陽風状況再現に成功

ナイスステップな研究者（2009年 12月–2010年 2月）
1. 2009年 12月 29日、毎日新聞、ナイスステップな研究者：10組 12人を選定
2. 2010年 1月 8日、科学新聞、ナイスステップな研究者科学技術政策研 10組 12人を選定
3. 2010年 2月 7日、読売新聞、ナイスステップな研究者発表

その他の報道記事
1. 2008年 2月 23日、京都新聞、「平安の天文家」テーマに講演会
2. 2009年 3月 8日、京大学生新聞、研究最先端附属天文台の魅力に迫る
3. 2009年 3月 22日、日本経済新聞、黒点少なく太陽元気なし
4. 2009年 3月 26日、宇宙天気予報の手がかりを探る太陽磁場活動望遠鏡など最先端研究の京都大
学飛騨天文台

5. 2009年 6月 1日、朝日新聞、弱る太陽 200年ぶりの水準
6. 2010年 3月 18日、情報通信研究機構報道発表、NICTが週刊宇宙天気ニュース配信開始
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3.10.1 飛騨天文台 SMART望遠鏡で第 24太陽活動周期を示す太陽黒点を観測（2008

年 1月）

岩波「科学」 2008年 3月号に掲載された第 24太陽活動周期に関する解説記事は、本報告書 121ペー
ジを参照。

図 3.48 京都新聞、2008年 1月 8日
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図 3.49 毎日新聞、2008年 1月 9日

図 3.50 岐阜新聞、2008年 1月 19日
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3.10.2 飛騨天文台 SMART望遠鏡で 3連続衝撃波を観測（2008年 9月）

関連論文 Narukage,N., Ishii,T.T., Nagata,S., UeNo,S., Kitai,R., Kurokawa,H., Akioka,M., Shibata,K.,

“Three Successive and Interacting Shock Waves Generated by a Solar Flare”, ApJ, Volume 684, Issue

1, pp. L45-L49（本報告書 258ページに全文を掲載）

京都大学ニュースリリース（2008年 9月 1日）
（http://www.kyoto-u.ac.jp/ja/news_data/h/h1/news6/2008/080901_1.htmより引用）

太陽磁場活動望遠鏡（SMART）が捉えた
太陽フレアに伴う 3連続衝撃波

柴田 一成 理学研究科附属天文台 教授らの研究
グループは、JAXA宇宙科学研究本部成影典之研
究員とともに本学飛騨天文台の太陽磁場活動望遠
鏡（SMART）を用いて、太陽系で最大の爆発現象
である太陽フレアに伴う 3 連続衝撃波を初めて発
見し、このデータを解析することで衝撃波の発生
メカニズムを解明する有力な証拠を得ました。

図 3.51 左から柴田一成教授、成影典之研究員

この発見は、2008年 9月 1日発行予定のアスト
ロフィジカル・ジャーナル・レター誌に掲載予定
です。（著者は以下のメンバー）なお、筆頭著者の
成影博士は、京都大学大学院理学研究科附属天文
台で博士号を取得し、現在は、宇宙航空研究開発
機構のポスドク研究員です。柴田教授は当時の指
導教員で、本研究は博士論文の一部となった研究
を、その後、さらに発展させて完成したものです。

成影典之（なるかげのりゆき）／宇宙航空研究開

発機構
石井貴子（いしいたかこ）／京都大学大学院理学
研究科附属天文台
永田伸一（ながたしんいち）／京都大学大学院理
学研究科附属天文台
上野悟（うえのさとる）／京都大学大学院理学研
究科附属天文台
北井礼三郎（きたいれいざぶろう）／京都大学大
学院理学研究科附属天文台
黒河宏企（くろかわひろき）／京都大学大学院理
学研究科附属天文台
柴田一成（しばたかずなり）／京都大学大学院理
学研究科附属天文台
秋岡眞樹（あきおかまき）／情報通信研究機構

研究成果の概要
太陽フレアは、太陽系で最大の爆発現象です。

爆発が起これば、衝撃波が発生することは想像で
きると思います。太陽でもフレアが発生すると、
しばしば衝撃波が発生し、コロナ中を伝搬します。
しかし、衝撃波の伝搬の様子を観測した例は非常
に少ないのです。
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京都大学・飛騨天文台の太陽磁場活動望遠鏡
（SMART）は、太陽表面のわずか上空の彩層と呼
ばれる層から出る Hα 線という光を観測していま
す。太陽フレアによって衝撃波が発生すると、衝
撃波はコロナ中を伝搬しますが、その際、彩層を
押さえ付けながら伝搬することがあります。その
押さえつけられた場所は、衝撃波の速さで移動し
て行き、Hα線で波が伝わるように観測されます。
この現象は 1960年代に発見され、発見者の名前に
ちなんで「モートン波」と呼ばれています。つま
り、モートン波は、衝撃波が伝わっていく様子を
示しています。我々は京都大学・飛騨天文台の太
陽磁場活動望遠鏡（SMART）を用いて、世界で初
めて 3連続で発生したモートン波を発見しました。
この 3連続モートン波は、2005年 8月 3日に観測
されたもので、このデータを解析することで、次
の 3つのことが分かりました。

1. 連続で発生したモートン波（衝撃波）を初
めて発見しました。この発見は、観測能力
（空間分解能力、波長分解能力、時間分解能
力）の優れた、最新の太陽磁場活動望遠鏡
（SMART）を用いて初めて行うことができ
ました。従来の望遠鏡でも、このフレアを
観測していましたが、3連続のモートン波を
観測することは出来ていませんでした。こ
のことは、今まで考えられていた以上の頻
度で衝撃波が発生している可能性があるこ
とを意味しています。

2. 2 つの衝撃波が合体する様子を初めて観測
しました。1 番目に発生した衝撃波の伝搬

速度は遅く、2 番目に発生した速く伝搬す
る衝撃波に追いつかれ、2 つの衝撃波が合
体しました。そして、合体により衝撃波の
強さが強くなったことが電波のデータから
わかりました。

3. 3つのモートン波（衝撃波）の発生には、瞬
間的なエネルギーの解放と、フィラメント
の噴出が強く関係していることが分かりま
した。フィラメントとは、冷たいプラズマ
ガスの塊で、太陽の磁場に蓄えられたエネ
ルギーが解放される際に、噴き出すことが
あります。今回、3 連続のモートン波が観
測されましたが、各々のモートン波の発生
時刻には、瞬間的なエネルギーの解放が観
測されていました。そして、各々のモート
ン波に対応して、フィラメントも 3 度噴出
しており、それらの噴き出す方向や速度は、
対応するモートン波の伝搬した方向や速さ
と関係していることが分かりました。これ
まで、モートン波の発生メカニズムについ
ては、はっきりと分かっていませんでした
が、今回の発見により、フィラメント噴出
がモートン波を発生させているという説を
立てることができました。
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論文の図とその解説

図 3.52 3連発モートン波の伝搬の様子。赤色 +
印が 1発目、緑色 + 印が 2発目、青色 + 印が 3

発目のモートン波の波面をそれぞれ示している。
図の上の数字は、それぞれのデータの観測時刻で
ある。およそ 10 分間に、3 つの衝撃波が連続し
て発生し、伝搬しているのがわかる。

図 3.53 3 度噴出しているフィラメントの様子。
f1, f2, f3 と 3 つのフィラメントが噴出している
のがわかる。矢印の色は、フィラメントが噴出し
ている方向を示している。図の上の数字は、観測
時刻。

図 3.54 3 連発モートン波の時間発展を示した
グラフ。横軸は時刻。cのグラフは、縦軸がフレ
ア地点からの距離で、各時刻でのモートン波の波
面の位置が◇で示してある。赤色が 1発目、緑色
が 2 発目、青色が 3 発目のモートン波の波面の
位置。このグラフを見ると、1発目のモートン波
（赤色◇印）に 2発目のモートン波（緑色◇印）が
追い付いている様子がよくわかる。+印は噴出し
たフィラメントの位置を示しており、フィラメン
トも 3度噴出しているのが分かる。色は、噴出の
方向を示しており、図 2の色と対応している。d

は電波の強さを表したもので、1発目と 2発目の
モートン波が合体した時刻に、強さが増している
のが分かる（矢印 A）。また、3発目の衝撃波（色
◇印）と最初に噴出したフィラメント（青～緑色
の +印）がぶつかった瞬間にも、電波の信号が強
くなっているのがわかる（矢印 B）。

朝日新聞（9月 2日 26面）、京都新聞（9月 2日
23面）、産経新聞（9月 2日 27面）、日本経済新聞
（9月 2日 34面）および毎日新聞（9月 2日 3面）
に掲載されました。
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図 3.55 朝日新聞、2008年 9月 2日



148 第 3章 研究成果

図 3.56 京都新聞、2008年 9月 2日
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図 3.57 毎日新聞、2008年 9月 2日



150 第 3章 研究成果

図 3.58 日本経済新聞、2008年 9月 2日
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図 3.59 産経新聞、2008年 9月 2日
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3.10.3 アネモネ型活動領域（2009年 2月）

関連論文 Asai,A., Shibata,K., Ishii,T.T., Oka,M., Kataoka,R., Fujiki,K., and Gropalswamy,N., “Evolution

of the anemone AR NOAA 10798 and the relates geo-effective flares and CMEs”, JGR, 114, A00A21,

(2009)

関連情報 天文月報 2010年 3月号に掲載された浅井助教らによる解説記事を、本報告書 131ページに掲
載した。

京都大学ニュースリリース（2010年 2月 23日）
（http://www.kyoto-u.ac.jp/ja/news_data/h/h1/news6/2008/090223_1.htmより引用）

宇宙の天気の鍵を握るは太陽のアネモネ
（イソギンチャク）であることを発見

柴田一成理学研究科附属天文台教授を代表とす
る研究グループは、現在、学術創成研究「宇宙天
気予報の基礎研究」を進めております。

図 3.60 左から柴田一成 京都大学理学研究科教
授、浅井歩国立天文台野辺山太陽電波観測所助教

このたび、柴田教授らの研究グループは、浅井
歩 国立天文台野辺山太陽電波観測所 助教ととも
に、この宇宙天気を左右する太陽表面の構造とし
て、「アネモネ型活動領域」が非常に重要であるこ
とを突き止めました。

研究成果の概要
太陽表面では、太陽系内最大の爆発現象である

「太陽フレア」を筆頭に、活発な現象が絶えず起き
ています。この太陽フレアなどに伴い、衝撃波や
大量のプラズマが宇宙空間に放出されることがた

びたびあり、それらが地球に向かって飛んでくる
と、磁気嵐となって、地球磁気圏に作用してオー
ロラを発生させたり、地球周辺の人工衛星を故障
させるなどのため私たちの生活に影響を及ぼした
りすることがあります。そのため、磁気嵐の発生
や地球周辺のプラズマや磁場の状況を『宇宙天気』
として予報することが、現代の文明社会を守るた
めに必要とされるようになり、そういった宇宙天
気に関する研究が世界的に行われています。
日本でも、京都大学の柴田教授を代表とする、学

術創成研究「宇宙天気予報の基礎研究」が現在進
められています。これは、「現代社会の基盤をゆる
がす宇宙の嵐を解明し、『宇宙天気』の予報の基礎
を築く」ことを目的としており、そのために、太陽
や太陽風から地球磁気圏・電離圏といったさまざ
まに細分化されている研究分野を横断的にまとめ、
太陽から地球に至るまでを一つのシステムとして
扱って研究を推進するものです。この学術創成研
究の一環として私たちは、磁気嵐の原因となる現
象を太陽から地球に至るさまざまな観測データを
用いて調べ、この宇宙天気を左右する太陽表面の
構造として、『アネモネ型活動領域』が非常に重要
であることを突き止めました。
アネモネ型活動領域というのは、その形状がま

るでイソギンチャク（英語名で “sea-anemone”）の
ように見えることから、こう呼ばれるようになり
ました（もともとは「ようこう」衛星の X線デー
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タでも観測されており、データ解析していた若者
たちが、面白がって「アネモネ」と呼んでいたら、
それがそのまま准専門用語となってしまったので
す）。アネモネ型活動領域は、「コロナホール」と呼
ばれる周辺よりもプラズマの密度が低い、暗い領
域に発生することが知られています。コロナホー
ルは、単極の磁場構造が惑星間空間にまで伸びて
おり、太陽表面に戻ってこない、開いた磁力線が
集まった領域です。この磁力線に沿って、速い太
陽風が吹いていることも知られています。
私たちは、2005年 8 月 22日に発生した太陽フ

レアやそれに伴う噴出現象と、その結果 8月 24日
に発生した巨大磁気嵐について、太陽表面から地
球近傍までのあらゆるデータを駆使して、これら
のイベントを詳細に追跡しました。そして以下に
挙げることが分かりました。

1. この活動領域はコロナホール中に出現した、
典型的なアネモネ型活動領域であることが
わかりました。

2. 二つの太陽フレアとそれに伴う噴出現象が
発生しており、地球に向かって伝播する間
に相互作用（合体）することで、複雑な磁
場構造が形成されている可能性がわかりま
した。

3. 噴出現象の速度が、（平均に比べて）飛び抜
けて速いことが分かりました。噴出現象の
伝播速度は、大きいほど地球磁気圏により
強い衝撃を与え、大きな磁気嵐を引き起こ
すことが知られています。

今回のイベントでは、アネモネ型活動領域は、
速い噴出現象を生じるのに適した環境である可能
性を示しており、二つの噴出現象が複雑に作用し
あった効果とあいまって、非常に強い擾乱を地球
磁気圏に与え、巨大磁気嵐を引き起こしたものと
解釈されました。このようにアネモネ型活動領域
は、大きな磁気嵐を引き起こす可能性がある活動
領域であり、宇宙天気研究においても無視できな
い「擾乱源」となり得ることがわかりました。
この研究成果は、2009年 2月 21日に『Journal

of Geophysical Research（ジャーナル・オブ・ジオ
フィジカル・リサーチ）』誌電子版に掲載されまし
た（著者は以下のメンバー）。なお、論文のタイト
ルは「Evolution of the anemone AR NOAA 10798

and the related geo-effective flares and CMEs （和
訳; アネモネ型活動領域 NOAA 10798 の成長と、
地球に影響を与えたフレアと CME）」です。なお、
筆頭著者の浅井博士は、京都大学大学院理学研究
科附属天文台で博士号を取得し、現在は国立天文
台野辺山太陽電波観測所で助教として、太陽物理
学の研究を行っています。

浅井歩（あさい　あゆみ）国立天文台野辺山太陽
電波観測所・助教
柴田一成　（しばた　かずなり）京都大学大学院
理学研究科附属天文台・教授、台長
石井貴子（いしい　たかこ）京都大学大学院理学
研究科附属天文台・ポスドク研究員
岡光夫（おか　みつお）アラバマ大学ハンツビル
校・宇宙プラズマ超高層大気研究センター・ポス
ドク研究員
片岡 龍峰 （かたおか　りゅうほう） 理化学研究
所・ポスドク研究員
藤木謙一（ふじき　けんいち）名古屋大学太陽地
球環境研究所・助教
Nat Gopalswamy（ナット　ゴパルスワミー）アメ
リカ航空宇宙局（NASA）ゴダード宇宙飛行セン
ター・教授

論文の図の抜粋とその解説
論文には全部で図が 9枚あるが、以下の 5枚を

抜粋。
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図 3.61 2005年 8月 22日のフレアと 24日の磁
気嵐の概要を示したプロット（横軸の時刻は世界
時で表記）。1段目は GOES衛星による X線強度
の変化。×印で示したのが 8月 22日のフレア（2

つ）。2段目は同じく GOESによる高エネルギー
陽子の変化。フレアの直後に急激に上昇してい
ることが分かる。3 段目、4 段目は ACE 衛星に
よる、太陽風速度と磁場強度の変化。破線は衝撃
波が ACE衛星の近傍を通過した時刻を示してい
る（このとき太陽風速度や磁場強度が不連続に上
昇している）。5 段目は磁気嵐の指標となる Dst

指標（下に下がるほど大きな擾乱）。衝撃波の通
過後から急激に減少し、巨大な磁気嵐が発生して
いる。

図 3.62 活動領域 NOAA 10798 の時間発展の
様子。上段は連続光画像（黒く見える領域が黒
点）、中段は磁場画像（白黒は磁極の正負に相当
する）、下段は紫外線画像。連続光画像、磁場画
像は SOHO衛星搭載の観測装置MDIにより、ま
た紫外線画像は SOHO衛星の EIT望遠鏡により
取得された。左から右に向かって、1日 1枚ずつ
の画像を並べてある（日付は図の上に表記）。8

月 18日を過ぎてから急激に活動領域（黒点の対）
が現れ、コロナではアネモネ型活動領域が形成さ
れていることがわかる。（色は擬似カラー）

図 3.63 2005年 8月 20日、世界時 0時ごろに撮
影された、活動領域 NOAA 10798のアネモネ構
造の様子。左図は GOES衛星搭載の X線望遠鏡
（SXI）による X線画像、中図は SOHO衛星搭載
の EIT 望遠鏡による紫外線画像、右図は SOHO

衛星の MDI観測装置による磁場画像。中央付近
に活動領域 NOAA 10798があり、X線・紫外線
では明るく見える。その周りの暗い領域がコロ
ナホールであり、磁場画像からは、正極（白）の
磁場領域が広がっていることがわかる。（色は擬
似カラー）

図 3.64 アネモネ型活動領域の概念図。矢印付
き実線で示したのは磁力線の構造。（a）単極の磁
場を持つコロナホール（CH）中に活動領域が浮
上してくる。N/S は磁極の正/負を示す。（b）コ
ロナホールの磁場と浮上してきた領域とが相互
作用して、アネモネ型構造を形成する。（c）噴出
現象を伴う太陽フレアが発生する。（d）太陽から
噴出されたプラズマや衝撃波が、フラックスロー
プと呼ばれる構造を惑星間空間で形成し（図中円
柱で示してある）、磁力線に沿って地球方向へ伝
播してくる。噴出物の伝播は灰色の破線矢印で
示してある。
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図 3.65 SOHO 衛星搭載の LASCO 望遠鏡によ
り撮影された、2005年 8月 22日のフレアに伴う
噴出現象（「コロナ質量放出現象（CME）」と呼ば
れる）の様子。2 回のフレアのそれぞれに伴い、
噴出現象が起きている （図中、矢印で示してあ
る）。図の中央に、SOHO衛星の EIT望遠鏡によ
る、太陽の紫外線画像を埋め込んである。図中の
数字は観測された時刻（世界時）を示す。（色は
擬似カラー）

京都新聞（2月 21日 30面）、中日新聞（2月 21

日 29面）、日本経済新聞（2月 21日 34面）、毎日
新聞（2月 21日夕刊 10面）および読売新聞（2月
21日 2面）に掲載されました。



156 第 3章 研究成果

図 3.66 京都新聞、2009年 2月 21日
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図 3.67 毎日新聞、2009年 2月 21日
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図 3.68 日本経済新聞、2009年 2月 21日
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図 3.69 読売新聞、2009年 2月 21日
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図 3.70 しんぶん赤旗、2009年 3月 22日
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3.10.4 CHAINプロジェクト（2009年 8月–2010年 5月）

関連情報 CHAINプロジェクトについては本報告書 21ページを参照。
関連論文 Ueno,S., et al., “CHAIN-project and installation of the flare monitoring telescopes in developing

countries”, Bull. Astr. Soc. India, 35, 697–704, (2007)（本報告書 273ページに全文を掲載）

図 3.71 京都新聞、2009年 8月 29日
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図 3.72 毎日新聞、2009年 3月 10日
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図 3.73 中日新聞、2010年 1月 8日

図 3.74 La Opinion（ペルー紙）、2010年 3月 19日
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図 3.75 La Voz De Ica（ペルー紙）、2010年 3月 19日
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図 3.76 Correo（ペルー紙）、2010年 3月 20日
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図 3.77 La Voz De Ica（ペルー紙）、2010年 3月 20日
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図 3.78 朝日新聞、2010年 4月 20日
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図 3.79 読売新聞、2010年 5月 2日
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3.10.5 太陽フレアのモデリング（2010年 3月）

関連情報 太陽フレアのモデリングについては本報告書 31ページを参照。

京都大学ニュースリリース（2010年 3月 15日）
（http://www.kyoto-u.ac.jp/ja/news_data/h/h1/news6/2009/100315_1.htmより引用）

宇宙天気予報の基礎となる太陽嵐の最
新モデリングに成功
柴田一成 理学研究科附属天文台教授、草野完

也名古屋大学太陽地球研究所教授らの共同研究グ
ループは、実際の太陽観測データに基づいた太陽
嵐（太陽フレア、コロナ質量放出、太陽風擾乱）の
数値モデリングに成功しました。この研究成果は、
宇宙天気予報の進展と太陽嵐のメカニズムの解明
に大きく貢献することが期待されます。

図 3.80 左から柴田教授、草野教授

研究成果の概要
現在、太陽黒点活動は徐々に活発化しており、

黒点の発生数は 2013 年ごろ次の極大を迎えると
考えられています。こうした太陽活動の高まりに
伴ってしばしば太陽表面でフレアやコロナ質量放
出などの太陽嵐が起こりますが、その影響が太陽
風の擾乱などとして地球まで伝わると、地球周辺
の宇宙環境は磁気嵐などの激しい嵐に襲われます。
その結果、人工衛星、通信、地上電力網などに深
刻な障害が発生する場合があります。こうした宇
宙の嵐を原因としたさまざまな被害を未然に防ぐ
ためには、「宇宙の天気」の予報、すなわち「宇宙

天気予報」が不可欠です。しかし、太陽と宇宙空
間の複雑な変化を正確に予測する方法論はまだ確
立されていません。
本共同研究では、この宇宙天気予報の基礎とな

る太陽地球間環境（太陽、太陽風、地球磁気圏・電
離圏）の観測とそれに基づく数値モデリング（数
値シミュレーション）研究を進めてきました。こ
のたび、5年間の共同研究の成果として、太陽フレ
ア爆発とその結果として生じる一連の宇宙環境の
乱れをほぼ再現することができるモデルの開発を
実現しました。
このうち、太陽嵐（太陽フレア、コロナ質量放出、

太陽風擾乱）モデルは、太陽観測衛星「ひので」が
観測した精密な太陽表面磁場データに基づき、太
陽フレアとそれに伴う宇宙環境の乱れを計算する
世界的にも例の無い先進的なモデルです（図 3.81

参照）。我々は「地球シミュレータ」を利用して
この最新モデルを 2006 年 12 月 13 日に発生した
大規模フレアに適用することにより、フレアとそ
の結果として生じたコロナ質量放出および太陽風
擾乱の様子を再現することに初めて成功しました
（図 3.82、図 3.83）。特に、太陽フレアの後に発生
したプラズマとエネルギーの急速な伝播の様子を
捉えることに初めて成功しました（図 3.84）。この
成果は太陽嵐のメカニズムを解明すると共に、数
値予測を通して宇宙天気の被害を最小限に抑える
技術を確立するために大きく貢献するものです。
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図 3.81 太陽観測データに基づく太陽嵐モデリ
ングのながれ

図 3.82 2006年 12月 13日に太陽黒点近傍で発
生した太陽フレア（左）とモデリングによって再
現された太陽コロナの磁力線構造。ねじれた磁
力線（右図白線）の先端部分がフレアの明るい領
域に対応することが分かる。

図 3.83 太陽嵐モデリングによって再現された
太陽フレアに伴って太陽表面から噴出するプラ
ズマ（赤面）と磁力線（緑線）の変化。底面の黒
い領域は太陽黒点に対応する。

図 3.84 2006年 12月 13日に発生した太陽フレ
アの観測とシミュレーション結果。左は太陽観
測衛星「ひので」の X 線望遠鏡（XRT）が捉え
られた太陽フレアの X線像。赤線で示された形
状の構造が急速に矢印の方向へ伝播する様子が
観測された。左はフレアモデルによる 3 次元シ
ミュレーションで再現された磁力線と衝撃波面。
「ひので」で観測された X線の波動が衝撃波の伝
播に対応することが分かる。

なお、本研究成果は、来たる日本天文学会 2010

年春季年会（3月 24日–27日：広島大学）でその一
部が発表されるほか、日本地球惑星科学連合 2010

年大会（5月 23日–28日：幕張）と Solar Terrestrial

Physics 12 Symposium（7月 12日–16日：ベルリ
ン）において、草野教授により総合報告がなされ
る予定です。
共同研究者名

• 草野完也（くさの　かんや）名古屋大学太
陽地球環境研究所・教授
• 柴田一成（しばた　かずなり）京都大学大
学院理学研究科附属天文台・教授、台長
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• 塩田大幸（しおた　だいこう）名古屋大学
太陽地球環境研究所・研究員
• 片岡龍峰（かたおか　りゅうほう）東京工
業大学大学院理工学研究科・特任助教
• 井上諭（いのうえ　さとし）独立行政法人
情報通信研究機構・専攻研究員

朝日新聞（3月 16日夕刊 7面）、京都新聞（3月
16 日 26 面）、産経新聞（3 月 16 日 25 面）、中日
新聞（3月 16日 26面）、日刊工業新聞（3月 16日
22面）および毎日新聞（3月 16日 3面）に掲載さ
れました。

図 3.85 中日新聞、2010年 3月 16日
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図 3.86 京都新聞、2010年 3月 16日
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図 3.87 朝日新聞（夕刊）、2010年 3月 16日
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図 3.88 毎日新聞、2010年 3月 16日
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図 3.89 産経新聞、2010年 3月 16日
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3.10.6 ナイスステップな研究者（2009年 12月–2010年 2月）

関連情報 「ナイスステップな研究者」については本報告書 185ページを参照。

図 3.90 毎日新聞、2009年 12月 29日
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図 3.91 科学新聞、2010年 1月 8日
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図 3.92 読売新聞、2010年 2月 7日：（下）読売新聞Webページ（関西発）
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3.10.7 その他の報道記事

図 3.93 京都新聞、2008年 2月 23日
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図 3.94 京大学生新聞、2009年 3月 20日
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図 3.95 日本経済新聞、2009年 3月 22日
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図 3.96 毎日新聞、2009年 3月 26日
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図 3.97 朝日新聞、2009年 6月 1日
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図 3.98 情報通信研究機構報道発表、2010年 3月 18日



3.11 受賞 185

3.11 受賞
上出洋介

長谷川・永田賞、地球電磁気・地球惑星圏学会（SGEPSS）2009年学会賞
「学問の成長を先導する顕著な業績をあげるとともに、学会の発展にかかわる事業に功労のあった
会員」に対して。

柴田一成

科学技術政策研究所「ナイスステップな研究者」、2009年 12月 25日
受賞理由は「太陽活動に伴う地球周辺環境の変化を予測する宇宙天気予報の、基礎研究としての太
陽活動現象の究明に貢献した」こと。科学技術分野においてここ数年間になされた顕著な業績の中
から、特に科学技術政策上注目すべき 10組 12名が選定された。本報告書 176ページ以降に関連
する新聞記事あり。

第 26回講談社科学出版賞、2010年
受賞作品は著書「太陽の科学—磁場から宇宙の謎に迫る」（NHK出版、2010年）。

常田佐久

日本天文学会「林忠四郎賞」、2010年 3月 26日 受賞対象研究は「飛翔体観測装置による太陽の研究」。
天文学における独創的でかつ分野に寄与するところの大きい研究業績に対して。

磯部洋明

平成 21年度文部科学大臣表彰若手科学者賞 2009年 4月 6日
受賞対象研究「太陽コロナ加熱のメカニズムの研究」。受賞は「萌芽的な研究、独創的視点に立っ
た研究等、高度な研究開発能力を示す顕著な研究業績をあげた 40歳未満の若手研究者」を対象と
したもの。

片岡龍峰

大林奨励賞、地球電磁気・地球惑星圏学会（SGEPSS）2009年学会賞
「本学会若手会員の中で独創的な成果を出し、さらに将来における発展が充分期待できる研究を推
進している者」に対して。
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3.12 Webページ
3.12.1 宇宙天気の基礎研究Webページ

本学術創成研究のWebページ（http://www.kwasan.kyoto-u.ac.jp/spw/）は京都大学花山天文台
内のサーバーに設置され、外部への研究成果の発信、研究成果掲載、分担者や研究者間の情報共有、各会
議・研究会の日程連絡、議事録掲載などを行ってきた。コンテンツマネージメントシステム（CMS）とし
て XOOPS（eXtensible Object Oriented Portal System）を採用した。セットアップを加藤精一が行い、維
持・管理・運営を岡光夫（花山天文台、現 UAH/CSPAR、–2007年 4月）、浅野栄治（花山天文台、現国立
天文台、2007年 4月–2010年 3月）が担当した。

図 3.99 本学術創成研究のWebページ
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3.12.2 SMART望遠鏡データアーカイブページ

京都大学飛騨天文台の太陽磁場活動望遠鏡（Solar Magnetic Activity Research Telescope：SMART）が
観測したデータは、同じく飛騨天文台内のサーバー（http://www.hida.kyoto-u.ac.jp/SMART/）に
置かれ、広く世界に公開されている。

図 3.100 SMART データアーカイブページ。（中）はアーカイブトップページ。ここから月ごとの
データのページへ行ける。（右）はある月のデータカレンダー。（左）は 1日のデータが置かれている
ページ。ここでは、その日の太陽のデータがダウンロードできるようになっている。
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3.12.3 モデリングWebページ

本学術創成研究のモデリンググループのWeb ページ（http://www.jamstec.go.jp/ifree/space_
earth/jswm/ja/）が、海洋研究開発機構（JAMSTEC）内のサーバーに設置され、本グループの研究内
容や成果などが公開されている。

図 3.101 宇宙天気モデリングWebページ
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3.12.4 CHAINプロジェクトWebページ

CHAIN プロジェクト（Continuous H-Alpha Imaging Network）Web ページ（http://www.kwasan.
kyoto-u.ac.jp/CHAIN/、英語版のみ）が花山天文台内のサーバーに置かれ、プロジェクトの概要や進
捗状況が公開されている。

図 3.102 CHAINプロジェクトWebページ
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3.13 主要な講演
ここでは、代表者・分担者（+α）の会議・研究会等における主要な講演 29編を列挙する。代表者・分

担者を太字で示す。

1. Shibata, K., “Initial Results of Hinode (Solar B) mission”, IPELS (Interrelationship between Plasma

Experiments in Laboratory and Space), Palm Cove, Cairns, Australia, 2007年 8月 5日
2. Shibata, K., “Solar Activity Affecting Space Weather”, SCOSTEP’s 11th Quadrennial STP Sympo-

sium, Rio de Janeiro, Brazil, 2006年 3月 7日
3. Kusano, K., Shiota, D., Inoue, S., Sugiyama, T., Shima, S., Kawamura, Y., Kataoka, R., Miyoshi, T.,

Asano, E., Matsumoto, T., Ogino, T., Shibata, K., “Multi-scale Simulation Study of Solar-Cosmic

and Terrestrial Environment”, Space Climate symposium 3, Saariselka, Finnish Lapland, 2009年 3月
18–22日

4. Kusano, K., Shibata, K., Kataoka, R., Shiota, D., Inoue, S., Sugiyama, T., Matsumoto, T., Nishida,

K., Ogino, T., “Space Weather Modeling of the Solar Terrestrial Connection Event in December 2006:

From the Sun to the Interplanetary Space”, Space Weather Workshop, Boulder, Colorado, U.S.A.,

2009年 4月 28日–5月 1日
5. Kusano, K., Shiota, D., Inoue, S., Sugiyama, T., Kataoka, R., Matsumoto, T., Nishida, K., Ogino,

T., Shibata, K., “Data-driven Simulation of Sun-Earth Connection Events”, IAU XXVII GENERAL

ASSEMBLY, JD16 IHY Global Campaign - Whole Heliosphere Interval, Rio de Janeiro - Brazil, 2009

年 8月 12–14日
6. Kusano, K., Sugiyama, T., Hasegawa, H., Shiota, D., Miyoshi, T., Inoue, S., “Predictability of Solar

Flare Onset and Multi-scale Modeling for Space Weather Dynamics”, CAWSES InternationalWork-

shop on Space Weather Modeling (CSWM), Yokohama, Japan, 2006年 11月 17日
7. Sekii, T., “High-Resolution Helioseismic Observations”, Second Hinode Science Meeting, Boulder,

Colorado, USA, 2008年 10月 2日
8. Sekii, T., “3D views of the solar atmosphere with HINODE”, IAU GA 2009 JD 10 “3D views on cool

stellar atmospheres: theory meets observation”, Rio de Janeiro, Brazil, 2009年 8月 10日
9. Sekii, T., “High-resolution helioseismology from Hinode”, IAU GA 2009 JD 11 “New Advances in

Helio- and Astero-Seismology”, Rio de Janeiro, Brazil, 2009年 8月 11日
10. Fujiki, K., Ito, H., and Tokumaru, M., “SOLAR WIND FORECAST BY USING INTERPLANE-

TARY SCINTILLATION OBSERVATIONS”, the twelfth International Solar Wind Conference (Solar

Wind 12), the Palais du Grand Large, Saint-Malo, France, 2009年 6月 21日–26日
11. Ito, H., Tsuneta, S., Shiota, D., Tokumaru, M., and Fujiki, K., “IS THE POLAR REGION DIFFER-

ENT FROM THE QUIET REGION OF THE SUN?”, the twelfth International Solar Wind Conference

(Solar Wind 12), the Palais du Grand Large, Saint-Malo, France, 2009年 6月 21日–26日
12. Tokumaru, M., Kojima, M., and Fujiki, K., “Propagation of coronal mass ejections in the interplane-

tary medium”, AOGS2009, ST05-A002, SUNTEC, Singapore., 2009年 8月 11日–15日
13. Ogino, T., “Plasma Instabilities and Turbulence Excitation in Boundary Layers of Earth’s Magneto-
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sphere”, 2009 Fall AGU Meeting, San Francisco, USA, 2009年 12月 14日
14. Ogino, T., “Dependency of the polar cap phenomena and magnetospheric dynamics on the intrinsic

magnetic field”, 2008 Fall AGU Meeting, San Francisco, USA, 2008年 12月 18日
15. Ogino, T., “MHD simulation of intraction between the solar wind and magnetosphere of hot-Jupiter”,

6-th AOGS Annual Meeting, Singapore, 2009年 8月 15日
16. Ogino, T., “MHD simulation of interaction of the solar wind with earth’s magnetosphere for the mag-

netospheric storm events”, 5-th AOGS Annual Meeting, Busan, Korea, 2008年 6月 18日
17. Omura, Y., “NonlinearWave-Particle Interactions in the Magnetosphere”, Asia Oceania Geosciences

Society, Singapore, 2009年 8月 11日–15日
18. Omura, Y., “Theory and simulations of nonlinear whistler-mode chorus waves in the radiation belts”,

WCU International Workshop, Jeju, Korea, 2009年 10月 26日–28日
19. Omura, Y., Hikishima, M., and Katoh, Y., “Electromagnetic particle simulations of whistler-mode

chorus emissions”, 2009 Conference on Computational Physics (CCP 2009), Kaohsiung, Taiwan, 2009

年 12月 15日–19日
20. Shinohara, I., and Fujimoto, M., “An initial result of 3D full particle simulation of quasi-

perpendicular shock”, 11th Scientific Assembly of IAGA, Sopron, Hungary., 2009年 8月 25日
21. Shinohara, I., and Fujimoto, M., “Results on a three-dimensional full particle simulation of collision-

less quasi perpendicular shock”, 21st International Conference on Numerical Simulation of Plasmas,

Lisbon, Portugal., 2009年 10月 8日
22. Tanaka, K. G., Fujimoto, M., and Shinohara, I., “Re-distribution of ion pressure tensor during explo-

sive reconnection”, AGU Fall Meeting 2009, San Francisco, USA., 2009年 12月 15日
23. Hoshino, M., “Lecture on Particle Acceleration in ShockWaves”, International School-Particle Accel-

eration in the Universe, GCOE Program/Nagoya University, 2009年 11月 12日–14日
24. Hoshino, M., “Particle Acceleration and Injection in Non-Relativistic Magnetosonic Shocks”, KITP

Conference: Nonlinear Processes in Astrophysical Plasmas: Particle Acceleration, Magnetic Field

Amplification, and Radiation Signatures, Kavli Institute for Theoretical Physics, San Diego, USA,

2009年 9月 28日–10月 2日
25. Hoshino, M., “Toward Understanding of Electron Fermi Acceleration in Magnetosonic Shocks:

Plasma Physics View”, TeV Particle Astrophysics 2009, SLAC National Accelerator Laboratory,

USA, July, 2009年 7月 15日
26. Ugai, M., “Modeling of flare phenomena in space plasmas by fast reconnection”, 10th IPELS Work-

shop, Sweden, 2009年 6月
27. Shimizu, T., “3D-MHD instability of fast magnetic”, Hinode-3, Tokyo, Japan, 2009年 12月
28. Kondoh, K., and Ugai, M., “Computer study of cross tail component of earthward fast plasma flow in

the sheared magnetic field”, AGU, San Francisco, 2009年 12月
29. Kato, S. X., “Integration between Solar Data and Space Science Data for Space Weather Forecast”,

CODATA2006, Beijing, China, 2006年 10月 23日–25日
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3.14 論文
3.14.1 代表的論文

ここでは、推薦者・代表者・分担者ごとに、代表的な成果論文を示す。推薦者・代表者・分担者を太字
で示す。これらの論文は、第 4章に全文を掲載している。（但し、番号に*を付加した論文を除く）

上出洋介
1. Kamide, Y., and Maltsev, Y. P., “Geomagnetic storms”, in the Handbook of the Solar-Terrestrial En-

vironment, edited by Kamide, Y., and Chian, A. C.-L., Springer Pub., Heidelberg, pp. 356–374 (2007)

2. Kamide, Y., “From IGY to eGY: The importance of real-time data in space physics”, Advances in

Geosciences, Vol. 8: Solar Terrestrial (ST), edited by Duldig, M., et al., World Sci. Pub., Singapore,

pp. 1–24 (2007)

柴田一成
*3. Shibata, K., Nakamura, T., Matsumoto, T., Otsuji, K., Okamoto, T. J., Nishizuka, N., Kawate, T.,

Watanabe, H., Nagata, S., UeNo, S., Kitai, R., Nozawa, S., Tsuneta, S., Suematsu, Y., Ichimoto,

K., Shimizu, T., Katsukawa, Y., Tarbell, T. D., Berger, T. E., Lites, B. W., Shine, R. A., and Title,

A. M., “Chromospheric Anemone Jets as Evidence of Ubiquitous Magnetic Reconnection”, Science,

Vol. 318, pp. 1591–1594, doi:10.1126/science.1146708 (2007)

4. Shibata, K., and Kamide, Y., “Basic Study of Space Weather Predictions: A New Project in Japan”,

Space Weather, Vol. 5, S12006, doi:10.1029/2006SW000306 (2007)

5. Narukage, N., Ishii, T. T., Nagata, S., UeNo, S., Kitai, R., Kurokawa, H., Akioka, M., Shibata,

K., “Three Successive and Interacting Shock Waves Generated by a Solar Flare”, The Astrophysical

Journal Letters, Vol. 684, pp. L45–L49, doi:10.1086/592108 (2008)

6. Asai, A., Shibata, K., Ishii, T. T., Oka, M., Kataoka, R., Fujiki, K., and Gopalswamy, N., “Evo-

lution of Anemone AR NOAA 10798 and the Related Geo-Effective Flares and CMEs”, Journal of

Geophysical Research, Vol. 114, A00A21, doi:10.1029/2008JA013291 (2009)

7. Ueno, S., Shibata, K., Kimura, G., Nakatani, Y., Kitai, R., and Nagata, S., “CHAIN-project and

installation of the flare monitoring telescopes in developing countries”, Bulletin of the Astronomical

Society of India, Vol. 35, pp. 697–704 (2007)

関井隆
8. Zhao, J., Kosovichev, A. G., and Sekii, T., “High-Resolution Helioseismic Imaging of Subsurface

Structures and Flows of a Solar Active Region Observed by Hinode”, The Astrophysical Journal,

Vol. 708, pp. 304–313, doi:10.1088/0004-637X/708/1/304 (2010)

9. Sekii, T., Kosovichev, A. G., Zhao, J., Tsuneta, S., Shibahashi, H., Berger, T. E., Ichimoto, K.,

Katsukawa, Y., Lites, B., Nagata, S., Shimizu, T., Shine, R. A., Suematsu, Y., Tarbell, T. D., and Title,
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A. M., “Initial Helioseismic Observations by Hinode/SOT”, Publications of the Astronomical Society

of Japan, Vol. 59, pp. S637–S640 (2007)

草野完也
10. Kataoka, R., Ebisuzaki, T., Kusano, K., Shiota, D., Inoue, S., Yamamoto, T. T., and Tokumaru,

M., “Three-dimensional MHD modeling of the solar wind structures associated with 13 December

2006 coronal mass ejection”, Journal of Geophysical Research, Vol 114, A10102, doi:10.1029/

2009JA014167 (2009)

11. Kusano, K., “Simulation Study of Transition Process from Long-Lived Sigmoid to Flare Eruption”,

ASP Conference Series, Vol. 369, NEW SOLAR PHYSICS WITH SOLAR-B MISSION, The Sixth

Solar-B Science Meeting, eds. Kazunari Shibata, Shin’ichi Nagata and Takashi Sakurai, pp. 469–476

(2007)

藤木謙一
12. Tokumaru, M., Kojima, M., and Fujiki, K., “Non-dipolar solar wind structure observed in the cycle

23/24 minimum”, Geophysical Research Letters, Vol. 36, L09101, doi:10.1029/2009GL037461

(2009)

13. Fujiki, K., Ito, H., and Tokumaru, M., “Solar Wind Forecast by Using Interplanetary Scintillation Ob-

servations”, TWELFTH INTERNATIONAL SOLAR WIND CONFERENCE. AIP Conference Pro-

ceedings, Vol. 1216, pp. 663–666, doi:10.1063/1.3395954 (2010)

大村善治
14. Omura, Y., Katoh, Y., and Summers, D., “Theory and simulation of the generation of whistler-mode

chorus”, Journal of Geophysical Research, Vol. 113, A04223, doi:10.1029/2007JA012622 (2008)

15. Omura, Y., Furuya, N., and Summers, D., “Relativistic turning acceleration of resonant electrons by

coherent whistler mode waves in a dipole magnetic field”, Journal of Geophysical Research, Vol. 112,

A06236, doi:10.1029/2006JA012243 (2007)

星野真弘
16. Amano, T., and Hoshino, M., “Electron Shock Surfing Acceleration in Multidimensions: Two-

Dimensional Particle-In-Cell Simulation of Collisionless Perpendicular Shock”, The Astrophysical

Journal, Vol. 690, pp. 244–251, doi:10.1088/0004-637X/690/1/244 (2009)

17. Shimada, N., Hoshino, M., and Amano, T., “Structure of a Strong Supernova Shock Wave and Rapid

Electron Acceleration Confined in its Transition Region”, Physics of Plasmas, Vol. 17, 032902, doi:

10.1063/1.3322828 (2010)
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篠原育
18. Shinohara, I., Yumura, T., Tanaka, K. G., and Fujimoto, M., “Electron Acceleration via magnetic

island coalescence”, Future Perspectives of Space Plasma and Particle Instrumentation and Interna-

tional Collaborations. AIP Conference Proceedings, Vol. 1144, pp. 15–20, doi:10.1063/1.3169281

(2009)

19. Oka, M., Fujimoto, M., Nakamura, T. K. M., Shinohara, I., and Nishikawa, K.-I., “Magnetic Re-

connection by a Self-Retreating X Line”, Physical Review Letters, Vol. 101, 205004, doi:10.1103/

PhysRevLett.101.205004 (2008)

鵜飼正行
20. Ugai, M., “Impulsive chromospheric heating of two-ribbon flares by the fast reconnection mecha-

nism”, Physics of Plasmas, Vol. 15, 032902, doi:10.1063/1.2884715 (2008)

21. Ugai, M., “The evolution of fast reconnection in a three-dimensional current sheet system”, Physics

of Plasmas, Vol. 15, 082306, doi:10.1063/1.2969737 (2008)

22. Shimizu, T., Kondoh, K., Ugai, M., and Shibata, K., “Magnetohydrodynamics Study of Three-

Dimensional Fast Magnetic Reconnection for Intermittent Snake-Like Downflows in Solar Flares”,

The Astrophysical Journal, Vol. 707, pp. 420–427, doi:10.1088/0004-637X/707/1/420 (2009)

23. Shimizu, T., Kondoh, K., Shibata, K., and Ugai, M., “Magnetohydrodynamic study of three-

dimensional instability of the spontaneous fast magnetic reconnection”, Physics of Plasmas, Vol. 16,

052903, doi:10.1063/1.3095562 (2009)

常田佐久
24. Okamoto, T. J., Tsuneta, S., Berger, T. E., Ichimoto, K., Katsukawa, Y., Lites, B. W., Nagata, S.,

Shibata, K., Shimizu, T., Shine, R. A., Suematsu, Y., Tarbell, T. D., and Title, A. M., “Coronal

Transverse Magnetohydrodynamic Waves in a Solar Prominence”, Science, Vol. 318, pp. 1577–1580,

doi:10.1126/science.1145447 (2007)

25. Tsuneta, S., Ichimoto, K., Katsukawa, Y., Lites, B. W., Matsuzaki, K., Nagata, S., Orozco Suárez,

D., Shimizu, T., Shimojo, M., Shine, R. A., Suematsu, Y., Suzuki, T. K., Tarbell, T. D., and Title,

A. M., “The Magnetic Landscape of the Sun’s Polar Region”, The Astrophysical Journal, Vol. 688,

pp. 1374–1381, doi:10.1086/592226 (2008)
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3.14.2 年別論文リスト
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14 Geomagnetic Storms

Yohsuke Kamide and Yuri P. Maltsev

The present solar-terrestrial research has its roots
in studies of geomagnetic storms, well before the
discovery of the solar wind and various plasma
regions in the Earth’s magnetosphere. Geomagnetic
storms are phenomena which originate in the solar
corona and occur in the entire Sun-Earth system,
including the Earth’s upper atmosphere. A geomag-
netic storm is defined by the existence of the main
phase during which the horizontal component of
the Earth’s magnetic field decreases drastically. This
depression, strongest at low latitudes, is thought to
be caused by the enhanced ring current in the inner
magnetosphere. Its growth and decay is typically
monitored by the Dst index. During a geomagnetic
storm, intense substorms take place successively at
high latitudes. Beginning with a brief description of
observational characteristics of geomagnetic storms,
this chapter discusses how solar wind energy is
deposited into and is dissipated in the constituent
elements that are critical to magnetospheric and
ionospheric processes during geomagnetic storms.
Although most of the Dst variance during magnetic
storms can be reproduced by changes in the electric
field in the solar wind and the residuals are uncorre-
lated with substorms, recent satellite observations of
the ring current constituents show the importance
of ionospheric ions. This implies that ionospheric
ions, which are associated with intense substorms,
are accelerated upward and contribute to the energy
density of the storm-time ring current. It is thus im-
portant to identify the role of substorm occurrence
in the enhancement of magnetospheric convection
driven by solar wind electric field. In evaluating the
contribution of various current systems in the Dst
decreases during geomagnetic storms, we contend
that not only the ring current but also the tail current
is important.
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14.1 Introduction

Studies of the solar-terrestrial environment or space
physics have their roots in inspections of geomagnetic
storms in the 19th century. The discipline of this
research was called as Geomagnetism, which aimed
at locating and estimating the intensities of electric
currents that generate world geomagnetic disturbances
during geomagnetic storms. Since the end of the 19th
century, it became clear that great magnetic pertur-
bations observed on the Earth’s surface are caused by
currents flowing in the inner magnetosphere (according
to the present-day terminology) as well as in the region
of auroras. It was in the 1950–60s when the existence
of the solar wind and the magnetosphere was predicted
and subsequently discovered by means of satellite mea-
surements: see Sect. 14.4. The average configuration
of the magnetosphere was modeled: see Sect. 14.7.
A number of plasma regions within the magnetosphere
were discovered and the role of each plasma region in
geomagnetic storm processes was identified.

It was Alexander von Humboldt (1769–1859) who
first used “magnetisches Ungewitter” (magnetic thun-
derstorms) to describe the variability of geomagnetic
needles, which was associated with the occurrence of
auroras in the polar sky. Humboldt thought that world-
wide magnetic disturbances on the ground and auroras
in the polar sky are two manifestations of the same
phenomenon, that is geomagnetic storms. He main-
tained a lifelong interest in geomagnetic disturbances,
establishing a number of magnetic stations around the
world, notably in Britain, Russia, and in lands then
under British and Russian rule, e.g., at Bombay, Toronto,
and Sitka. It was found by Humboldt that the significant
decrease in the daily mean value of the horizontal
component is one of the chracteristic features of the
storm-time disturbance. Scientists during the First
Polar Year (1882–1883) defined “geomagnetic storms”
as intense, irregular variabilities of geomagnetic field
which occur as a consequence of solar disturbances.
S. Chapman thought that worldwide geomagnetic
disturbances during geomagnetic storms are a result of
electric currents encircling the Earth, called the ring
current. It was then proposed that charged particles
originated from the Sun would drift around Earth,
causing the decrease in the geomagnetic horizontal
intensity at the Earth’s surface.

The final goal of the study of the solar-terrestrial
environment would be to be able to predict the
chain of processes that occur in the entire Sun-Earth
system (Gopalswamy et al., 2006). Research of ge-
omagnetic storms is the result of a convergence of
multi-disciplinary sciences which developed from
several traditional fields of research, such as solar
physics, geomagnetism, auroral physics, and aeronomy.
Geomagnetic storms are multi-faceted phenomena
that originate at the solar corona and occur in the
solar wind, the magnetosphere, the ionosphere, and
the thermosphere. What in the solar wind causes
geomagnetic storms? How is the ring current energized
during geomagnetic storms? How do changes in the
magnetosphere-ionosphere system affect the Earth’s
upper atmosphere throughout the chain of storm
processes? These are some of the major questions
relating to geomagnetic storms. Because geomagnetic
storms take place in a wide range of plasma regions,
they must be understood as a chain of processes from
the Sun to Earth. It may thus bemore appropriate to use
the terminology space storms instead of geomagnetic
storms: see Daglis (2001).

14.2 What is a Geomagnetic Storm?

The characteristic signature of a geomagnetic storm, or
simply a magnetic storm, is a depression in the H com-
ponent of themagnetic field lasting normally over one to
several days. This depression is caused by the ring cur-
rent flowing westward in the magnetosphere, and can be
monitored by the Dst index. The Dst index is calculated
by

Dst = 
N

N�
n=

H −Hq

cos ϕ
(14.1)

where H is the H component of the magnetic field dis-
turbance at a given station, Hq is the same component
over the quietest days, N is the total number of the sta-
tions, and ϕ is the station latitude. The cos ϕ factor is to
normalize magnetic disturbances at various latitudes to
the values at the equator.

It is generally accepted that storms are time periods
with a minimum of Dst less than − nT. According to
this criterion,  –  storm events occur annually, de-
pending on solar activity. It is now commonly assumed
that the magnitude of magnetic storms can be defined
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Fig. 14.1. Schematic illustration of the Dst variation for
a typical geomagnetic storm. For the definition of the
initial, main, and recovery phases, see text

by the minimum Dst value (Gonzalez et al., 1994). In
the early years of research, a general picture of a typ-
ical magnetic storm emerged which had the features
shown in Fig. 14.1. This picture of the storm involved
a sudden positive increase in the H component (storm
sudden commencement or SSC) followed by a period
of arbitrary length in which the elevated field does not
change significantly: the initial phase. This phase is fol-
lowed by the development of a depressed H component
transpiring over a period from one to a few hours: the
main phase. The storm concludes by a slow recovery
over hours to tens of hours: the recovery phase.

The SSC is understood as being the effect of a com-
pression of the front side of the magnetosphere by
enhanced solar wind pressure. The depression of the
magnetic field during the main phase was explained by
Singer as the effect of a ring current carried primarily
by energetic ions. It decays due primarily to charge-
exchange, Coulomb interaction and wave-particle
interaction processes associated with neutral particles
in the volume of space occupied by the ring current
particles.

It was found that the direction of the north-south
component of the interplanetary magnetic field (IMF)
regulates the growth and decay of the ring current. In
fact it became possible to reproduce successfully the
growth of the ring current, i.e., variations of Dst, using,
as input, only the component of the interplanetary elec-
tric field in the ecliptic plane normal to the Sun-Earth
line: see Burton et al. (1975). It was further recognized
that the initial phase simply represented a period of time
after the onset of the SSC during which the IMF was
oriented northward, i.e., little energy was entering the

magnetosphere regardless of the speed andnumber den-
sity of particles in the solar wind. More importantly, it
was suggested that an SSC is not a necessary condition
for a storm to occur and hence the initial phase is not
an essential feature to be a geomagnetic storm (Joselyn
and Tsurutani, 1990). In fact, the only basic element of
a storm is the significant development of a ring current,
that is the existence of the main phase.

The major question which then arises regarding
the nature of magnetic storms involves the physical
processes leading to the growth of the ring current.
This question was apparently answered by Akasofu
and Chapman (1961) who noted that during the main
phase, there was violent auroral electrojet activity in the
midnight sector with the amplitudes of the disturbances
there far exceeding the magnetic perturbation associ-
ated with the ring current itself. These disturbances at
auroral latitudes, i.e., polar substorms, were in some
way thought to be responsible for the growth of the
ring current. It was later shown that the storm time
ring current was carried by energetic ions with energies
typically in excess of several tens of keV (see Williams,
1987). The question of how ring current particles
attain their energies and whether substorms play an
important role in that process are still open. In other
words, the relationship between substorms and storms
is currently poorly understood, and therefore basic
questions remain unanswered regarding the hypothesis
of whether a magnetic storm is simply a superposition
of intense substorms (Akasofu, 1968).

In recent times it has become clear that during ge-
omagnetic storms, significant amounts of atomic oxy-
gen are transferred from the auroral ionosphere into the
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plasma sheet and ultimately form a significant compo-
nent of ring current population. Since charge exchange
processes affect oxygen ions and protons differently, the
observed decay of the ring current can reflect the differ-
ent behavior of the components of the ring current due
to the two ion species.

The description of storm manifestations can be
found in the reviews by, for example, Feldstein (1992),
Gonzalez et al. (1994), Kamide et al. (1998), Daglis
et al. (2003), and Maltsev (2004) and proceedings of the
conferences, such as Tsurutani et al. (1997; 2006) and
Sharma et al. (2004).

14.3 Ring Current as a Dominant Signature
of Geomagnetic Storms

The Dst decrease, which is the main manifestation of
geomagnetic storms, is caused by the ring current en-
circling Earth. The growth of the ring current begins
with the so-called injection of particles into the inner
magnetosphere from the magnetotail. The ring current
is carried primarily by energetic ( –  keV) ions in
L �  – . The concept of trapping charged particles in
the magnetic field by, e.g., Störmer and Singer, was un-
derstood well before the discovery of trapped radiation
by Van Allen. See textbooks for charged-particle mo-
tions under the influence of magnetic and electric fields
in the magnetosphere.

The principal property of a geomagnetic storm is the
creation of an enhanced ring current, producing a de-
crease in the horizontal component of the geomagnetic
field on the Earth’s surface. The strength of this per-
turbation on the Earth’s surface is approximately given
by the so-called Dessler–Parker–Sckopke relationship
(Dessler and Parker, 1959; Sckopke, 1966):

ΔB�B = E�Em (14.2)

where ΔB is the field decrease at the center of the Earth
caused by the ring current, B (�. gauss) is the aver-
age equatorial surface field, E is the total energy of the
ring current particles, and Em (= � ergs) is the total
magnetic energy of the geomagnetic field outside Earth.
According to the above relationship, the Dst value is, in
a first approximation, linearly proportional to the total
energy of the ring current particles. This is the reason

why the Dst index is being used practically as a mea-
sure of the magnitude of geomagnetic storms. Vasyli-
unas (2006) showed that the Dessler–Parker–Schopke
formula can be generalized to include the effect of iono-
spheric currents.

Parker (1957) established a hydromagnetic formal-
ism, relating the magnetospheric currents to particle
pressures both parallel and perpendicular to the mag-
netic field. The total current j summing over motions
of individual particles is: j = jD + jc, where jD is the drift
current caused by the magnetic field gradient and field
line curvature, and jc is the current driven by gyration
effects within the particle distribution.

Following the discovery by IMP-1 that the Earth’s
magnetic field is consistently confined and distorted by
the solar wind, various plasma regions in the magneto-
sphere, including the ring current and the plasma sheet,
were identified. As energetic particles are injected into
the inner magnetosphere on the night side, they are in-
fluenced by forces due to curvature and gradient of the
Earth’s magnetic field. Because of these forces, protons
drift westward from nightside toward dusk and elec-
trons drift eastward from nightside toward dawn, com-
prising the net effects as a ring current encircling Earth
westward. A geomagnetic storm is nothing but an en-
hancement of this ring current.

The ring current is not symmetric in local time.
Conducting extensive particle measurements in the
magnetosphere, Frank (1967) was the first who dis-
covered the asymmetric nature of the ring current.
Measurements of the differential energy spectrums of
protons and electrons over the energy range extending
from  eV to  keV were used. The total energy of
particles of this energy range was found to be sufficient
to account for the depression of the geomagnetic field
in terms of the Dst index. Figure 14.2 shows intensities
of protons as functions of L during the different phases
of a magnetic storm. It is evident that a severe increase
in proton intensities over  < L < . is apparent in the
main phase observations, with a maximum located near
L = ., and that by the recovery phase, this distribution
has substantially decreased in intensities with a peak
positioned at L = ..

It should be noted thatDst includes the magnetic ef-
fects not only of the symmetric ring current but of other
currents, such as ionospheric, field-aligned, and tail cur-
rents (e.g., Campbell, 1996). Using a numerical model-
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Fig. 14.2.Directional intensities of protons ( < E <  keV)
as functions of L during the pre-storm, main phase, recov-
ery phase, and post-storm periods of an intense geomagnetic
storm. After Frank (1967)

ing of various current systems, Alexeev et al. (1996) have
demonstrated that the ground effect of the tail current
during the main phase of geomagnetic storms can be of
the same order as the ring current. Dremukhina et al.
(1999) have applied this model to major geomagnetic
storms, showing that during the main phase, the contri-
bution of the tail current to Dst is roughly equal to that
of the symmetric ring current, although the ring current
becomes dominant during the recovery phase.

The role of ionospheric particles in the development
of the ring current during geomagnetic storms became
evident after the CHEM (charge energy mass) spec-
trometer onboard the AMPTE/CCE mission, which
was the first experiment to investigate the near-Earth
magnetotail with multi-species ion measurements
extending in the higher-energy (�  keV) range.
The great storm of February 1986 was studied by
Hamilton et al. (1988), showing that 60–% of the
ring current density near the maximum of the storm
was of ionospheric origin. The next opportunity for
multi-species measurements in the inner magneto-
sphere was provided by the MICS (Magnetospheric Ion
Composition Spectrometer) experiment onboard the
CRRES mission. Daglis (1997) studied the importance

of the ionospheric ion component in the ring current
during several storms observed by CRRES, showing
that during the main phase of great storms, the abun-
dance of ionospheric-origin ions (O+ in particular) in
the inner magnetosphere is extraordinarily high. The
outstanding feature was the concurrent development
of Dst and of the O+ contribution to the total particle
energy density: see Fig. 14.3 (Daglis et al., 1999).

The increased relative abundance of ionospheric O+

ions in the ring current during storms, besides influ-
encing the ring current enhancement, influences the de-
cay rate of the ring current, since the charge-exchange
lifetime of O+ is considerably shorter than the H+ life-
time for ring current energies. This implies that O+-
dominated ring current will decay faster. Such a fast ini-
tial ring current decay, associated with a large O+ com-
ponent during the storm main phase, has indeed been
observed: although “decay” of the ring current can also
occur as a result of the escape of energetic ions through
the dayside magnetopause. This O+ dominance coupled
with the observations that a significant fraction of H+

is also ionospheric in origin, suggests that the cause of
the ring current during great storms lies in the upward
acceleration of ionospheric ions along field lines asso-
ciated with the occurrence of intense substorms. Note,
however, that the relative importance of ionospheric-
origin and solar wind-origin ions varies considerably
from storm to storm.

14.4 Solar Wind Causes of Geomagnetic Storms

The evidence is overwhelming that solar wind dawn-to-
dusk electric fields drive intense geomagnetic storms:
see McPherron (1997). These electric fields are caused
by a combination of solar wind velocity and southward
IMF. Of these two parameters, the southward field is
probably more important because of its far greater vari-
ability. At least, two primary mechanisms are known to
be the main sources of enhanced dawn-to-dusk elec-
tric fields of substantial duration in the interplanetary
medium. They are interplanetary coronalmass ejections
(ICME) and corotating interaction regions (CIRs): see
Fig. 14.4a and b, respectively (Tsurutani and Gonzalez,
1997). CMEs are impulsive solar/coronal ejecta that oc-
cur near the maximum sunspot phase of the solar cycle.
Most geoeffective ICMEs are magnetic clouds, a subset
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Fig. 14.3. Time profile of the contribution of H+ and O+

to the total energy density of energetic ion population in
the outer ring current during the great geomagnetic storm
of March 1991 (top two panels) and the Dst index (bottom
panel). Adapted from Daglis, I.A., G. Kasotakis, E.T. Sar-
ris, Y. Kamide, S. Livi, and B.Wilken, Variations of the ion
composition during a large magnetic storm and their con-
sequences, Phys. Chem. Earth, 24, 229–232, 1999

of ejecta characterized by large north-south components
of the IMF. During the declining phase of the solar cy-
cle, on the other hand, coronal holes tend to dominate,
expanding from the polar regions to equatorial regions:
they emit fast plasma continuously, resulting in CIRs.

CMEs are distinct particle and field structures with
field orientations which are most numerous near solar
maximum, causing most major geomagnetic storms at
that phase of the solar cycle and possibly at other phases
as well (e.g., Gosling et al., 1991). The ejections that are
most effective in creating magnetic storms are known
to be the ones that are fast, with speeds exceeding the
ambient wind speed by the magnetosonic wave speed,
so that a fast forward shock is formed. As a fast plasma
and field structure propagates from the Sun through
interplanetary space, it sweeps up and compresses the
slower plasma and field ahead, creating a “sheath” be-
tween the shock and the interplanetary manifestation of
the ejecta.

Figure 14.4a illustrates the schematic of the regions
of possible intense IMF for such solar ejecta, in which
two types of possible satellite crossings, T1 and T2, are
shown. The sheath fields leading the fast ejecta often
contain substantial north-south field components, pos-
sibly due to compression and draping of the ambient
IMF over the ICMEs. Both the remnant ejecta fields and
plasma and those of the sheath can be geoeffective, de-
pending on the field orientations. Roughly % of fast
ejecta do not cause major storms, however, because of
the lack of large southward field components persisting
for three hours or longer.

During the declining phase of the solar cycle,
another type of solar/coronal event dominates. During
this phase, the coronal holes have expanded from
polar locations and extend into, and sometimes across,
the equatorial regions. Fast ( –  km�s), tenuous
plasma is continuously emitted from these solar re-
gions. Because these regions are long-lived and evolve
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Fig.14.4.(a) Schematic of amagnetic cloud region of intense IMF seen typically during solarmaximum.T1 andT2 are two types of
satellite crossings in the interplanetary structure. (b) Schematic of the formation of corotating interaction regions (CIRs) during
the descending phase of the solar cycle. The interaction between a high-speed stream (B) and a slow-speed stream (A) are shown
together with the CIR (shaded). The forward shock (FS), interface surface (IF), and reverse shock (RS) are also indicated. After
Kamide et al. (1998)

relatively slowly, they appear to “corotate” with the Sun.
If a coronal hole is near the ecliptic plane, the Earth’s
magnetosphere will be “bathed” in this stream once
per solar rotation. Typically, a heliospheric neutral
sheet/plasma sheet lies ahead of the fast stream in
interplanetary space. The characteristics of the plasma
sheet wind include low speed (� km�s) and high
density (tens of particles�cm). The interaction of the
fast stream with the slow stream ahead creates a CIR.
CIRs are bounded on the leading and trailing edges by
forward- and reverse-propagating compressional waves,
respectively. Figure 14.4b shows schematically the for-
mation of CIRs in which magnetic field fluctuations are
present in the high speed stream proper.

In addition to ICMEs and CIRs, there are “modula-
tors” that do not directly drive magnetic storms without
an ICME orCIR, but increase/decrease the geoeffective-
ness of the ICMEs and CIRs effects through the different

phases of individual geomagnetic storms, the sunspot
cycle, and seasons. A 27-daymodulation in geomagnetic
activity has been noted since the 19th century. This pe-
riodicity, attributed to solar regions called “M-regions”
by Bartels, was later discovered to arise fromhigh-speed
solar wind streams originating in coronal holes. While
ICMEs often contain sustained southward fields accom-
panied by fast wind speeds, the high-speed wind from
coronal holes generally has relatively low field magni-
tude and a radial orientation not conducive to produc-
tion of steady and substantial north-south fields. How-
ever, the interaction of this fast wind with slower, denser
streamer wind, forming a CIR, produces geoeffective
field compressions and deflections. Geomagnetic storms
associated with CIR-like plasma signatures rarely have
minimum Dst < − nT, and generally lack the sud-
den commencements often occurring for ICME-driven
storms.
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The coronal hole wind often holds continuous
Alfvénic activity, consisting of large-amplitude quasi-
periodic fluctuations in the IMF orientation, in-phase
with similar fluctuations in the flow direction, with
periods from tens of minutes to a few hours. In the
interplanetary region following CIRs, the southward
field components caused by these waves can cause
magnetic reconnection, small injections of plasma
into the magnetosphere, and prolonged recovery
phases of the storms. Events of this type are known as
“high-intensity, long-duration, continuous AE activity”
(HILDCAA) events (Tsurutani and Gonzalez, 1997).
Although the average Bz component in HILDCAAs
is zero, the half-wave induced reconnection in the
magnetospheric response results in a continuous
occurrence of substorms or other disturbances in the
magnetosphere.

14.5 Magnetospheric Geometry
During Geomagnetic Storms

The magnetic configuration in the magnetosphere
changes significantly during geomagnetic storms, with
the magnetic field lines at the nightside stretching,
magnetic flux in the tail increasing, and dayside polar
cusps shifting to lower latitudes.

14.5.1 Auroral Electrojets

The auroral electrojets are known to shift equatorward
drastically during geomagnetic storms. During the
main phase of intense storms, the westward electrojet
can cover the latitudes from � to � on the night
side, its total intensity reaching often as intense as
MA. The eastward electrojet flows in the dusk sector
at latitudes lower than those of the westward electrojet.
With Dst varying from 0 to − nT, the minimum
latitude appeared to lower down from � to �
(L changed from 7 to .), the rate of the equatorward
shift subsiding with storm intensity increasing.

Feldstein et al. (1997) suggested the following ap-
proximation for the corrected geomagnetic latitude Λ of
the westward electrojet center under Dst:

Λ = . + .Dst . (14.3)

Note that the AE indices underestimate the intensity
of the auroral electrojets during intense geomagnetic

storms because of the equatorward shift of the auroral
electrojets from the standard AE observatories.

14.5.2 Auroral Oval

The latitude of the particle precipitation regions, e.g. of
the auroral oval, also decreases as the storm develops.
The equatorward edge of the auroral oval can be ap-
proximated by a circle centered at midnight at the lat-
itude of � under quiet conditions and � under mod-
erately and strongly disturbed conditions (Starkov and
Feldstein, 1967). The radius of the circle exhibits a very
good correlation with Dst. Meng (1984) studied the be-
havior of the equatorward edge of the auroral oval in the
course of intense storms, revealing that the latitude of
this edge follows approximately the Dst variation.

The points in Fig. 14.5, taken from Starkov (1993),
indicate the observed latitudes of the equatorward edge
of the auroral oval in the dusk-to-midnight sector, the
dashed line being the least-squares approximation:

Λ = .� − . log �Dst� . (14.4)

The poleward boundary of the auroral oval also
moves to lower latitudes with storm intensifying,
although the correlation with Dst is lower than for
the equatorward boundary. There is a class of auroras
associated with energetic proton precipitation, which
also shifts equatorward.

Fig. 14.5.Latitude of the equatorward edge of the auroral oval in
the dusk-to-midnight sector versus storm intensity. The points
indicate observations, and the dashed line is the least-squares
approximation fit. After Starkov (1993)
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14.5.3 Standoff Distance

Up to distances of �RE downtail, the magnetopause
can be well approximated by an ellipsoid. The standoff
distance rs (the distance to the subsolar point) is con-
trolled mostly by the solar wind dynamic pressure p.
Under weakly disturbed conditions this distance can be
taken as (Roelof and Sibeck, 1993)

rs = rsa(pa�p)� (14.5)

where rsa � RE is the average standoff distance, and
pa � . nPa is the average solar wind dynamic pres-
sure. With the growth of geomagnetic activity, rs most
commonly decreases due to an increase in p and other
factors. Dayside magnetospheric erosion, defined as in-
wardmagnetopausemotion under invariable solar wind
dynamic pressure, is a phenomenon closely connected
with a storm time decrease of the cusp latitude. A de-
crease in rs under p being constant begins once the IMF
turns southward.

A minimum standoff distance rs = .RE was
reached during the strongest storm of the 20th century
on March 13, 1989, when Dst was as low as − nT.
During a storm on February 8–9, 1986 the dayside
magnetopause was detected at .RE (Hamilton et al.,
1988), Dst being − nT.

Rufenach et al. (1989) studied 64 magnetopause
crossings by a geosynchronous satellite (r = .RE).
Although the exact location of the subsolar point was
not known because MLT of the crossing sites varied
from 06 to MLT, it can be inferred that the average rs
was smaller than .RE, considering that the subsolar
point is nearer to Earth than any other magnetopause
point. The average Dst for these 64 crossings was− nT, and the average solar wind dynamic pressure	p
 �  nPa.

14.5.4 Stable Trapping Boundary

The main energy content of the ring current is provided
by 10 to  keV protons. The ring current is formed
by trapped particles. Under stationary conditions, the
drift trajectory of the particles with � pitch-angle is
described by the equation qΦ + μB = constant, where q
is the charge of a particle, Φ is the electric potential,
μ = w��B is the magnetic moment (the first adiabatic
invariant), and w� is the energy of a particle perpen-
dicular to the magnetic field B. For energetic particles,

which are weakly influenced by the electric field, the
drift trajectories in the equatorial plane coincide nearly
with the contours B = constant. It should be pointed
out, however, that in the ring current region the elec-
tric field is reduced due to the shielding effect of the
field-aligned currents. For energetic particles with �
pitch-angle, the stable trapping boundary is the con-
tour B = Bs, Bs being the magnetic field at the subso-
lar point. This boundary is somewhat different for par-
ticles with other pitch-angles, but we can consider that
the majority of the trapped particles are inside the con-
tour B = Bs.

During intense magnetic storms this contour ap-
proaches Earth. On the nightside the contour B = Bs
is displaced from RE under quiet conditions up to RE
under Dst = − nT. A decrease in the stable trap-
ping area leads to contraction of the radiation belts. Un-
der quiet conditions maximum flux of high-energy (E �
MeV) electrons is observed at L � . With storm in-
tensifying, however, the high-energy electron belt is ap-
proaching Earth.

14.6 Storm-TimeMagnetic Fields and Electric Fields
in the Magnetosphere

14.6.1 Spatial Distribution of the Electric Currents

The overall pattern of large-scale electric currents in-
cludes the magnetopause currents and the currents in-
side the magnetosphere, both transverse and aligned to
the magnetic field. The magnetopause currents shield
magnetic fields associated with the sources inside Earth.
There are two regions of the large-scale field-aligned
currents (FACs): the Region 1 FACs, flowing at the po-
lar cap boundary, and the Region 2 FACs at the equator-
ward edge of the auroral oval.

The currents that are transverse to the mag-
netic field, are confined to the near-equatorial layer,− < z < RE. Maltsev and Ostapenko (2004) used
the database of Fairfield et al. (1994) to restore the
spatial distribution of the currents under various levels
of Dst. The results are shown in Fig. 14.6. One can
see that the longitudinal distribution of the westward
electric current is quite asymmetric in the day-night
direction, the nightside current intensity being several
times greater than that at the dayside. The dawn-dusk
asymmetry is rather weak. The radial distribution is not
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Fig. 14.6. Isocontours of the eastward current flowing in the layer − < zSM < RE. The currents are expressed in kA�RE. Negative
contour levels indicate that currents flow westward. After Maltsev and Ostapenko (2004)

very sensitive to either geomagnetic activity or solar
wind conditions, with the maximum current located at
 − RE. The following approximations were obtained
for the total westward current flowing between radial
distances of 4 and RE at the nightside and dayside,
respectively

Inight(MA) = . − .Dst , (14.6)
Inoon(MA) = . − .Dst . (14.7)

Note that the model of Tsyganenko (2002) predicts
nearly a consistent response of these currents to Dst:
dInight�dDst = −., dInoon�dDst = −..
14.6.2 Contribution of Different Current Systems to Dst

There are basically five types of magnetospheric
currents, as schematically shown in the left panel of
Fig. 14.7: the magnetopause currents shielding the
magnetic field of the Earth’s dipole; symmetric ring
current; magnetotail current system including the
cross-tail current and closure currents on the magne-
topause; Region 1 FACs closed in the ionosphere and
on the magnetosphere flanks or in the solar wind; and
Region 2 FACs closed through the partial ring current.
Each of the five basic current systems is closed. One can
see from the right column that, except for the Region 1
FACs, all current systems contribute to Dst, i.e.

Dst = k(δBmp + δBRC + δBct + δBpr) (14.8)

where the four quantities on the right-hand side des-
ignate the variations of magnetic disturbances at the
Earth’s center produced by the divergence-free part of
the magnetopause currents, symmetric ring current,
cross-tail current along with the closure currents on the
magnetopause, and partial ring current, respectively;
and k (� .) is related to the induction currents within
Earth.

The magnetic field of the shielding current on the
magnetopause can be found from the Mead (1964)
model: Bmp

z () � .Bs, where Bs is the magnetic field
at the subsolar point on the magnetopause. The field Bs
can be obtained from the pressure balance condition as
Bs = �μpsw, in which μ is the magnetic permeability
of vacuum, and psw is the solar wind pressure at the
stagnation point that is nearly equal to the dynamic
pressure of the solar wind protons.

Note that the noon-side current (14.7) presents
the purely symmetric part of the ring current, without
a contribution of either partial ring current or cross-tail
current. A symmetric ring current of MA magnitude
flowing at distance of RE produces the disturbance
Brc
z () � − nT at the Earth’s center. Multiplying (14.7)

by −, we have
Brc
z () = −. + .Dst . (14.9)
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Fig. 14.7a–e.Electric currents (the left column, equatorial plane)
and the corresponding magnetic fields (the right column,
noon-midnight meridian plane) of the five basic current sys-
tems. From top to bottom: (a) the divergence-free part of the
magnetopause currents, (b) symmetric ring current, (c) cross-
tail current (the closure currents on the magnetopause are not
shown), (d) Region 1 FACs, and (e) Region 2 FACs with the
partial ring current
�

With the induction currents (k � .) included, we ob-
tain the ground magnetic effect to be

kBrc
z () = −. + .Dst (14.10)

indicating that the contribution of the symmetric ring
current to Dst turns out to be %.

Subtracting (14.7) from (14.6) we can obtain the
sum of the partial ring current (PRC) and near-Earth
cross-tail current (NCT)

IPRC + INCT = . − .Dst . (14.11)

Assuming that this combined current is confined within
18 to 06 local time sector in the nightside, at distance of
6 RE, each MA of the current produces a disturbance of− nT in the Earth’s center or −� . (= k) = . nT on
the Earth’s surface at low latitudes. The corresponding
relationship of the disturbance toDst becomes the form

k �BPRC
z + BNCT

z  = − + .Dst . (14.12)

Consequently, the total contribution of the partial ring
and near-Earth cross-tail currents to Dst is about %.
Using the paraboloid magnetospheric model, Alexeev
et al. (1996) and Dremukhina et al. (1999) predicted
about % contribution of the magnetotail current to
Dst.

The contributions of various currents to Dst can be
evaluated not only frommagnetic data but also from en-
ergetic particle observations. In particular, the symmet-
ric ring current effect can be estimated from the well-
known Dessler–Parker–Sckopke formula (Dessler and
Parker, 1959; Sckopke, 1966)

Brc
z () = − μ

π
ERC

ME
(14.13)
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in which ERC is the total energy of the particles trapped
in the dipolar magnetic field, andME is the Earth’s mag-
netic moment. This is equivalent to Eq. (14.1). The total
energy is given by

ERC = �
V

wdV

where w is the plasma energy density, and dV is the el-
ementary volume.

The energy density is related to pressure as

w = p� + 

p��

with p� and p�� being the perpendicular and parallel (to
the magnetic field) pressure, respectively. Under quiet
conditions, these quantities are maximum near L = 
(p� �  nPa, p�� �  nPa) both in daytime and night-
time (Lui and Hamilton, 1992). At L =  the pressure
turns out to be nearly isotropic (p� � p�� �  nPa).

A statistical test of relation (14.13) was performed
by Greenspan and Hamilton (2000). During 80 storm
events, AMPTE/CCE registered the energy content ERC
at distances from L =  to L = . Figure 14.8 shows the
result of the Dst dependence on ERC. The left panel cor-
responds to the 40 storms during which the satellite was
located on the nightside, while the right panel is referred
to the 40 storms with the measurements performed on
the dayside. One can see the lack of any correlation be-
tween the dayside energy content and Dst, but at the
nightside there is a high correlation. We should keep in
mind that it is solely the symmetric ring current that
flows on the dayside, while on the nightside, there are
also cross-tail and partial ring currents. The right panel
of Fig. 14.8 suggests that the symmetric ring current is
practically not related to Dst and can hardly be consid-
ered as a principal cause of the geomagnetic depression.

The second statistical test of (14.13), performed by
Turner et al. (2001), yields somewhat different results.
The authors restore the total energy content ERC in four
MLT sectors from particle observations by the POLAR
satellite. Their statistics included more than 1000 satel-
lite passes through the ring current region along the po-
lar orbit at altitudes from � to �RE. The time period
covered was two and a half years. For moderately dis-
turbed conditions (Dst � − nT), Turner et al. (2001)
revealed nearly symmetric ring current, which provided
% contribution toDst. For stormswithDst = − nT,

the ratio between the dayside and nightside currents is
reduced, so that the symmetric ring current contribu-
tion to Dst dropped to %.

Presumably, the discrepancy between the results of
the two extensive statistical studies can be attributed to
the different types of satellite orbits. The AMPTE/CCE
orbit was near the equatorial plane, so that all the
trapped particles at a given L-shell were included.
POLAR, whose orbit is limited in the meridian plane,
however, could observe only part of the trapped
particles.

14.6.3 Storm-Time Electric Fields in the Magnetosphere

The spatial distribution of the electric potential con-
sists primarily of two cells, with maximum/minimum
located at the dawn/dusk polar cap boundary.On the ba-
sis ofDynamics Explorer-2 (DE2) observations,Weimer
(1995) constructed the ionospheric potential distribu-
tions for various IMF clock angles in the GSM system:
see Fig. 14.9. The necessary condition for the initiation
of the storm main phase is a prolonged southward IMF
of large values, so that the electric potential distribution
in the bottom row of Fig. 14.9 is typical for storm con-
ditions.

The potential drop U between the centers of the
dawn and dusk cells grows with the southward IMF in-
creasing. In the study of Doyle and Burke (1983) the fol-
lowing empirical relation was obtained:

U(kV) = . + Ey(mV�m) (14.14)

where Ey = −VBz is the duskward component of the in-
terplanetary electric field, and V is the solar wind speed.

According to Boyle et al. (1997), however, the ap-
proximation that fits best has the form

U = −V  + .B sin(θ�) (14.15)

inwhich B is the IMFmodulus,V is the solarwind speed
in km/s, and θ = arccos(Bz�B)GSM.

During moderate storms the potential drop across
the polar cap varies in a certain range, with the average
value rarely exceeding  kV and only rarely reaching
 kV. At the main phase of a storm on July 8–9, 1991
(Dstmin = − nT), the value of U was greater than
 kV, according to DMSP observations in the inner
magnetosphere (Wilson et al., 2001). Magnetospheric
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Fig. 14.8. The Dst index versus the energy content (dots)
according to AMPTE observations: (Left) at the night-
side, (Right) at the dayside. The solid lines present the
dependence expected from the Dessler–Parker–Sckopke
formula with the amplifying coefficient k = . due to
the induction currentswithin Earth. AfterGreenspan and
Hamilton (2000)

observations show at times a significant enhancement of
the electric field during superstorms. A very strong rel-
ative increase (nearly 60 times) in the electric field was
observed by CRRES during a storm on March 24, 1991
(Wygant et al., 1998).

14.7 Discussion on Open Issues
of Geomagnetic Storm Dynamics

14.7.1 Influence of the Solar Wind Parameters on Dst

In examining storm time behavior of Dst, we recognize
that this index is typically presented as a sum of the
rapidly and slowly varying components as

Dst = DCF + Dst� (14.16)

whereDCF includes the rapidly varying (on a time scale
of a few minutes) component, which is controlled by
the solar wind dynamic pressure; and Dst� is the com-
ponent varying on the time scale of more than several
hours. It is generally accepted that

DCF = a
�

pdynsw (14.17)

where a is a coefficient and pdynsw is the dynamic pressure
of the solar wind protons. In the study of O’Brien and
McPherron (2000) using observations over the period
of 30 years, it is shown that the value of a amounts
to . nT�(nPa)�. During storms occurring under
southward IMF, the value of a decreases by a factor of 2.

The behavior of the slowly varying component of
Dst is commonly described by the following differential
equation:

dDst�

dt
= Q − Dst�

τ
(14.18)

where τ is the relaxation time, and Q is the coupling
function (i.e., the rate of energy injections) resulting
from solar wind-magnetosphere coupling. Burton et al.
(1975) found that Q is linearly proportional to the
duskward component of the solar wind electric field.
Later a number of studies were performed aiming to
relate the coupling function to other solar wind param-
eters. Table 14.1 summarizes the principal features of Q
and τ for the main phase (τmp) and recovery phase (τrp)
of storms.

From Table 14.1 one can see that there is a deal of
controversywith regard to the functional forms ofQ and
τ. An attempt was made tominimize this misleading ef-
fect by Maltsev and Rezhenov (2003). For this purpose
one can treat the relationship between dDst��dt and
a certain solar wind parameter with all the others vary-
ing in a narrow range. More than , hourly values
of the solar wind observations from the OMNI database
were processed. It was found that (1) τ is governed by
the electric field component Er

y = −VBs, not by Dst�,
(2) a dependence of dDst��dt on the solar wind speed
persists both for southward and northward IMF, (3) no
noticeable correlations with the solar wind density or
horizontal IMF component were revealed, and (4) the
dependence on the ε parameter under the electric field
Er
y = −VBs being fixed appeared to be weaker than that

on the electric field Er
y under constant ε. The results can

be presented asQ = .−Er
y (.+Dst��.)−V�

and τ = . hrs. Most of the results presented in Ta-
ble 14.1 suggest nearly linear coupling ofDst with the so-
lar wind parameters and strongly non-linear decay, de-
pendent on bothDst and Q. However, the technique for
calculating Q and τ does not seem to yield a unique so-
lution, and we may have to enforce non-linear coupling
and linear decay.
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Fig. 14.9.The potential distribution in the high-latitude ionosphere as a function of the IMF clock angle. After Weimer (1995)

14.7.2 Influence of the Substorm Expansion Phase on Dst

A substorm is a magnetospheric process of energy ac-
cumulation in the magnetotail as a result of solar wind-
magnetosphere coupling, followed by a subsequent ex-
plosive release of energy onto the polar ionosphere and
into the inner magnetosphere (Rostoker et al., 1980).
A typical substorm lasts from 1 to 3 hours. The stage
of the energy accumulation, i.e., the growth phase, is ac-

companied by stretching ofmagnetic field lines tailward.
The expansion phase is signified by dipolarization of the
magnetospheric magnetic field, and by a sudden bright-
ening of the auroral arcs and their rapid expansion pole-
ward and westward and intensifications of the auroral
electrojet in the ionosphere. Field-aligned currents in-
creasewith the onset of substorm expansion phase. They
supply energized O+ ions of ionospheric origin to the
ring current, so that O+ ions often become a dominant
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Table14.1.Coupling functionQ, which relates theDst index to solarwindparameters, and relaxation timesof the storm-associated
currents τmp and τrp for the main and recovery phases, respectively, as summarized by different studies

No Reference Q τmp τrp

 Pudovkin et al. () Q = −. + .V(. − Bz) − τ = . + .e−Q�. τ = . + . �Dst��
for V(. − Bz) � . � 

Q =  nT�hr
for  � V(. − Bz) � . � 

Q =  for  � V(. − Bz) < 

 Feldstein () Q = . � −V (Bz − .σ) Weak and moderate storms
− . � − (V − ) + . (Dst� � − nT):
for V(Bz − .σ) < − τ = . + e.Q τ = . + e. Dst

Q = − . � − (V − ) Strong storms (Dst� < − nT):
for V(Bz − .σ) � − τ = . + e.Q τ =  + .e. Dst

 Gonzalez et al. () Q 	 −ε τ =  hr for Dst � − nT
τ = . hr for − � Dst � − nT
τ = . hr for Dst < − nT

 Valdivia et al. () Q = −.Er
y τ = .�( − .Dst�)

 O’Brien and McPherron () Q = −. (Ey − .) for VBs � . mV�m τ = . exp 
.� �. + Er
y�

Q =  for VBs < . mV�m

 Maltsev and Rezhenov () Q = . − .Er
y −V� τ = .�( + .Er

y)
Q is expressed in nT/hr; τ is in hrs, Bz and Bs as well as the IMF variability σ are in nT; the electric field component Ey = −VBz

is in mV�m, the solar wind velocity V is in km�s; the quantity Er
y = −VBs is the duskward electric field component; Bs is the

southward IMF component in the GSM coordinates, with adopting Bs = Bz under Bz <  and Bs =  under Bz � ; and
ε = VB sin(θ�) l o where B is the IMF modulus, θ = arctan(By�Bz), and lo � RE is the effective transverse size of the
magnetosphere

ring current component in substorm periods (Daglis
et al., 1997).

Nearly all storms at themain phase are accompanied
by intense substorms. Among rare storm events not ac-
companied by substorms are those occurred, for exam-
ple, on November 24, 1981 (Yahnin et al., 1994) and on
July 15, 1997 (Zhou et al., 2003).

A statistical study of storm-substorm relationships
was presented by Iyemori and Rao (1996). Using the su-
perimposed epoch analysis of more than 100 substorms,
they built average SYM-H index that is a one-minute res-
olution analog ofDst, having taken the substorm expan-
sion onset for a zero moment. The result is shown sepa-
rately for substorms at the storm main phase and those
at the recovery phase, but for both phases, SYM-H (or
Dst) was found to show a slight weakening after the ex-
pansion onset of substorms.

Huang et al. (2004) examined a number of samples
of magnetic field dipolarization associated with sub-
storm onsets in the nightside magnetosphere, showing
that all of them lead to a noticeable increase in Dst by
 –  nT, i.e. to storm subsiding.

These observations have led a number of researchers
to the conclusion that there is no direct relation be-
tween substorms and storms, although both phenomena
develop under the same condition, namely, the south-
ward IMF. The average substorm initiates under IMF
Bz � − nT, while the main phase of the average storm
proceeds under IMF Bz � − nT. This implies that an
average storm is accompanied by substorms with the
intensity higher than the average intensity. Although
the ring current must be strengthened by energized ion
injections from the magnetotail and ionosphere, this
strengthening can be overwhelmed by the competing
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effect of magnetotail current reduction at substorm ex-
pansion onsets. This can explain why the resulting geo-
magnetic depression, as measured byDst, weakens after
substorm explosive onset.

14.7.3 What Causes Storm-Time Equatorward Shift

of the Auroral Oval?

It is generally accepted that the equatorward edge of the
auroral oval at the nightside is coincident with the outer
boundary of the trapping region of energetic electrons.
In Fig. 14.10, the region of the trapped energetic elec-
trons is shown to be confined to the inner magneto-
sphere, while the auroral oval is associated with more
distant magnetospheric domains. We should then ex-
plain why the boundary between the inner and outer
magnetospheric regions moves earthward during mag-
netic storms. Within the framework in Fig. 14.10, such
a reconfiguration of the magnetosphere is caused by the
large-scale currents in the magnetosphere.

It is clear from Fig. 14.7 that the FACs produce
mostly a longitudinally asymmetric distortion of the
trapping region boundary, without changing signif-
icantly its radial size. In the model of Alexeev et al.
(2000) the Region 1 FAC, whose intensity is MA,
displaces the auroral oval sunward by � on the dayside
and by � at night. The shielding currents on the
magnetopause are capable of decreasing the extent of
the inner magnetospheric region but cannot change

Fig. 14.10a,b. Magnetospheric model used in the calculations
of storm time geomagnetic depression: (a) equatorial plane,
(b) view from the duskside. S is the equatorial cross-section
of the inner magnetosphere confined by the contour B = Bs,
Bs being the magnetic field in the subsolar point on the mag-
netopause. F is the magnetic flux in the outer magnetosphere.
The outer magnetosphere contains both the closed magnetic
field lines of the plasma sheet and open field lines of the mag-
netotail lobes

noticeably its ionospheric projection. Thus a signifi-
cant decrease in the auroral oval latitude can only be
achieved by redistribution of the magnetic flux in the
magnetosphere, specifically by its enhancement in the
outer magnetosphere.

The first attempt to interpret such amagnetic flux re-
distribution in terms of the ring current (Siscoe, 1979a)
indicated that such a redistribution could be accom-
plished only if the ring current flew beyond the stable
trapping region. In other words, it is the cross-tail cur-
rent that should be considered as an ultimate cause of
this effect. In Siscoe (1979b) the contribution of the ring
current, defined as a current flowing within the stable
trapping region, to the observed storm time enhance-
ment of the magnetic flux in the polar cap was estimated
as only %. Schulz (1997) suggested that every  nT
of the magnetic disturbance in the Earth’s center asso-
ciated with the ring current (or  nT with the induc-
tion currents inside the Earth included) can displace the
auroral oval toward the equator by �. From Fig. 14.5,
however, it is seen that in reality this displacement is, at
least, two times greater.

The reason why the ring current can only slightly af-
fect the magnetic flux redistribution between the inner
and outer magnetosphere is that the area of the mag-
netic depression region, associated with the ring cur-
rent, is rather small, compared to that of the cross-tail
current.

The total effect of all magnetospheric currents can
be expressed as follows (Maltsev et al., 1996):

Bext
z () = 


�
μpsw + Brc

z () − F
S

(14.19)

where psw is the solar wind dynamic pressure in the
stagnation point on the magnetopause, and Brc

z () is
the magnetic field of the ring current; and the physical
meaning of the magnetic flux F and cross-section S is
illustrated in Fig. 14.10.

The high-latitude magnetic flux can be written as

F = πR
E (Be) sin θa (14.20)

where Be = , nT is the dipole magnetic field at
the Earth’s equator, θa is the colatitude of the equator-
ward edge of the auroral oval averaged over longitude.
The area of the equatorial cross-section S is equal to
S = πrs , where rs is the radius of the contour B = Bs.
In the case of dipolar magnetic field, rs = RE� sin θa.
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For strong storms, however, this expression transfers to
rs = (�)RE� sin θa (Maltsev et al., 1996). As a result,
we have for storm-time conditions

S = 


πR
E

sin θa
. (14.21)

The equatorward boundary of the auroral oval can be
approximated by a circle centered at latitude of � at
midnight during disturbed periods, i.e.,

Λ = � − θa . (14.22)

By combining (14.19) through (14.22), one can obtain
the relation of Λ to Dst = kBext

z (). The solid lines in
Fig. 14.11 show the dependence Λ (Dst) for two levels
of the solar wind dynamic pressure: psw =  and  nPa.
The dashed curve shows the observed dependence from
empirical formula Eq. (14.3). It is seen that the observed
dependence is close to the calculated one, indicating that
the cross-tail current, or the magnetic flux in the tail,
is as important as the ring current. A major role of the
magnetotail currents in the storm time decrease of the
auroral oval latitude has also been pointed out by other
observations.

14.7.4 Why Does the IMF Southward Component

Affect Dst?

A theoretical framework for the coupling function Q
has been developed by Arykov and Maltsev (1996) who
concentrated on the magnetotail current effect on Dst,
by including the cross-tail current, closure currents on
the magnetopause, and the partial ring current. During
storms, the third term (−F�S) on the right-hand side
of (14.19) dominates. Having differentiated (14.19)
with respect to t and keeping in mind that, according
to (14.20) and (14.21), S is proportional to F−, we
have

dBext
z ()
dt

= − 
S
dF
dt

. (14.23)

It is well known that the magnetic flux in the tail grows
when the IMF is southward. According to (14.23), this
results in strengthening the geomagnetic depression
kBext

z (). The high latitude magnetic flux satisfies the
Maxwell equation

dF
dt

= C (14.24)

whereC is the electric field circulation along the contour
B = Bs, which separates the inner and outer magneto-
spheric regions: see Fig. 14.10. The circulation C can be
divided into the dayside and nightside portions:

C = Cday + Cnight . (14.25)

For the dayside portion we adopt

Cday = U (14.26)

whereU is the convection-associated potential drop be-
tween the dawn and dusk boundaries of the inner mag-
netosphere. The nightside portion Cnight can be pre-
sented as

Cnight = −F − F
τF

(14.27)

where F is the undisturbed quantity of the flux, τF is the
relaxation time. With the induction currents inside the
Earth included, the geomagnetic disturbance H is

H = kBext
z () (14.28)

where k � .. The potential U is equal to

U = χUPC (14.29)

where UPC is the convection potential drop between
the dawn and dusk flanks of the whole magneto-
sphere, which map onto the polar cap boundary, and
χ is a certain coefficient (χ < ). After substituting
(14.24)–(14.29) into (14.23), we have

dH
dt

= Q − 
H
τF

− k
F
SτF

(14.30)

where
Q = −kχUPC

S
(14.31)

is the coupling function, which relates the magnetotail
current to the solar wind conditions.

Numerous studies have explored a statistical rela-
tion between the UPC and solar wind parameters: see
Table 14.1. To compare this theoretical elaboration with
observations, we can use empirical formula (14.14)
by Doyle and Burke (1983). Substituting (14.14) into
(14.31), with k = ., χ = ., and S = . �  m

(corresponding to the circle with a radius of .RE),
we obtain Q(nT�hr) = −.Ey(mV�m) − . One
can see that the thus calculated coupling function is
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Fig. 14.11. Latitude of the equatorward edge
of the auroral oval Λ versus magnetic storm
intensity. The solid lines indicate the calcula-
tions, and the dashed line refers to the obser-
vations byFeldstein et al. (1997).AfterMalt-
sev et al. (1996)

close to what O’Brien and McPherron (2000) found
empirically. Thus, it is quite possible that the relation
of geomagnetic depression to solar wind parameters be
almost entirely interpreted in terms of the magnetotail
current system.

From comparing (14.18) with (14.30), we can see
that τ = τF�. That is, the decay of the storm time geo-
magnetic depression is related to relaxation of the mag-
netic flux in the tail. A theoretical framework for this
process has yet to be developed.

14.8 Summary

Space storms, or geospace storms, are multi-faceted
phenomena that occur in the entire solar-terrestrial
environment. In this sense, geomagnetic storms are
only one of the manifestations of space storms. Begin-
ning with a brief description of the average character

of geomagnetic storms along with some historical
account, this chapter describes magnetospheric-wide
dynamical changes during geomagnetic storms,
which are caused directly and indirectly by the
solar wind. Several unsolved questions are also dis-
cussed.
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FROM IGY TO eGY: THE IMPORTANCE OF REAL-TIME 

DATA IN SPACE PHYSICS
*
 

Y. KAMIDE 
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Nagoya, Aichi 464-8601, Japan 
kamide@stelab.nagoya-u.ac.jp 

Reviewing the history of space physics, particularly of solar-terrestrial relationships, over 
the last fifty years from its birth at the International Geophysical Year (IGY, 1957-1958), 
this paper emphasizes the importance of collecting data from space and from around the 
world and processing these data, all in real time.  These real-time data are essential to run 
computer simulations under realistic boundary conditions and thus to make space 
weather predictions.  The availability of real-time data combined with real-time 
simulations not only changes the practical style of research but also changes the concept 
of solar-terrestrial physics in such a way that it becomes increasingly imperative to 
understand the whole spectra of processes, especially coupling between different plasma 
regions and coupling between large-scale and small-scale processes.  It is quite timely 
that the scientific community is planning to conduct the electronic Geophysical Year 
(eGY), because this international enterprise is harmonized with the rapid growth in 
modern networking technologies and high-quality observation techniques. 

1.   Introduction 

When the author entered the graduate school of the University of Tokyo, one of 
the first subjects he learned about the Earth’s magnetosphere and its dynamics 
was through the Axford/Hines theoretical model of plasma convection.  Figure 1 
shows a schematic illustration of the convection model Axford and Hines1 
published in 1961.  They proposed that plasma convection in the magnetosphere 
must be driven through viscous-like interactions between the solar wind and 
magnetospheric plasmas, resulting in two large-scale vortices centered in the 
dawn and dusk hours of the magnetosphere.  It was suggested that the driving 
force of large-scale convection motion is associated with the tangential stress 
exerted by the solar wind on the magnetospheric surface, which was called 
viscous-like interactions between solar wind and magnetospheric plasmas. 

                                                           
* Based on the First Axford Lecture, delivered on July 10, 2006 at the occasion of the Third Annual 

Meeting of the Asia and Oceania Geosciences Society held in Singapore. 
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Figure 2a is a projection of the convection pattern onto the polar ionosphere, 

consisting again of two vortices.  Figure 2b is the convection pattern in the 
ionosphere calculated primarily from ground-based magnetometer data using a 
magnetogram-inversion technique:  see also Figure 9.  In both plots the so-called 
twin-vortex patterns consisting of high and low potential vortices in the morning 
and evening sectors, respectively, can clearly be identified, although some 
deformations in Figure 2b represent individual complications.  Some of the 
deformations originate from inhomogeneities in the ionospheric conductivity, 
indicating that the ionospheric convection is not a simple geometrical projection 
of magnetospheric convection along magnetic field lines.  In a sense, what many 
scientists in the field have been doing over the last 40 years is chasing the 
Axford/Hines convection model by different means, such as radar, satellite and 
ground-based measurements. 

The present author is one solar-cycle younger than Axford.  That is, when 
Axford began his doctoral studies in 1957 at the beginning of the International 
Geophysical year (IGY), I was an elementary school boy in Sapporo, Japan.  
Fifty years ago, as I was about to enter a junior high school, I was fascinated by 

 
 
Fig. 1.  Streamlines of plasma convection in the equatorial plane of the magnetosphere, proposed by
Axford and Hines in 1961.  After Axford (1964). 
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spectacular natural phenomena and was trapped by a number of questions 
surrounding us, such as why ocean waves get excited even without strong winds, 
what is the cloud formation mechanism generating different shapes, how light 
from the Sun travels the long distance to the Earth, and how auroras are formed.  
During the course of my “elementary school and junior high school” years, 
which coincided with the IGY, I faced many interesting articles in newspapers 
and science magazines about space and Antarctic expeditions:  TV was not 
popular at all at that time.  Exciting to a young boy, these did bring much new 
knowledge about solar-terrestrial relationships into my world.  For example, I 
was very curious about auroral displays.  Why are auroras most active on the 
nightside when the Sun is on the dayside?  It was about that time that I, more or 
less, decided that I wanted to be an Earth and space research scientist when I 
grew up. 

Looking back over the history of space physics, this paper presents the 
author’s personal view on the importance of conducting well-organized space-
ground observations and of handling the resulting data products in real time.  
The author does not pretend that this paper is unbiased toward the author’s own 
experience, but he tries to recount some of the major accomplishments which 
have led to our present ability of specifying, as well as forecasting, the state of 
the magnetosphere-ionosphere system on the basis of solar wind observations. 

 

 a b  
Fig. 2a.  Projection of magnetospheric convection onto the polar ionosphere.  Points A and B can
be found in Fig. 1.  After Axford (1964). 
Fig. 2b.  Example of the electric potential distribution calculated from real-time ground 
magnetometer data through the KRM algorithm. 
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2.   Before IGY  

“Before IGY” may include many different meanings, depending on how far we 
go back before the IGY.  Of course the author has no intention of taking the 
readers back to Aristotle’s discovery of auroral breakup or the finding of 
sunspots in China.  These occurred well prior to the birth of science in the 
present sense. 

It may be quite interesting to seek what the beginning of solar-terrestrial 
relationships studies was.  In tracing the history of the field, it can be found that 
studies of geomagnetic records and solar and auroral observations were 
conducted in parallel with discoveries of the important laws of 
electromagnetism:  see Figure 3.  In other words, the study of geomagnetic 
disturbances was one of the areas which contributed significantly to the 
development of electromagnetism in general, leading to Maxwell’s equations, 
which were systematically organized in 1873. 

It is well known that Graham in London, and Hiorter and Celsius in Uppsala, 
Sweden, noticed that large disturbances in the geomagnetic field occurred 
simultaneously at these two locations2. Gauss and Weber later showed these 
magnetic disturbances to be a worldwide phenomenon, such that magnetic 
“weather” is much less local than ordinary weather on the Earth’s surface or in 
the troposphere.  It was in September 1859, following Carrington’s observation 
of a group of giant while light flares on the Sun, that a great geomagnetic storm 

 

 
 
Fig. 3.  Some of the early important findings and laws in electromagnetism in the 18th and 19th

centuries.  These led to Maxwell’s equations of electromagnetism. 
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began3.  These are some of the examples which indicate that the root of studies 
of solar-terrestrial relationships goes back to the 18-19th centuries.   

Who introduced the terminology “geomagnetic storm,” and when, into the 
scientific community?  It is known that Alexander von Humboldt (1769-1859) 
used “magnetisches Ungewitter,” (magnetic thunderstorms in English) to 
describe the variability of geomagnetic needles, which were associated with the 
occurrence of “light meteor” (i.e., auroras).  Humboldt realized that geomagnetic 
disturbances and auroras are two manifestations of the same phenomenon.  He 
maintained a lifelong interest in geomagnetic disturbances, establishing magnetic 
stations around the world through his diplomatic contacts at, for example, 
Bombay, Toronto, and Sitka. 

It was during the First Polar Year (1882-1883) that scientists defined 
“geomagnetic storms” as “intense, irregular variabilities of the geomagnetic field 
which occur as a consequence of solar disturbances.”  It was still unclear how 
intense was intense and how irregular was irregular, but it was worth noting that 
the Sun was identified as the cause of geomagnetic storms. 

3.   Research Style near and during IGY 

To obtain more complete knowledge of planet Earth, the member countries of 
IGY worked together to set up a number of stations on the Earth’s surface, and 
even to establish World Data Centers, with the notion that data obtained from the 
observations during IGY are precious assets common to humankind.  All Earth 
Science disciplines including space physics were involved with this worldwide 
campaign.  The IGY officially adopted the use of artificial satellites to explorer 
the Earth’s upper atmosphere.  In fact, the Soviet Union and the United States of 
America successfully launched Sputnik 1 and Explorer 1 into orbits around the 
Earth in 1957 and 1958, respectively, opening the so-called space era.  The 
younger generation may not believe, however, that at the time of IGY, and even 
throughout the author’s graduate studies, scientists used microfilmed data instead 
of digital data:  thus making copies of data and scientific papers in journals 
meant for the scientists to take their photographs, of course not in color.  
Computers were not available, so that numerical calculations had to be made by 
hand, even for quite complicated ones.  

Comparing what scientists knew fifty years ago about how geomagnetic 
disturbances were generated with what we know today about the dynamics of the 
magnetosphere within the entire Sun-Earth system, we find that there is a great 
difference between the two sets of pictures.  This difference results partly from 
progressive changes in methodology over the last decades.  The old technique 
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scientists had long relied on was to measure magnetic disturbances on the 
Earth’s surface, monitoring the state of the electromagnetic environment before 
the concepts of the magnetosphere, solar wind-magnetosphere coupling, and 
magnetosphere-ionosphere coupling were introduced.  After the 1960’s, in-situ 
measurements of the plasma structure in the near-Earth space environment 
became available.  Adding to our wealth of knowledge has also been the constant 
trial-and-error theoretical analysis of the space between the Sun and the Earth by 
our frontier scientists, such as Axford, Dungey and Parker. 

To realize the dramatic advance in technology for data handling over the 
last fifty years, two examples are shown in which it can easily be guessed how 
much time and energy scientists at that time must have spent for what we would 
now need only a few seconds.  Figure 4, taken from Akasofu4 shows the 
distribution of auroral displays, which was constructed by using records from 
eleven all-sky cameras of the IGY network.  For obtaining this type of “world” 
map, it is required first that all or most of the all-sky camera stations be cloudless.  
One all-sky camera is able to cover only a very small fraction of the entire 
auroral distribution: see the small circles in Figure 4.  Second, all or most of the 
all-sky cameras must be operating properly under freezing Arctic conditions.  It 
was heard from engineers, who were active during IGY that polar bears at times 
knocked out their instruments.  Finally, each of the auroral forms was manually 
mapped to the ionospheric level whose altitude was assumed to be 110 km.  This 

 

 

Fig. 4.  Example of the distribution of auroras, using different symbols for different shapes of
auroral forms.  Each of the small circles indicates the field-of-view from each of the all-sky
cameras.  Three lines for three L values, 4, 6, and 8, are shown.  The black dot at the top of the
diagram is the direction of the Sun.  After Akasofu (1964) 
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was not a trivial work at all without digital data and computers.  In this way, the 
world aurora maps were generated for a number of days by repeating the 
procedure for data obtained every 1-minute, having led to the concept of auroral 
substorms5.  It is now possible for a satellite to picture the entire polar region 
almost instantly, regardless of the surface temperature and weather6-8.  

Figure 5, taken from Fukushima9, is another 50-year-old example where the 
so-called equivalent current system in the ionosphere is mapped.  Ground-based 
magnetometer records were used to obtain current streamlines in the ionosphere 
that can account for the observed geomagnetic perturbations at all stations.  This 
is a good example of “easy to say but difficult to do practically.”  That is, 
through a trial-and-error method by using a pencil and a rubber eraser, it was 
required to draw two-dimensional, divergence-free streamlines to satisfy the 
following conditions: the density of the streamlines is proportional to the 
magnitude of the magnetic perturbation and they are perpendicular to the 
observed magnetic vectors at all the points.  This time-consuming process is 
equivalent to solving a second-order differential equation for magnetic potentials, 
from which one can obtain the equivalent current system in the ionosphere.  It is, 
at present, a matter of seconds by a computer to complete the entire process, but 
at least several hours were needed to construct just one world map of the 
equivalent current system before Bostrom10 and Kamide et al.11 devised 
automated algorithms.   

 

 

Fig. 5.  Example of hand-drawn equivalent current system obtained for the maximum epoch of an 
intense substorm, which was then called as an elementary storm.  A circle indicates the location of 
the Sun.  After Fukushima (1959). 
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Without in-situ data from satellites, scientists of fifty years ago relied 
heavily on ground-based observations of magnetic fields and auroras, from 
which they only inferred physical parameters in space.  The two examples 
clearly demonstrate that deducing useful data products or physical parameters 
from magnetic and auroral observations was extremely laborious and often 
required special personal techniques or talent.   

Presently, not only ground magnetometer data but also data from various 
spacecraft are available in real time or near real time.  The entire high latitudes 
can now be viewed from above the poles in different wavelengths6-8, so that the 
global distribution of auroras and its dynamical changes can be monitored in real 
time.  Figure 6 is one such example, in which two auroral photographs taken 
from the Polar spacecraft are shown.  We can see progressive changes in the 
global distribution of auroras, particularly how bright spots generated in the 
midnight sector soon become “seeds” for a sudden expansion of auroral activity 
in ten minutes.   

Not only data from near-Earth satellites but also those from the upstream 
solar wind are available in real time.  Figure 7 shows an example of 24-hr real-
time data from the ACE satellite, located at the L1 point between the Sun and the 
Earth.  Note that in these real-time data, the last point at each quantity is not 
exactly of real-time observations but represents observations of five seconds ago, 
for the light speed to travel from the satellite to the Earth.   

 
 
Fig. 6.  Two auroral image data from the Polar spacecraft.  Dynamic features of auroras can be 
monitored, including the sudden creation of bright spots and their latitudinal and longitudinal
expansion.  Courtesy of M. J. Brittnacher and G. K. Parks. 
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4.   From Discoveries to Predictions 

Progress in any fields of natural science begins with “discovery” and ends with 
“proof.”  Space physics is not an exception.  “Proof” in our research area, 
however, may be reworded by “prediction or reproduction” of solar-terrestrial 
phenomena under study.  The entire process in research can further be classified 
into several practical steps.  For example, the research procedure for individual 
solar-terrestrial phenomena, such as magnetospheric substorms, which are the 
basic energy process in the solar wind-magnetosphere-ionosphere system, 
normally consists of the following four sub-steps: 

1. Ascertaining characteristics of a phenomenon through observations 
2. Introducing a hypothesis to account for the phenomenon 
3. Testing repeatedly the hypothesis (or model) against observations 
4. Evaluating the model quantitatively 

In the field of solar-terrestrial relationships, the predictability of solar-terrestrial 
phenomena is one of the key factors for evaluating a hypothesis.  It is possible to 

 
 
Fig. 7.  Example of real-time data of the solar wind and the interplanetary magnetic field, from the
ACE satellite.  Adapted from the NOAA/SEC homepage.  
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predict, at present, the occurrence of an intense magnetospheric substorm with 
perhaps more than 80% accuracy if (a) the solar wind variations are relatively 
simple and (b) accurate information about the solar wind variability is given in 
real time. This does not mean at all, however, that we are currently 80% 
successful in predicting the occurrence of magnetospheric substorms, because 
the solar wind variation is almost always complicated.   

The advance in research of the Earth’s magnetosphere thus far has also been 
achieved through repeating these four sub-steps.  The magnetosphere, in which 
the Earth’s magnetic field dominates, was first discovered through spacecraft 
observations.  The magnetotail and then the plasma sheet and other plasma 
domains were subsequently discovered, and the nature of these plasma regions 
was ascertained.  Concurrent with these discoveries, extensive efforts were made 
to search for the mechanism of the entry of solar wind energy into the 
magnetosphere and to locate the energy reservoir for substorms.  A number of 
theoretical models about the generation mechanism of substorms, i.e., the sudden 
release of accumulated energy, were proposed, and repeatedly tested against new 
data from spacecraft and ground-based observations.  Computer simulations 
were also conducted to try to reproduce the main features of substorms.  
Prediction codes were evaluated according to their efficiency of predicting the 
occurrence and intensity of substorms. 

Table 1 summarizes the development of magnetospheric physics over the 
last fifty years in three phases.  Major discoveries are identified for each phase.  
Note that the list for each phase comes from the point of view of substorm 
research, and that different lists would result if we deal with different research 
disciplines, such as ionosphere-thermosphere coupling.  Note also that substorm 
research is a result of a convergence of multi-disciplinary sciences, which 
developed from several traditional fields of research, such as geomagnetism, 
auroral physics, and aeronomy. 

It was during the first phase when the solar wind and the magnetosphere 
were observed.  Explorer 10 explored the nightside magnetosphere, i.e., the 
magnetotail boundary, as early as 1961.  Without repeated crossings over the 
boundary, it would be impossible to discern the entire magnetotail.  It was the 
IMP 1 spacecraft, which discovered that the Earth’s magnetic field is 
consistently distorted by the solar wind.  The bow shock, the magnetosheath, and 
the magnetopause were later identified12, 13.  Figure 8, from an early paper by N. 
Ness12, shows the initial results of IMP 1, mapping the positions of the 
magnetopause.  IMP 1 also surveyed the lobe structure and length of the 
magnetotail, as well as the response to substorm activity.  This series of 
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important discoveries about the nature of the magnetosphere occurred in the 
midst of extensive theoretical discussions among theorists1, 14, 15.   

Subsequently, the configurations of both the dayside and nightside 
magnetosphere were modeled.  The presence of solar wind particles within the 
magnetosphere was confirmed.  Changes of each plasma region at the expansion 
onsets of substorms were identified.  Along with ground-based observations of 
auroral dynamics and magnetic perturbations in the polar region, satellites began 
to assemble data for changes in the magnetotail, such as the large-scale topology 
changes in fields and plasma flow associated with substorms.   

In the second phase, which may be called the phase of understanding of 
solar-terrestrial processes, integration of satellite and ground-based observations 
became essential.  It was found that nonlinear coupling occurs in each of the 
plasma regions.  More and more, computer simulations became a powerful tool 
for quantitative understanding of such complicated processes.  Substorms 
involving both suddenly initiating and rapidly growing auroral breakups are 
typical examples of such nonlinear processes.  Our dream is to input current 
solar wind data into the computer, which will then tells us how, when, and where 
substorms of what magnitude will take place.   

We are now entering the third phase, where physical relationships among 
various phenomena occurring in different regions, described in detail by basic 

Table 1.  Advances in the studies of magnetospheric dynamics over the last fifty years in 
terms of magnetospheric substorms 

 

Phase 1:  Explorer and discovery of the magnetosphere 

Property of the solar wind 
Average configuration of the magnetosphere 
 Magnetopause, bow shock, and magnetotail 
Plasma regions in the magnetosphere 
 Plasma sheet, lobe, ring current, and acceleration region of auroral particles 
Dynamics of the magnetosphere 
 Plasma convection, and substorm-related changes 

Phase 2:  Understanding of solar-terrestrial processes 

Solar wind control of substorms 
 Intensity, location, and probability of substorms 
Configuration changes of the magnetotail 
 Plasma sheet thinning/thickening 
Ring current formation 
Electrodynamics of the ionosphere 
Computer simulations 

Phase 3:  Predictions - Space weather applications 

Now-cast of the state of the magnetosphere 
Modeling of the entire the solar wind-magnetosphere system 
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equations, must be established.  This is quite important not only toward a 
complete understanding of the entire solar-terrestrial system in all scale sizes, but 
also for space weather predictions, which are presently societal needs. 

5.   Real-Time Observations and Calculations 

Over the last fifty years, the scientific community has made drastic changes in 
the amount of data that space physicists must deal with.  The rate of the increase 
in the data still keeps increasing at this moment.  Are we able to continue to 
handle such an increase for years to come?  The answer is:  “Probably yes,” or 
“Yes, at least up to the near future.”  Fortunately, the rapid increase in the 
quantity of data we must handle has paralleled the rapid growth in modern 
computing technologies.  The development in technologies has coincided with 
the urgent need to integrate observations and computer simulations in solar-
terrestrial physics.  Observations need solid backup from theories, while theories 
need realistic boundary conditions resulting from observations to run models. 

While observations from the Earth’s surface can be considered as a type of 
“remote sensing” for solar-terrestrial processes and thus “indirect,” they 
nevertheless generate high spatial/temporal resolutions.  On the other hand, 

 
 
Fig. 8.  IMP 1 and Explorer observations of the magnetospheric boundaries, generated by solar
wind-magnetosphere interactions.  After Ness (1965). 
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satellite observations, being in-situ and thus “direct,” provide only “point” 
measurements along satellite orbits.  Clearly, these are complementary to each 
other. 

The Solar-Terrestrial Environment Laboratory (STEL), installed a computer 
system, called GEDAS (standing for Geospace Environment Data Analysis 
System), to promote integrated studies of ground-based and satellite-based 
observations as well as modeling and simulation research.  GEDAS is not a 
simple display system for real time data.  In the GEDAS system, real-time data 
are used as initial and boundary conditions for computer simulations to execute 
in real time, permitting us to specify the state of the near-Earth plasma 
environment and to predict space weather events that may occur or how the 
substorm just begun grows in the next several minutes.  The correct answer will 
be known in several minutes when real time data flow into the system.  If this 
type of test of a particular simulation model is not satisfactory, i.e., failing to 
predict what is coming next, one must modify the existing code and/or change 
the parameters within a realistic degree, such that the revised simulation provides 
better predictions for the next space weather events.  This revision cannot be ad 
hoc to try to account for only the next real-time observations, but must be 
universal, leading to deepening of our basic knowledge of the solar-terrestrial 
processes.   

As one of the active projects currently underway at GEDAS, we collect 
ground magnetometer data on a near real-time basis in an attempt to compute the 
instantaneous, two-dimensional distribution of ionospheric parameters, such as 
ionospheric electric fields and currents and field-aligned currents.  This joint 
effort of STEL and NOAA’s National Geophysical Data Center (NGDC) uses 
operationally updated versions of the KRM and AMIE programs16, 17, 18.   

In this real-time project, the uneven distribution of ground magnetometers is 
one of the inevitable problems.  The AMIE code, along with solar wind 
observations, is first used to estimate the global distribution of the electric 
potential, which represents a statistical pattern of the ionospheric potential, 
commensurate with the solar wind condition.  Once the global pattern is 
calculated, that pattern is used as the boundary condition to calculate more 
detailed structures of ionospheric parameters in a limited region, where ground 
magnetometer data are available from a number of observatories in real time, on 
the basis of the KRM algorithm.   

Figures 9a and b present examples of the distribution of the electric 
potential and the corresponding currents in the ionosphere, calculated in near 
real-time.  It is clearly seen that deformations in the usual twin-vortex potential 
pattern, which Axford envisaged, and strong auroral electrojets are reproduced.  
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Comparing these real-time weather maps with Figure 5, it is noticeable that there 
is an enormous change in our knowledge about the ionospheric quantities over 
the last fifty years.  All one could obtain fifty years ago was the equivalent 
ionospheric current system from ground magnetometer data, not “true” currents. 

We calculate presently these ionospheric parameters every 10 minutes: see 
http://gedas22.stelab.nagoya-u.ac.jp/index_j.html.  GEDAS provides the 
scientific community with specification of the geospace environment well 
beyond what is available from conventional geomagnetic activity indices, such 
as the Kp and AE indices.  Further, since the data products this particular 
GEDAS program provides are based on real-time recordings of magnetic 
perturbations from a number of stations, the output should be more realistic than 
what empirical potential patterns using “point” measurements of the solar wind 
estimate.   

A weak point of our system is that to run the KRM algorithm for local 
regions, the ionospheric conductance must be plugged in as an input parameter.  
As a near-future project, the ionospheric conductance can be normalized using 
other sets of real-time observations of the global distribution of auroras by polar-
orbiting satellites.  Radar data in real time are also quite useful to estimate the 
ionospheric conductances although they are basically “point” measurements.  
This is an advantage of real-time data, making mutual calibrations possible.  It is 
important to point out that our output from this project is valuable for 

 

Fig. 9.  Example of real-time calculations of the distributions of (a) electric potential and (b) the 
corresponding ionospheric current vectors for disturbed periods. 
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understanding the status of the auroral electrojets, which are important for 
forecasting the strength of induced currents19, 20. 

Figure 10 shows another example of real-time calculations at GEDAS21.  
This is a front-view snapshot of the magnetic field configuration and the related 

 

Fig. 10.  Front view of magnetic configuration just before (Left) and after (Right) of the shock
arrival during the intense interplanetary disturbance of October 24, 2003, calculated from a solar
wind-magnetosphere coupling MHD simulation.  Green and blue colors are used to distinguish 
open and closed field lines, and field lines, which are not connected to the earth, are shown in red. 
Solar wind data from ACE were used.  Courtesy of T. Ogino. 
 

 

 

Fig. 11.  Variations in the neutral density at an altitude of 300 km calculated by a global
thermosphere-ionosphere model.  The red color region indicates an increase in the neutral density,
and the numbers for the color contour are in the unit of 0.01%.  The input parameters of the model 
are the convection electric field and conductivities, and are taken from an MHD model for the
condition of the steady solar wind with southward IMF. Courtesy of H. Shinagawa. 
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plasma temperature distributions in the magnetosphere just before and 
immediately after an interplanetary shock arrived at the front of the 
magnetosphere for a unique space weather event of October 24, 2003, during 
which several serious satellite anomalies, including the Japanese environmental 
satellite ADEOS-2, were reported.  For this MHD model, 1-min data of IMF 
(interplanetary magnetic field) and solar wind parameters from the ACE 
spacecraft were used.  It is possible to illustrate such magnetospheric 
configurations from different view-angles as well.  In a sense, this simulation 
system is a virtual magnetosphere in the eGY concept.   

Figure 11 shows an example of changes in the neutral density at an altitude 
of 300 km as a result of ionosphere-thermosphere coupling calculations22.  This 
coupling model uses, as the input parameters, not only the convection electric 
field and ionospheric conductivities, but also the output from a solar wind-
magnetospheric MHD model, shown in Figure 10 whose input is real time solar 
wind data.  Instead of the ionospheric electric field mapped down from the 
magnetosphere obtained from the MHD simulation, it is possible to use the 
output from the KRM magnetogram-inversion as well.  We can treat this type of 
real-time computing system as a virtual thermosphere in eGY.  It is clear that 
mutual calibrations of different real-time simulations can be conducted.   

6.   Issues For Future Studies 

The Earth’s magnetosphere is a vast laboratory for plasma physics in which 
unique processes occur, monitoring one of the aspects of Sun-Earth relationships.  
It is bounded by the solar wind on the outer side and by the ionosphere on the 
inner side.  These boundaries represent dynamic borders within which the 
magnetosphere is influenced.  As is evident from Table 1, during the past fifty 
years we have seen significant advances in studies of magnetospheric physics.  
These changes are primarily because of advances in various techniques, such as 
satellites and radars, as well as computer simulations dealing with real time data.   

As demonstrated, studies of the solar-terrestrial environment began with 
inspecting geomagnetic disturbances.  Following the discoveries of the secrets of 
the interaction between the solar wind and the Earth’s magnetic field, researchers 
have almost reached a consensus about the average configuration of the 
magnetosphere.  In the following, several major areas in which further 
clarifications are required are discussed: 
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6.1.   Global vs. Local 

There are still many unknowns about details of magnetospheric processes that 
are very different in different substorms, representing perhaps different 
preconditions and local ionospheric conditions.  This variability seems to be 
quite similar to local weather in the troposphere, which is driven not only by 
large-scale air circulation resulting from the global pressure/temperature 
distribution, but also by local boundary conditions, such as three-dimensional 
structures of near-by mountains.  Just suppose that these local conditions, for 
example the plasma pressure in the magnetosphere, vary constantly.  It would 
then be hopeless to find some consistent features in small-scale auroral motions.  
It may not be completely unlikely that by now, we already know what we are 
supposed to know about large-scale substorm phenomenology, although it is still 
extremely important to separate large-scale and small-scale phenomena in real 
time observations, which are basically local measurements. 

6.2.   Macroscopic vs. Microscopic 

To fully solve the substorm problem, both microscopic and macroscopic 
processes must be accounted for together.  “Microscopic” processes do not 
necessarily mean “local” processes in 6.1, but represent those of particle scales.  
This is simply because the two types of processes, such as acceleration of auroral 
particles, i.e., a microscopic mechanism, and the generation of field-aligned 
currents, i.e., a macroscopic mechanism, are taking place in the same high-
latitude region at the same time. Individual electrons, for instance do not aware 
whether they are participating in macroscopic or microscopic processes.  One of 
the typical examples is an auroral breakup at substorm expansions.  To 
understand these processes properly for the magnetosphere-ionosphere system, a 
kinetic approach is necessary.  On the other hand, macroscopic processes occur 
as a result of large-scale energy conversion in the nearly entire magnetosphere, 
responding to changes in the solar wind. 

6.3.   Average Configuration vs. Non-Steady Process 

It is comparatively easy to assume that disturbed times are substorm times, and 
the current system grows and decays as a whole in the entire ionosphere, but we 
all know that individual substorms are much more complex than this assumption 
implies.  Substorm expansions that take place in local regions near midnight are 
short-lived.  Thus, by observing an increase in the current intensity at one point, 
we can never be certain whether the increase is the result of a global 
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enhancement of the electric fields generated from the solar wind-magnetosphere 
coupling or of a local enhancement in the ionospheric conductivities.  Further, 
substorms are a multi-dimensional phenomenon consisting of the directly-driven 
process and the unloading process.  Their relative importance varies from 
substorm to substorm, and it even depends on the phases within a single 
substorm. 

It is also important to realize that averaging individual data tends to smear 
out important local aspects.  Therefore, by employing averaging methods, we 
cannot obtain more than the well-known twin-vortex pattern of the electrostatic 
potential that Axford predicted 45 years ago.  The average picture often misleads 
us about how nonlinear processes occur within such a large-scale system as the 
magnetosphere, particularly when the solar wind is highly variable.  We are not 
allowed to consider that disturbed times are equivalent to substorm expansion 
times.   

6.4.   The Solar Wind and the Boundary Condition to the Magnetosphere 

The Sun does not determine all details of the processes in the entire solar-
terrestrial system, particularly those inside the magnetosphere.  Therefore, using 
data from the solar wind and the IMF alone, we cannot determine all processes 
that occur within the magnetosphere.  In other words, the solar wind only gives 
the boundary condition to the magnetosphere, under which various types of 
disturbances, such as substorms and convection enhancements, take place 
internally.  It is not too difficult to realize this by simply considering that the Sun 
itself cannot decide where (what latitude and local time) the next auroral breakup 
of what intensity will take place in the polar ionosphere.  It is the time history for, 
at least, several hours, of the inner magnetosphere and the polar ionosphere that 
seems to be critical in determining detailed processes in the magnetosphere-
ionosphere system.   

It would not be highly recommended, in this respect, to try to reproduce all 
the fine-scale variations of geomagnetic indices by using only solar wind 
parameters.  If a paper is published in which correlation between the solar wind 
and geomagnetic indices are close to 1.0, arguably something must be wrong 
with its analysis technique. 

7.   Conclusions 

The final goal of Sun-Earth relationships research is to become to predict very 
accurately geoeffective storm/substorm events when the “present” condition of 
the Sun is given.  For this to happen in reality, however, we will have to fully 
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understand all the basic processes in the Sun-Earth system, such that all physical 
details can accurately be coded in computers.  Also, in order to achieve this 
degree of accuracy in the prediction of space weather, a super computer of 
extremely high speed and an infinite memory size would be necessary.   

It is quite obvious that we are currently far from this final goal.  Therefore, 
we are trying to understand details of multi time/spatial scale processes in the 
solar-terrestrial system, and to use large, instead of infinite, computer memories.  
We also make use of as many different types of observations as possible at a 
large number of points.  Computer simulations and modeling are extremely 
powerful in filling gaps where no observation points exist on the Earth’s surface 
and in space.  It is very useful to rely not only on physics-based theories of the 
processes but also on empirical formulas. 

This paper has attempted to demonstrate the importance of real-time data in 
studies of solar-terrestrial relationships.  The importance of real-time data can be 
summarized in terms of the following specific meanings: 

Space weather predictions 
This paper has not explicitly addressed the usefulness of real-time data in space 
weather predictions, but there is no doubt that real-time data are a must to 
improve predictions of space weather.   

Finding yourself in the global framework 
In conducting any type of observations, it is important to identify the precise 
location of your instrument within the entire solar-terrestrial system.  For 
example, without identifying the location of what a particular satellite is 
measuring in the large-scale energy flow from the Sun to the Earth, one is not 
able to discuss the physics of these measurements self-consistently.  It is not 
sufficient at all to know only that your radar is located accurately at geomagnetic 
latitude 64.9 degrees and MLT = 23.6, measuring the southward electric field in 
the region of the westward electrojet.  It is crucial to understand whether you are 
currently inside the convection electrojet system or a substorm expansion, both 
giving the same westward electrojet23. 

Test of your idea in real time 
Real-time data can be used in computer simulations as the initial and boundary 
conditions to run a model calculation.  For example, with solar wind data as 
input, one can run an MHD simulation, providing an output which predicts the 
structure of the magnetospheric plasma regions for the next moment.  The most 
exciting point in such a scheme of integration of observations and simulations in 
real time is that any researcher in the world can be a project leader, using real-
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time observations to drive models in his/her own research projects in his/her own 
office.  In this way fresh ideas can be tested almost instantly against real data. 

Output becoming input to other studies 
An example has been shown of real-time calculations of two-dimensional 
distribution of ionospheric electrodynamic quantities at high latitudes.  Once the 
ionospheric parameters have been computed, the output can be sent to 
institutions around the world, where this output will possibly become input for 
other modeling studies.  For example, our electric field distribution in the 
ionosphere obtained from GEDAS can be mapped to the magnetosphere and is 
therefore useful for tracing particles in the magnetosphere24.  Joule heating from 
our calculations can be used as input for calculating neutral winds in the 
thermosphere, which will modify the electric field pattern in several minutes.   

Education and outreach 
It is evident that real-time data system such as GEDAS can be utilized as a live 
classroom, in which students can see data directly from satellites and ground 
stations in real time.  They can share the excitement of pursuing real time 
research and of predicting geomagnetic storms and substorms along with 
tremendous auroral displays. 

It is important to rephrase that real-time data combined with real-time 
simulations are not only capable of changing the practical style of research but 
also change the concept of research in solar-terrestrial physics.  While most of 
the previous studies in this field have attempted to account for one cross-section 
of one phenomenon in one plasma region within the entire Sun-Earth system, it 
will become increasingly crucial to understand the whole spectra of processes, 
particularly coupling between different plasma regions and coupling between 
large-scale and small-scale processes.  This trend will be more accelerated by the 
new international program called the eGY25 that the scientific community is 
planning to undertake: see http://www.egy.org.  It is an ICSU-endorsed initiative 
of the International Union of Geodesy and Geophysics (IUGG), driven by the 
International Association of Geomagnetism and Aeronomy (IAGA).  The eGY 
program is quite timely in the sense that it uses the advantage of modern 
networking technologies that are harmonized with high-quality observation 
technologies.  Promoting the development of virtual observatories is a central 
feature of eGY. 

No one was predicting during the IGY that fifty years later, the scientific 
community would discuss this new international enterprise, eGY, for collecting 
data from space as well as from around the world and for processing these data 
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and using these in computer simulations, all in real time.  The present paper has 
discussed how important it is, for further progress of solar-terrestrial physics, to 
conduct well-coordinated observations, to handle various data and datasets, and 
to process data products on a real-time basis.  Although the author admits that 
examples and the discussion subjects given in the present paper are strongly 
biased toward his own experience, it is hoped that the general conclusions are 
applicable to other areas in Earth Sciences as well. 
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ABSTRACT

We discovered three successive Moreton waves generated by a single solar flare on 2005 August 3. Although
this flare was not special in magnitude or configuration, Moreton waves (shock waves) successively occurred
three times. Multiple shock waves generated during a single flare have not been reported before. Furthermore,
the faster second-generated Moreton wave caught up and merged with the slower first-generated one. This is the
first report of shock-shock interaction associated with a solar flare. The shock-plasma interaction was also detected.
When the third-generated Moreton wave passed through an erupting filament, the filament was accelerated by
the Moreton wave. In this event, filaments also erupted three times. On the basis of this observation, we consider
that filament eruption is indispensable to the generation of Moreton waves.

Subject headings: shock waves — Sun: chromosphere — Sun: corona — Sun: flares

1. INTRODUCTION

Solar flares are the largest explosive events in the solar sys-
tem, and it is easy to imagine that such explosions generate
shock waves that propagate in the solar corona. In 1960, a
coronal shock wave was indirectly discovered in the Ha spec-
tral line (Moreton 1960; Smith & Harvey 1971); i.e., the in-
tersection of a coronal shock wave and the chromosphere was
observed as an Ha wavelike disturbances (Uchida 1968; Uch-
ida et al. 1973). This wave was named a “Moreton wave” after
the discoverer. In the 1990s, solar observing satellites were
launched and directly detected coronal shock waves in the ex-
treme ultraviolet (Thompson et al. 1998; Biesecker et al. 2002)
and soft X-rays (Khan & Aurass 2002; Narukage et al. 2002,
2004; Hudson et al. 2003). Coronal waves have also been di-
rectly imaged by ground-based radio observations (White &
Thompson 2005; Vršnak et al. 2005). However, observations
of shock waves were rare, because the shock wave signatures
are much fainter than the flare and propagate very fast. The
generation mechanism of a Moreton wave has not been made
clear yet.

Here we show the discovery of three successive Moreton
waves (shock waves) generated by a single solar flare. Fur-
thermore, we found that the faster second-generated Moreton
wave caught up and merged with the slower first-generated
one. The merging was also detected in radio as the sudden
enhancement of the signal. This is the first report of shock-
shock interaction associated with a solar flare. In § 2, we de-
scribe the observational data. In § 3, we examine the interaction
of shock waves in detail. In § 4, our summary and discussion
are presented.

2. OBSERVATIONS

We discovered three successive flare-generated Moreton
waves on 2005 August 3 with the Solar Magnetic Activity
Research Telescope (SMART) (UeNo et al. 2004) at Hida Ob-

1 Institute of Space and Astronautical Science, Japan Aerospace Exploration
Agency, Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan; narukage@
solar.isas.jaxa.jp.

2 Kwasan and Hida Observatories, Kyoto University, Yamashina, Kyoto
607-8471, Japan.

3 Hiraiso Solar Observatory, National Institute of Information and Com-
munications Technology, Hitachinaka, Ibaraki 311-1202, Japan.

servatory of Kyoto University. SMART has the ability to take
solar full-disk images in Ha at high spatial resolution (∼0.5�,
∼360 km on the solar disk). The observing wavelengths are
not only Ha center but also �0.5 and �0.8 , thus enablingÅ
us to monitor the line-of-sight motion of the chromospheric
plasma. It takes about 38 s to obtain one set of these five
wavelengths.

A Moreton wave is the chromospheric part compressed and
released by a shock wave propagating in the solar corona (Uch-
ida 1968; Uchida et al. 1973). Hence, we need to detect chro-
mospheric downward and upward motion to identify a Moreton
wave. SMART can detect such Doppler motion based on ob-
servations in Ha � 0.5 and Ha � 0.8 in high spatial˚ ˚A A
and temporal resolution. In this event, part of the Moreton wave
front was observed in all five wavelengths. However, the three
successive Moreton waves were detected in only Ha � 0.5

, especially Ha � 0.5 . In the other wavelengths, it is hard˚ ˚A A
to distinguish between the first and second Moreton waves.
The suitable wavelength for the detection of Moreton wave
depends on the chromospheric downward and upward motion
caused by the coronal shock wave. Because of the observation
in various Ha wings, SMART has the advantage of detecting
Moreton waves.

A flare started at 04:54 UT near the southeastern limb and
generated three successive Moreton waves. Figure 1 (Plate 1)
shows the original images in Ha center (Figs. 1a, 1e, and 1l)
and “Dopplergrams” (Figs. 1b–1d, 1f–1k, and 1m–1s) observed
with SMART. In this Letter, “Dopplergrams” are created using
the equation of , where Ired and Iblue are the intensitylog (I /I )blue red

images almost simultaneously observed in the red and blue wings
(Ha � 0.5 ), respectively. This method makes the line-of-Å
sight motion clear. In the Dopplergrams, we can identify wav-
elike disturbances called Moreton waves which successively oc-
curred three times and propagated. The red, green, and blue plus
signs indicate the wave fronts of the first, second, and third
Moreton waves, respectively. This is the first report of successive
Moreton waves. Although there is an observation where Moreton
waves propagated both northeastward and southward in the X-
class (X10) flare on 2003 October 29 (Liu et al. 2006; Bala-
subramaniam et al. 2007), these waves were generated at the
same time and were not generated successively as in our case.
Furthermore, we observed an unprecedented phenomenon: the
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Fig. 2.—Sequential images of erupting filaments. The field of view is shown by the square with dotted line in Fig. 1t. (a) Preflare stable filament observed in
Ha line center. (b–r) Three erupting filaments associated with the three successive Moreton waves. These images are created by summing the two images almost
simultaneously observed in the Ha blue wings (�0.5 and �0.8 ) to make erupting (line of sight) motion clear. These three erupting filaments are named “f1,”Å
“f2,” and “f3” in order of occurrence time. Their footpoints seem to be almost fixed at the same point marked by black crosses. Both ends of the filaments are
indicated by black lines. The colored arrows connect such black lines and show the vectors of erupting filaments. The color of arrows indicates the azimuth angle
(see color bar), where we define that the southward is 0� of azimuth angle and that the azimuth angle increases counterclockwise.

faster second-generated Moreton wave caught up and merged
with the slower first-generated one in 05:01:36–05:02:14.4

Figure 2 indicates the motion of filaments. A filament stably
existed before the flare as shown in Figure 2a observed in Ha
line center. Figures 2b–2r show the series of Ha blue wing
images which are created by summing the two images almost
simultaneously observed in Ha � 0.5 and Ha � 0.8 .˚ ˚A A
These images show the moving feature toward us at a line-of-
sight speed of several tens km s , because the Doppler shifts�1

of Ha � 0.5 and Ha � 0.8 corresponding to the Doppler˚ ˚A A
speeds of 23 and 37 km s , respectively. According to this�1

figure, the filaments erupted three times. These three erupting
filaments are named “f1,” “f2,” and “f3” in order of occurrence
time. The relation between the erupting filaments and Moreton
waves is described in § 4 in detail.

Figure 3 shows the time evolution of this flare, the Moreton
waves, and associated phenomena. Figure 3a is the soft X-ray
(3–25 keV) intensity, which is emitted from thermal flare
plasma with a temperature of 10–20 MK and is roughly a
measure of the total released energy by a flare. According to
this light curve, this flare was classified as M-class and con-
tinued for about 1 hr. The black line in Figure 3b is the 2 GHz

4 These three successive Moreton waves are easy to identify in movies; see
http://www.kwasan.kyoto-u.ac.jp/∼naru/three_successive_moreton_wave/
index.html.

radio flux observed with the Nobeyama Radio Polarimeters (Na-
kajima et al. 1985). Gigahertz radio waves are generated by the
gyro-synchrotron mechanism of nonthermal electrons. The gray
line in Figure 3b shows the hard X-ray count rate in 50–100
keV detected by the Ramaty High Energy Solar Spectroscopic
Imager (RHESSI) (Lin et al. 2002). Radio in the GHz range and
hard X-rays in 50–100 keV are sensitive to instantaneously re-
leased energy. In this flare, three radio flux enhancements were
detected around 04:58:30, 05:00:00, and 05:04:15. The hard X-
ray count rate was also enhanced in these three timings. We
suggest that these energy releases are closely related to the
three successive Moreton waves.

3. INTERACTION OF SHOCK WAVES

In this flare, Moreton waves were generated three times and
filaments erupted three times. Figure 3c shows the position of
the Moreton waves with diamonds and erupting filaments with
plus signs. Using this figure, we can easily understand the
propagation of the Moreton waves. Around 05:01:36, the sec-
ond Moreton wave (green diamonds) caught up with the first
wave (red diamonds) at a distance of 150,000–200,000 km
from the flare site. After this interference, these two waves
merged together and continued to propagate. This is the first
observation of merging Moreton waves, i.e., shock-shock in-
teraction associated with a solar flare. However, each Moreton
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Fig. 3.—Time evolution of the flare, Moreton waves, and associated phe-
nomena. (a) Soft X-ray (3–25 keV) intensity observed with the GOES 10
satellite. The white region shows the period of (b–d). (b) The black and gray
lines show 2 GHz radio flux observed with the Nobeyama Radio Polarimeters
and hard X-ray count rate in 50–100 keV detected by RHESSI, respectively.
(c) Propagation of the three successive Moreton waves and eruption of fila-
ments. The red, green, and blue diamonds show the wave fronts of the first,
second, and third Moreton waves, respectively. The dash-dotted lines show
the second-degree polynomial fits of the wave fronts. We note that we did not
apply the polynomial fits to the first Moreton wave front observed at 05:01:
36, when the first Moreton wave seems to be interfered with by the second
one. The colored plus signs indicate the length of erupting filaments. Their
colors mean the azimuth angle as shown in Fig. 2. The blue-green, yellow,
and red plus signs are f1, f2, and f3 in Fig. 2, respectively. (d) Metric radio
spectrogram (25–2500 MHz) observed with the Hiraiso Radio Spectrograph.
We note that there are no data from 05:00:00 to 05:00:15 because of the
instrument’s calibration.

wave itself was not special. The average speeds of the first,
second, and third Moreton waves are 460, 740, and 690 km
s , respectively. The dash-dotted lines in Figure 3c show the�1

second-degree polynomial fits. On the basis of these fits, the
initial speeds of the Moreton waves are 580, 1200, and 840
km s , where initial means the time when each wave front�1

became visible. The decelerations are 1.0, 2.4, and 0.7 km
s . All three Moreton waves began propagation at a speed of�2

near Alfvén speed (∼300–1000 km s ; see Narukage et al.�1

2002, 2004) and decelerated during propagation. On the basis

of the polynomial fits, the Moreton waves were located several
tens of thousands of kilometers away from the flare sites when
the energy releases occurred. These properties correspond to
previous studies of Moreton waves reported by Warmuth et al.
(2004).

Figure 3d shows the metric radio spectrogram (25–2500
MHz) observed with the Hiraiso Radio Spectrograph (HiRAS)
(Kondo et al. 1995). The excited coronal electrons emit metric
radio waves at the fundamental and harmonic plasma frequency
of the coronal electrons themselves. This emission is called a
radio burst. The drift pattern of the radio burst from high to
low frequency means that the site of radio emission moves
from the lower to upper corona (Kai 1970). Specifically, a radio
burst caused by a shock wave is called a type II burst (Harvey
et al. 1974). In this flare, HiRAS detected faint signals drifting
from around 500 MHz to low frequency around 04:58:30, 05:
00:30, and 05:04:30. These might be type II bursts and related
to the Moreton waves. Moreover, the radio signal was suddenly
enhanced from 05:01:15 and continued to 05:02:45 as shown
by arrow A in Figure 3d, just when the second Moreton wave
caught up and merged with the first Moreton wave. This drifting
pattern consisted of two layers which started from frequencies
of 100 and 200 MHz at 05:01:15. The layers of lower and
upper frequency were emitted at the fundamental and second
plasma frequency harmonics, respectively. On the basis of the
coronal electron density model proposed by Newkirk (1961)
the radio wave at 100 MHz is emitted by excited coronal elec-
trons at an altitude of 170,000 km. This altitude corresponds
to the distance between the flare site and the place where the
first and second Moreton waves merged together (150,000–
200,000 km; see Fig. 3c). Hence, we interpret this radio en-
hancement to have been caused by the interaction of the shock
waves, namely, two shock waves merged together and the
power of the merged shock became stronger than the premerged
shock waves. Our event is the first report of solar-flare-asso-
ciated shock-shock interaction.

Gopalswamy et al. (2001) reported a similar phenomenon in
interplanetary space. They found merging coronal mass ejections
(CMEs) and a related radio enhancement caused by the inter-
action between shock waves ahead of the first CME and the core
of the slow CME, i.e., interaction between a shock wave and a
mass of plasma. In our event, not only the shock-shock inter-
action but also the shock-plasma interaction was detected. When
the third Moreton wave (blue diamonds in Fig. 3c) passed
through the position of first erupting filament f1 (blue-green plus
signs), the filament was accelerated from 60 km s (which is�1

an average speed from 05:01:36 to 05:03:30 in the plane of the
sky) to 230 km s (05:03:30–05:06:02, which is marked by a�1

black thick line in Fig. 3c). We consider that this acceleration
of the filament is caused by the third Moreton wave. And, in
this timing, the radio signal was enhanced at 250 MHz as shown
by arrow B in Figure 3d. The 250 MHz radio wave is emitted
at an altitude of 8500 km. This value is consistent with the
common altitude of filaments. Hence, we argue that this radio
enhancement was caused by the interaction between a shock
wave and a mass of plasma, like the report of Gopalswamy et
al. (2001) and filament oscillations caused by Moreton waves
reported in some papers (Eto et al. 2002; Okamoto et al. 2004).

4. SUMMARY AND DISCUSSION

We observed the behavior of shock waves in detail. Although
this flare was not special in magnitude or configuration, shock
waves successively occurred three times. This means that shock
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waves might be generated by a flare more frequently and suc-
cessively than we had thought based on previous observations.
Moreover, these shock waves interacted with each other. This
suggests that the configurations of flare-associated shock waves
are more complicated than we had thought. These three suc-
cessive and interacting Moreton waves are unprecedented and
thus worthy to report themselves. What is more, these ho-
mologous Moreton waves gave us a unique opportunity to un-
derstand the generation and propagation mechanism of Moreton
waves.

First, we discuss the propagation of Moreton waves. The po-
sitions of Moreton waves can be fitted using the second-degree
polynomial fits as shown in Figure 3b. This suggests that the
Moreton waves freely propagated with decelerations. The gen-
eration process of Moreton waves, i.e., shock waves, might be
completed until the Moreton waves became visible in Ha.

Next, we pay attention to the relation between erupting fil-
aments and Moreton waves. In this event, filaments also erupted
three times. The erupting directions of f1, f2, and f3 are south-
ward, south-southwestward, and southwestward, respectively.
This shows that the directions of filament eruptions changed
counterclockwise in the plane of the sky. This tendency is
similar to the Moreton waves. The first Moreton wave began
to propagate southward (see Fig. 1b), the second wave began
to propagate in a direction slightly to the counterclockwise side
of the first wave (see Figs. 1b and 1g), and the third wave in
a direction to the counterclockwise side of the second wave
(see Figs. 1g and 1m). We also compared the speed of filament
eruptions and Moreton waves. The initial speeds of f1, f2, and
f3 were 20, 170, and 50 km s , respectively, where the initial�1

speeds were derived using the three initial sequential images
for each eruption, namely, Figures 2b–2d for f1, Figures 2h–
2j for f2, and Figures 2k–2m for f3. The initial speeds of the
Moreton waves are 580, 1200, and 840 km s . The second�1

Moreton wave is the fastest, the third is the middle, and the
first is the slowest. This is the same order as the speeds of the
erupting filaments. Hence, we consider that there are certain
correlations between the erupting filaments and Moreton waves
in their directions and speeds.

On the basis of the above observational results, we set up
a hypothesis that the erupting filaments generated the Moreton
waves (shock waves). The initial speeds of the filaments re-
ported in this Letter were 20–170 km s in the plane of the�1

sky, and the line-of-sight speeds were about several tens km
s because the erupting filaments were observed in Ha � 0.5�1

and Ha � 0.8 . These erupting filaments can drive the˚ ˚A A

shock waves (Moreton waves), because Chen et al. (2005)
showed that flux rope at a speed of 100 km s generates a�1

shock wave in their numerical simulation. If once the filament
eruption generated the shock waves, the shock wave propagates
faster than the erupting filament. After the shock wave goes
away from the erupting filament enough, the shock wave can
freely propagate. This is consistent with our observations where
the Moreton waves are more than 50,000 km away from the
filaments and propagated freely (see Fig. 2c). In addition, this
hypothesis might explain the gap where the Moreton waves
were located several tens of thousands of kilometers away from
the flare sites when the energy releases occurred (see Figs. 2b
and 2c). According to Ohyama & Shibata (1997, 2008) not
only an X-ray plasma ejection but also an Ha filament started
to slowly eject at several tens km s about 10 minutes before�1

the impulsive phase, and were suddenly accelerated to several
hundreds km s just before or at about the onset of the im-�1

pulsive phase. So, the filament eruptions in our events might
also start before the impulsive phase, and might reach at a
distance of several tens of thousands km (p several tens km
s�1 # about 10 minutes) when the flare energy releases were
observed in radio and hard X-rays.

As mentioned above, our hypothesis that the erupting filaments
generated the Moreton waves (shock waves) is consistent with
the observation. However, we have not obtained clear evidence
for our hypothesis. To understand the generation and propagation
mechanism of Moreton waves, more observations with high tem-
poral and spatial resolution are required. Our results show that
new telescopes make it possible to observe the shock waves in
detail. In addition to chromospheric observations with SMART,
coronal observations with the state-of-the-art X-Ray Telescope
(XRT) and Extreme-Ultraviolet Imaging Spectrometer (EIS) on
board the Hinode satellite will give us more information about
flare-associated shock waves (Narukage 2007), e.g., not only
plane-of-sky velocity but also line-of-sight velocity, temperature,
and density of coronal plasma.

The authors thank especially M. Kadota and all other mem-
bers of the Kwasan and Hida Observatories for useful com-
ments. We also acknowledge an anonymous referee for his/her
useful comments and suggestions. This work was supported
by the Grant-in-Aid for the Global COE Program ‘‘The Next
Generation of Physics, Spun from Universality and Emergence”
from the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan.
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PLATE 1

Fig. 1.—Three successive Moreton waves and associated flare observed with SMART. (a, e, l) Original Ha center images. The black crosses indicate the
brightest points in each image, where we suggest that energy was released by the flare and the Moreton waves were generated. (b–d, f–k, m–s) “Dopplergrams”
derived by the equation of , where and are the intensity images almost simultaneously observed in the red and blue wings (Ha � 0.5 ),˚log (I /I ) I I Ablue red red blue

respectively. The red, green, and blue plus signs indicate the wave fronts of the first, second, and third Moreton waves, respectively. (t) The square and circle
with solid line are the field of view of (a–s) and the solar limb, respectively. The square with dotted line indicates the field of view of Fig. 2. We note that the
dark configurations located at the center part of (j) and the right-bottom part of (n) are clouds.
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Evolution of the anemone AR NOAA 10798 and the related

geo-effective flares and CMEs
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[1] We present a detailed examination of the features of the active region (AR) NOAA
10798. This AR generated coronal mass ejections (CMEs) that caused a large geomagnetic
storm on 24 August 2005 with the minimum Dst index of �216 nT. We examined the
evolution of the AR and the features on/near the solar surface and in the interplanetary
space. The AR emerged in the middle of a small coronal hole, and formed a sea anemone
like configuration. Ha filaments were formed in the AR, which have southward axial
field. Three M class flares were generated, and the first two that occurred on 22 August
2005 were followed by Halo-type CMEs. The speeds of the CMEs were fast, and recorded
about 1200 and 2400 km s�1, respectively. The second CME was especially fast, and
caught up and interacted with the first (slower) CME during their travelings toward Earth.
These acted synergically to generate an interplanetary disturbance with strong southward
magnetic field of about �50 nT, which was followed by the large geomagnetic storm.

Citation: Asai, A., K. Shibata, T. T. Ishii, M. Oka, R. Kataoka, K. Fujiki, and N. Gopalswamy (2009), Evolution of the anemone AR

NOAA 10798 and the related geo-effective flares and CMEs, J. Geophys. Res., 114, A00A21, doi:10.1029/2008JA013291.

1. Introduction

[2] Space weather has attracted a lot of attention in recent
times. Space weather research involves various related
fields, such as the solar surface, solar wind, interplanetary
space, geomagnetosphere, ionosphere, and atmosphere,
since a comprehensive understandings from active phenom-
ena on the solar surface to the propagation of the distur-
bances toward Earth are crucially required for the studies.
[3] Vast plasma ejected from the solar corona in the form

of coronal mass ejections (CMEs) leads to a geomagnetic
storm, and therefore, CMEs have been actively discussed.
Moreover, large geomagnetic storms are associated with
large flares (that are emitting strong X ray), long duration
events (LDEs), fast CMEs, and so on [e.g., Gopalswamy et
al., 2007]. Flare locations are another factor for a major
geomagnetic storm, since the flare location close to the disk
center indicates that the related CME is heading towards
Earth and is likely to cause a large geomagnetic storm
[Manoharan et al., 2004]. Ejections that cause strong
disturbances with southward magnetic field in the interplan-

etary space are also important. Coronal holes (CHs) are, on
the other hand, related with fast solar wind because of their
open magnetic field, and therefore, themselves have been
another important factor for space weather studies. While
large geomagnetic storms are caused by Earth-directed
CMEs [see, e.g., Gosling et al., 1990], weaker storms are
associated with high-speed streams from CHs [see, e.g.,
Sheeley et al., 1976]. However, storms related to high-speed
streams from CHs cause larger flux enhancement of MeV
electrons of the Earth’s Van Allen belt than the CME-
associated storms do on average [Kataoka and Miyoshi,
2006]. It has been, furthermore, reported that many fast
Halo CMEs are associated with CHs [Verma, 1998; Liu and
Hayashi, 2006]. The recent work done by Liu [2007]
showed that the speeds are faster even statistically than
those of CMEs under the heliospheric current sheet. There-
fore, in order to understand what kind of events can
generate a large geomagnetic storm, it is necessary to study
active phenomena on the solar surface and the propagation
in the interplanetary space, in relation to the surrounding
magnetic structure. In this paper we examine in detail the
evolution of an active region (AR) that emerged in a CH
and the related flares, CMEs, and the geomagnetic storm to
elucidate how such a magnetic configuration works to
generate a geo-effective flares/CMEs.
[4] CMEs originating from AR NOAA 10798, generated

a large geomagnetic storm on 24 August 2005, which was
one of the 88 major geomagnetic storms reported by Zhang
et al. [2007]. This AR has been highly paid attention to,
since it was one of the targets of the International CAWSES
(Climate and Weather of the Sun-Earth System) Campaign
(see http://www.bu.edu/cawses/secondcampaign.html), and
at the related virtual conference (http://workshops.jhuapl.
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edu/s1/index.html), there were intensive discussions on the
AR [e.g., Asai et al., 2006]. Figure 1 shows an overview of
the geomagnetic storm and the related solar-terrestrial
events. The Soft X-ray (SXR) flux in the GOES 1.0–8.0 Å
channel shows three M class flares that occurred on 22 and
23 August 2005. The first two flares (marked with crosses)
were associated with the CMEs responsible for the geo-
magnetic storm in question. In the second panel we can
recognize the sufficient enhancements of the proton fluxes
in >10 MeV (black line) and >50 MeV (gray line) channels
obtained with GOES. Both flares were followed by
enhancements of solar energetic particles (SEPs), and the
second flare’s was larger. The bulk velocity of solar wind
Vsw in the third panel and the total jBj (black line) and Z
component of the magnetic field Bz (gray line) in the fourth
panel were measured with the Advanced Composition
Explorer (ACE). The first shock was recorded at 05:35 UT
by ACE as shown by the dashed line. The same shock was
also recorded by the Geotail satellite at 06:15 UT. The
interplanetary magnetic field had a strong southward com-
ponent of about �50 nT. The bottom panel shows the Dst
index produced by the Kyoto University. The decrease of
the Dst index was quite large, reaching �216 nT. In section
2 we describe the evolution of the AR, focusing on the
photospheric magnetic configuration, and the Ha filament
formed during the evolution of the AR and the coronal
features are also presented. In section 3 we discuss the
flares/CMEs that occurred on 22 August 2005. In section 4

we shortly review the associated interplanetary disturban-
ces. In section 5 we summarize our results.

2. Evolution and Structure of Active Region
NOAA 10798

2.1. Evolution

[5] First, we examine the evolution of the photospheric
magnetic field. Figure 2 shows the continuum images (top),
the magnetograms (middle), and the extreme ultraviolet
(EUV) images (bottom) of AR NOAA 10798. The contin-
uum images and the magnetograms were obtained with the
Michelson Doppler Imager (MDI [Scherrer et al., 1995])
aboard the Solar and Heliospheric Observatory (SOHO
[Domingo et al., 1995]), while the EUV images are taken
with the Extreme-Ultraviolet Imaging Telescope (EIT
[Delaboudiniére et al., 1995]) aboard SOHO. Each image
was taken at about 00:00 UT of the day. AR NOAA 10798
emerged on 18 August 2005 and rapidly evolved.
[6] Although the region showed a simple bipolar config-

uration, while it was in violation of the so-called ‘‘Hale-
Nicholson’s magnetic polarity law’’ [Hale et al., 1919],
according to which the preceding spots in the southern
hemisphere should have a negative polarity during solar
cycle 23. These ‘‘reverted polarity’’ ARs are statistically
more likely to generate flares and CMEs [López Fuentes et
al., 2003; Tian et al., 2005]. We checked all the ARs that
appeared in 2005, and found that only 7 ARs (5%),
including the ARNOAA10798, were the ‘‘reverted polarity’’

Figure 1. Overview of the geomagnetic storm that occurred on 24 August 2005 and the related solar-
terrestrial events. (top to bottom) SXR flux in the GOES 1.0–8.0 Å channel, proton fluxes in >10 MeV
(black line) and >50 MeV (gray line) channels obtained with GOES, bulk velocity of solar wind Vsw

measured with ACE, total magnetic field strength jBj (black line) and Z component of the magnetic field
Bz (gray line) measured with ACE, and Dst index produced by the Kyoto University.
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ARs. Furthermore, 4 of the 7 ARs, including AR NOAA
10798, showed high solar activity. This implies that AR
NOAA 10798 had potentially a very complex structure. For
example, a highly twisted and kinked magnetic structure
may be embedded beneath the photosphere as Ishii et al.
[2000] and Kurokawa et al. [2002] reported. Indeed, we can
see the rotating motion of the pair of the sunspots counter-
clockwise during the disk passage. This AR further evolved
and generated an X17 flare on 7 September 2005 when it
returned as ARNOAA 10808 [Wang et al., 2006;Nagashima
et al., 2007].
[7] The top panel of Figure 3 shows the SXR lightcurves

obtained by GOES in the 1.0–8.0 Å (upper) and 0.5–4.0 Å
(lower) channels. The bottom panel of Figure 3 shows the
time profiles of the magnetic flux of this AR. That for the
negative magnetic flux is multiplied by �1. The calculated
area is 40000 � 40000, and is as wide as it covers the whole
AR. Following the emergence and evolution of the active
region from 18 August 2005, the magnetic fluxes as well as
the SXR intensity gradually increased, with three M class
flares occurring on 22 and 23 August, before rotating
behind the west limb. In this paper we mainly discuss the
first two flare that occurred on 22 August 2005, since the
geomagnetic storm on 24 August 2005 is attributed to
the related eruptions/CMEs.

2.2. Filament Formation

[8] Second, we examine the filament formation in AR
10798, using the Ha images. A filament is just a visualized
part of a helical flux rope, and it is only a fraction of the
whole of the flux rope. However, it is thought that a
filament is located in the middle of the flux rope, and that
it even represents the whole structure [see, e.g., Low and
Hundhausen, 1995]. Therefore, an eruption of a filament is
always related with a large-scale disturbance of the coronal
magnetic field that often appears as an EIT dimming. As
Munro et al. [1979] suggested that more than 70% of CMEs

are associated with eruptive prominences or filament dis-
appearances (with or without flares), and therefore, filament
eruptions are very important as a CME-associated phenom-
enon. Moreover, we often see an ejected filament observed
in Has/microwaves or a plasmoid in SXRs at the center of
an ejecta, when it is accompanied by a flare. We can even
roughly extrapolate the magnetic configuration of a CME
from that of the ejected filament. For example, Rust [1994]
showed that the helicity of ejected filaments correspond to
the chirality of magnetic clouds passing Earth (about 4 days
after the eruptions).
[9] Figure 4 shows the temporal evolution of the AR in

the Ha images (top) and the magnetic field (bottom). The
Ha images in Figures 4a and 4b were taken with the Solar
Magnetic Activity Research Telescope (SMART) (http://
www.hida.kyoto-u.ac.jp/SMART/) at Hida Observatory,
Kyoto University. Figures 4c and 4d were obtained at the
Observatoire de Paris, Section de Meudon, and the Big Bear
Solar Observatory, respectively. Both of these images were
obtained through the online data center of the Global High-
Resolution Ha Network (http://www.bbso.njit.edu/Research/
Halpha/). The magnetograms (Figues 4e–4h) were taken by
SOHO/MDI.
[10] For three days after the emergence of the AR (until

20 August), a clear arch-filament system [Bruzek, 1967]
was seen (Figure 4a). The bipole-like systems bridged the
neutral line and connected the spots of opposite polarity. On
the other hand, after 21 August 2005, these filamentary
structure was abruptly changed. In Figure 4b, some oblique
structure appeared, and showed prefilamental structure.
Comparing with the magnetograms (Figure 4, bottom), we
confirm that the magnetic field of these structure was
oriented from northwest to southeast, which means they
had southward magnetic field. About nine hours after this
(Figure 4c), the sheared filamentary structure evolved to a
large Ha filament that lay on the magnetic neutral line
between the sunspots. The arrow in Figure 4c points to the

Figure 2. Temporal evolution of the AR. The (top) continuum images and the (middle) magnetograms
observed by SOHO/MDI. (bottom) The EUV images obtained with SOHO/EIT. Each image was taken at
about 00:00 UT of the day. Solar north is up, and west is to the right.
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Figure 3. Time profiles of SXR flux and magnetic fluxes. (top) SXR flux in the GOES 1.0–8.0 Å
(upper) and 0.5–4.0 Å (lower) channels. (bottom) Magnetic flux of the AR observed with SOHO/MDI.
The calculated area is 40000 � 40000 centered on the middle of the AR, and is as wide as it covers the
whole AR. The time profile of the negative magnetic flux is multiplied by �1.

Figure 4. (top) Ha images. (a and b) Obtained with SMART at Hida Observatory, Kyoto University.
(c and d) Obtained at Observatoire de Paris, Section de Meudon, and Big Bear Solar Observatory,
respectively. (bottom) Magnetograms taken with SOHO/MDI.
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filament. The filament formation is consistent with what
Martin [1973] pointed out long ago: developed filaments
usually become apparent about the ‘‘fourth day’’ after the
initial formation of an active region. Unfortunately, there are
no data between Figures 4b and 4c, but we can see the new
flux emergence around the magnetic neutral line, (compare
Figure 4f with Figure 4g). The formation of the filaments
with the southward magnetic field is probably related to the
emerging flux.
[11] The first M class flare occurred at 00:44 UT on 22

August 2005, which is in the middle of the time between
Figures 4c and 4d. In Figure 4d, we can recognize the
disappearance of the Ha filament after the first flare, while a
new filament formed in the south part of the AR as pointed
by the arrow in the panel. Associated with the first flare, the
Ha filament formed in the northern part (Figure 4c) erupted,
and with the second flare, the southern one (Figure 4d)
erupted. The axial field of these filaments had southward
magnetic field, which is easily inferred from the prefila-
mentary structure. Although we also checked the EUV data
taken with EIT and the Transition Region and Coronal
Explorer, we could not find out any phenomena that can
be a source of the CMEs other than the filament eruptions.
We will discuss the flares and CMEs in more detail in
section 3.

2.3. Anemone Structure

[12] Figures 5a and 5b show the coronal structure of the
AR observed at about 00:00 UT on 20 August 2005, in SXR
and in EUV with Solar X-ray Imager (SXI) on board GOES
and SOHO/EIT, respectively. The bright structure near the
center of the image is AR NOAA 10798. Figure 5c shows
the magnetogram taken by SOHO/MDI. The following
sunspot with the negative (that is black) polarity is the
center of the EUV bright structure, and a radial array of
loops is formed. We also present schematic cartoons of
the magnetic structure of AR NOAA 10798 in Figures 6a
and 6b.
[13] The appearance is like a sea anemone, and this type

of ARs is sometimes called ‘‘anemone structure’’ [Shibata
et al., 1994a, 1994b], or originally ‘‘fountain’’ [Tousey et
al., 1973; Sheeley et al., 1975a] in the Skylab era. We call
these ARs ‘‘anemone ARs’’ in this paper. These anemone

ARs are often associated with the emerging fluxes within
unipolar regions [Sheeley et al., 1975b], and in most cases,
they appear in CHs [Asai et al., 2008]. Although character-
istics of anemone ARs have been mainly discussed only in
SXRs, they are commonly seen under such a magnetic
configuration, even in a chromospheric line by the Solar
Optical Telescope on board Hinode [Shibata et al., 2007].
[14] As shown in Figure 5, AR NOAA 10798 is clearly

surrounded with a unipolar region with the positive mag-
netic polarity, and shows the anemone appearance both in
SXR and in EUV, and we can conclude that AR NOAA
10798 was a typical anemone AR. In emerging, the AR
interacted (reconnected) with the ambient coronal field, and
magnetic loops were arranged radially with the following
spot that has the negative magnetic polarity as the center of
the anemone structure. In Figure 5b the dark region sur-
rounding the AR is a CH. On 22 August, when the flares/
CMEs in the matter occurred, the anemone appearance
somewhat changes as seen in Figure 2. This is caused by
projection like many anemone ARs, while some anemone
ARs keep the appearance even on the limb [Saito et al.,
2000].

3. Flares and CMEs

[15] Next, we focus on the two M class flares and the
associated CMEs. The first flare that was M2.6 on the
GOES scale, started at 00:44 UT, and peaked at 01:33 UT.
The second one was M5.6 on the GOES scale, and the start
and the peak times were 16:46 UT and 17:27 UT, respec-
tively. Both are LDEs, and showed clear arcade structure.
Figure 6c shows a schematic of the magnetic field during
the flares. The sites of the flares were (S11� W54�) and
(S12� W60�), respectively.
[16] The two flares were associated with disappearances

of the Ha filaments, and Halo-type CMEs that were
observed with the Large Angle Spectrometric Coronagraph
(LASCO) aboard SOHO (see the SOHO/LASCOCMEonline
catalog, http://cdaw.gsfc.nasa.gov/CME_list/) [Yashiro et al.,
2004]. LASCO images of the two CMEs (CME1 and CME2)
are shown in Figure 7. The left panels are the LASCO C2
running difference images overlaid with EUV images taken
by SOHO/EIT (195 Å), and the right panels are the LASCO

Figure 5. Coronal feature of ARNOAA 10798. (a) A SXR image obtained with GOES/SXI. (b) An EUV
(195Å) image obtained with SOHO/EIT. The bright region near the center of the image is the AR. The
surrounding dark region is a CH. (c) A magnetogram taken with SOHO/MDI.
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C3 running difference images. CME1 was ejected mainly to
the northwest, and CME2 was to the southwest as indicated
by the arrows in Figure 7. The directions were roughly
consistent with the initial position of the Ha filaments (see
section 2.2).
[17] It is particularly notable that the CMEswere quite fast:

CME1 and CME2 had speeds of about 1200 and 2400 km s�1,
respectively. The speed of CME2 is ranked among the top
17 of all the 13,000 CMEs observed by SOHO/LASCO
until the end of 2007. Although the time interval between
the two flares/CMEs was about 16 hours, CME2 possibly
caught up with CME1 before reaching 1 AU [Gopalswamy
et al., 2001a]. Statistically, a CME ejected with the velocity
of VCME have an acceleration am s�2 = 2.193 � �0.0054 �
VCME km s�1 [Gopalswamy et al., 2001b], and the expected
accelerations for CME1 and CME2 are�4.3 and�10.8m s�1

for the current case. Therefore, we estimate that the inter-
acting between CME1 and CME2 occurred at about 1 AU
(i.e., near Earth), by assuming constant accelerations for the
CMEs.
[18] The interplanetary disturbance associated with the

Halo-type CMEs can be followed by using interplanetary
scintillation (IPS). When we see a radio source through a
highly turbulent plasma associated with a CME traveling
from Sun, the radio source scintillates. Therefore, such
scintillations show us the electron density fluctuation
caused by the CME. As an effective indicator of the electron
density fluctuation, we often use g value (g) calculated from
IPS data (see Tokumaru et al. [2000, 2003, 2005] for
more details). The g value represents the variation of the
electron density fluctuation in the solar wind (DNe), as

g2 / R 01 DNe
2w(z)dz, where z is a distance along the line of

sight, and w(z) is the IPS weighting function given by Young
[1971]. It is normalized to the mean level of density
fluctuations so that the quiet solar wind yields g value

Figure 7. White light CME images obtained with SOHO/
LASCO. (left) C2 running difference images for CME1/CME2
overlaid with EUVimages obtained with SOHO/EIT (195Å).
(right) C3 running difference images. The arrows roughly
point the main part of CMEs.

Figure 6. Schematic cartoon of AR 10798 and related flares/CMEs. (a) A magnetic flux newly emerges
within a CH. (b) An anemone structure is generated, and an Ha filament is also formed above the
emerged flux. (c) A magnetic reconnection occurs beneath the filament, which causes the filament
eruption. The ejected plasma is bent eastward by the surrounding magnetic field with positive magnetic
polarity. (d) The ejecta becomes a magnetic cloud (shown as a cylinder) that have a southward axial
magnetic field and is approaching to Earth. (e) Passage of a FR and the variation of the azimuthal angle of
the magnetic field fB. When a FR passes the east of Earth, fB evolutes 90–180–270 (�90) degree.
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around unity, and the enhancement (g > 1) shows the
passing of a turbulent plasma.
[19] We examined the g values taken with IPS at Solar-

Terrestrial Environment Laboratory (STEL), Nagoya Uni-
versity [Kojima and Kakinuma, 1990; Asai et al., 1995;
Tokumaru et al., 2000]. Figure 8 shows the daily (Japanese
daytime) sky projection maps of the g values. In each map,
the center corresponds to the location of Sun, and dotted
cocentric circles are constant radii contours from Sun drawn
at 0.3, 0.6, and 0.9 AU. The solid circles indicate the points
of the closest approach to Sun (P points) on the line of sight
where g value were obtained (P point approximation). The
locations of the stronger g values are emphasized by colors
and sizes of the circles. The dark gray and the black circles
represent the locations where the g values are larger than 1.5
and 2.0, respectively.
[20] In both panels of Figure 8 we can see density

fluctuations that were caused by the two Halo CMEs, while
we cannot distinguish the individual CMEs discretely due
the low spatial resolution of IPS. The front of the distur-
bance, which was caused by CME1, reached about 0.4 and
0.8 AU on August 23 and 24, respectively. CME1 is well
decelerated, and the speed is about 700 km s�1. These
fluctuations are distributed roughly in all direction.

4. Interplanetary Disturbance

[21] Here, we investigate in more detail why a strong
disturbance with a magnetic field of about �50 nT arrived at
Earth. As we mentioned above (see section 4), CME2
probably caught up with CME1, and therefore, disturbance
is regarded as a merged product of CME1 and CME2,
although the interaction was not directly observed.
[22] Figure 9 shows a 7-hour interval corresponding to

the geo-effective part of the interplanetary disturbance from
Geotail. The top four panels present the magnetic field in
GSE coordinates obtained by the Magnetic Field Experiment
(MGF [Kokubun et al., 1994]). The magnitude jBj and the
x (Bx), y (By), and z components (Bz) of the magnetic field

are shown. The fifth panel shows the ion velocity Vx

observed with the Low Energy Particle Experiment (LEP
[Mukai et al., 1994]). The bottom panel shows the electron
density Ne observed by the Plasma Wave Instrument (PWI
[Matsumoto et al., 1994]). The density reached so high that
the counts of the particle detectors onboard Geotail (and
probably ACE as well) were saturated, and therefore, it is
underestimated during the strong disturbance. To avoid the
underestimation of the density, we simply traced local
enhancements of the electrostatic noise that appears in the
dynamic spectra of the electric field as have been carried out
elsewhere (see, e.g., Figure 4 of Terasawa et al. [2005]).
Although the measurement also have a uncertainty, it is
more accurate than that by particle measurement experi-
ments, since the counts were not saturated.
[23] A flux rope (FR) structure can be identified by the

smooth rotation of the magnetic field from 09:15 to 11:15 UT
as shown by the vertical dashed lines in Figure 9. It is
notable that the 2 hours duration of this FR was extremely
short compared to the typical duration of about 20 hours
[Lepping et al., 2003; Gopalswamy, 2006]. The local
velocities of the FR is 650 km s�1, as will be discussed
below. We estimated the radial size of the FR to be about
0.03 AU, by multiplying the local velocity by the 2 hours
duration. This value is also extremely small compared with
typical ones of 0.2–0.3 AU [Forsyth et al., 2006]. This FR
showed the smooth rotation from positive to negative By, a
negative Bz peak in the middle of the By rotation, and
relatively small Bx component. These can be roughly
explained by the passage of a right-handed flux rope with
the southward pointing axis field, which is consistent with
the magnetic field configuration of the associated Ha
filaments. The largest geomagnetic storm of cycle 23 that
occurred on 20 November 2003 was associated with a
similar FR [Gopalswamy et al., 2005].
[24] About 15 min before the front edge of the FR (i.e., at

about 09:00 UT), a solar wind discontinuity is identified by
the sudden increases in the magnetic field, solar wind speed,
and density as shown by the vertical solid line. From the
variation of velocity distribution function, we confirmed an
abrupt increase of temperature (not shown) there, and
concluded that the discontinuity is a shock. We call the
discontinuity as the ‘‘second shock,’’ and the ‘‘first shock’’
is for the one observed at the beginning of the event as
shown with the dashed line in Figure 1 and the vertical solid
line at about 06:15 UT in Figure 9.
[25] The extremely strong southward magnetic field, the

unusual short duration of the FR (2 hours), and very small
separation between the second shock and the FR front
(15 min) can be naturally explained, if we regard the
disturbance as the product of very fast shock wave associ-
ated with CME2 interacting with the slower body of CME1
in traveling to Earth. Therefore, CME2 suffered from a
strong deceleration, which implies that there was a great
compression of the interplanetary medium in front of CME2.
In this case the first and the second shocks are thought to be
associated with CME1 and CME2, respectively.
[26] The local velocities of the first and the second shocks

are measured by the positional relation between the ACE and
Geotail satellites, and therefore, we can roughly estimate their
accelerations (decelerations). ACE and Geotail were located
at (223.7, 10.6, 4.5) and (12.9, 25.7, 1.9) RE (= 6378 km) at

Figure 8. Daily (Japanese daytime) sky projection maps
of g values obtained with IPS observations at STEL Nagoya
University. In each map, the center corresponds to Sun
center, and the dotted cocentric circles are constant radii
contours from Sun drawn at 0.3, 0.6, and 0.9 AU. Solid
circles indicate the points of the closest approach to Sun
(P points) on the line of sight where g value data were
obtained (P point approximation). Dark gray and black
circles represent the locations where the g values are larger
than 1.5 and 2.0, respectively.
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09:00 UT on 24 August 2005 in GSE coordinate system,
respectively. As already mentioned, CME1 and CME2 were
ejected with velocities of about 1200 and 2400 km s�1, at
intervals of 16 hours. On the other hand, the local velocities
of the first and the second shocks are 650 and 710 km s�1,
respectively, and the time separation between them is
reduced to only about 3 hours. Assuming the constant
accelerations, they are estimated to be �3.2 and �13 m s�2.
As we calculated above, the accelerations for CME1 and
CME2 are statistically expected to be�4.3 and�10.8 m s�1.
The additional deceleration of CME2 also indicates that it
interacted with slower CME1 and compressed the interplan-
etary medium there.

5. Summary and Discussions

[27] In order to make clear the importance of an AR that
emerged in a CH to generate geo-effective flares/CMEs, we
examined the evolution of the AR NOAA 10798, the solar
events associated with a geomagnetic storm that occurred
on 24 August 2005, and the related interplanetary distur-
bances. The summary of the features of the AR and the
events is as follows: (1) Highly twisted and complex
magnetic flux emerged within a small CH on 18 August
2005, which was named NOAA 10798; (2) An anemone
type structure was generated, and Ha filaments that had
southward axial fields were formed on 21 August 2005;

(3) Two halo CMEs associated with M class flares occurred
on 22 August 2005; (4) The CME speeds were fast,
especially the second one recorded 2400 km s�1; (5) The
interplanetary disturbances with strong southward magnetic
field of about �50 nT and strong compression of plasma
were produced.
[28] The CMEs were particularly geo-effective, and the

minimumDst index was�216 nT. The reasons for the CMEs
to be so geo-effective were the high speeds of the two
CMEs and their interaction as well as the CMEs traveled
directly toward Earth. For the current case, the speed of
CME2 was faster and pushed the slower CME1, which led
to a unusual strong compression of the plasma at the front of
CME2.
[29] The high speeds of the CMEs are more notable. The

AR was large and very complex, and violated the Hale-
Nicholson’s magnetic polarity law. These reverted polarity
ARs are statistically favorable to produce large flares.
However, it is suspicious whether just the violation of the
Hale-Nicholson’s law is responsible for high speed CMEs
of about 2000 km s�1, and it should be quantitatively and
statistically clarified in the future. In this paper we suggest
that the fast CMEs are probably a consequence of the
eruption inside a CH from an anemone AR. This is
consistent with the association between fast Halo CMEs
and CHs as reported before [Verma, 1998; Liu and Hayashi,
2006; Liu, 2007].

Figure 9. Geotail observation of the interplanetary disturbance on 24 August 2005. (top to bottom)
Magnitude and X, Y, and Z components in GSE coordinate of the magnetic field (MGF experiment), ion
velocity (LEP/SWI experiment), and electron density (PWI/SFA). The vertical solid lines show the
shocks (the first and the second shocks). The vertical dashed lines show the flux rope.
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[30] Eruptive activities of anemone ARs are usually low
[Asai et al., 2008], and often confined to small-scale
activities inside CHs that appears to be SXR bright points.
In some cases, anemone ARs can produce large SXR
coronal jets [Shibata et al., 1994b; Vourlidas et al., 1996;
Kundu et al., 1999; Alexander and Fletcher, 1999]. This is
because the situation of an emergence of a magnetic flux
within a CH is suitable for magnetic reconnection with the
surrounding field to generate SXR coronal jets and/or Ha
surges [Yokoyama and Shibata, 1995, 1996]. Wang [1998]
indicates the possibility that even polar plumes are associated
with jets from anemone ARs at high latitudes. Anemone
ARs are related to nonradial coronal streamers emanating
from magnetically high latitudes [Saito et al., 2000]. The
relation between anemone ARs and fast solar winds have
also been paid attentions to [Takahashi et al., 1994; Saito et
al., 1994; Wang, 1998]. Saito et al. [2000] further discussed
the rotational reversing model and the triple dipole model to
explain the reversal of the solar surface magnetic field, and
anemone ARs play an important role in this. This model
implies that anemone ARs are more conspicuous in the
decaying phase of a solar cycle as in the case of AR NOAA
10798.
[31] On the other hand, the deflection of CMEs eastward

by the interplanetary fields effectively worked in the current
case as shown in the Figure 6d. As Wang et al. [2006]
pointed out, the faster CMEs are deflected more eastward,
and therefore, the AR NOAA 10798 generated geo-effective
CMEs, although it was quite close to the southwest limb.
The azimuthal angle of the magnetic field measured from
the x axis fB (= arctan(By/Bx)) changed 90�–180�–270�
(�90�) during the passage of the FR, which is consistent
with the guess that the deflection of the CMEs were so
strong that the axis of the FR passed through the east of
Earth. This is also consistent with the fact that the flares in
the next rotation (and renamed as NOAA 10808) did not
affect the magnetosphere so much [Wang et al., 2006;
Nagashima et al., 2007]. Furthermore, the extremely short
duration of FR and the missing of CME1 (see Figure 9) are
possibly explained by the skimming encounter with the
CMEs due to the strong deflection.
[32] The nature of the interplanetary disturbances and

their impact on the magnetosphere strongly depend on the
features of emergence and evolution of an AR and the
relation with the surrounding magnetic field. In this work
we succeeded to follow in detail the evolution of the AR
and the large geomagnetic storm resulting from eruptions in
the AR. The reconstruction of the proposed scenario using
numerical simulations will be attempted in the future.
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Abstract. The Flare Monitoring Telescope (FMT) was constructed in 1992
at the Hida Observatory in Japan to investigate the long-term variation of so-
lar activity and explosive events, as a project of the international coordinated
observations programme (STEP). The FMT consists of five solar imaging tele-
scopes and one guide telescope. The five telescopes simultaneously observe the
full-disk Sun at different wavelengths around H-alpha absorption line or in dif-
ferent modes. Therefore, the FMT can measure the three-dimensional velocity
field of moving structures on the full solar disk without the atmospheric seeing
effect. The science target of the FMT is to monitor solar flares and erupting
filaments continuously all over the solar disk and as many events as possible
and to investigate the relationship between such phenomena and space weather.
Now we are planning to start a new worldwide project called as “Continuous
H-alpha Imaging Network (CHAIN)-project”. As part of this project, we are ex-
amining the possibility of installing telescopes similar to the FMT in developing
countries with cooperative help by the United Nations. We have selected Peru
as the candidate country where the first oversea FMT will be installed, and are
beginning to study the natural environment, the seeing conditions, the proper
design of the telescope for Peru and the training and education programme of
operating staff, etc.
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1. Introduction

The Hida Observatory has three solar telescopes, i.e., the Domeless Solar Telescope
(DST), the Solar Magnetic Activity Research Telescope (SMART), the Flare Monitoring
Telescope (FMT) and the two nighttime telescopes, i.e., the 60 cm reflector and the 65 cm
refractor. Our main fields of research and education are solar physics, solar astro-plasma
physics, solar-system physics and solar-stellar physics. In recent years, studies of the
environmental variation of the solar-terrestrial system has become quite important in the
field of solar physics, because solar active phenomena have been recognized as the main
sources of space disturbances, and studies of solar active phenomena are indispensable
basis of space weather prediction. In our observatory, such studies have been done in two
complementary ways. One way is to perform detailed studies of solar events with high
spatial-resolution imaging, spectrum measurement with high wavelength- resolution and
multi-wavelength spectra measurement at the DST. However, its field of view (FOV) is
limited to 6 arcmin, it is not enough for spatially large-scale events. The other way of our
studies is the solar full-disk observations with the FMT and the SMART. With the FMT
we do simultaneous observations of the full-disk Sun at different wavelengths around H-
alpha absorption line or in different modes (Fig.1), and we do simultaneous observation
of the full solar-disk vector magnetic field on the photosphere and full-disk chromosphere
with the SMART (UeNo et al. 2004). Therefore, the FMT and SMART particularly suit-
able for studying large-scale active phenomena on the whole solar-disk which are directly
connected with the space weather. In other words, observational studies with these two
telescopes can contribute well and to our understanding of space weather environment.

As space weather research can be advanced more efficiently with 24-hour continuous
observations of solar events, it is planned to create a world-wide observational network
with FMT-type telescopes distributed all over the earth called as “Continuous H-alpha
Imaging Network (CHAIN)-project”. As part of the CHAIN-project, we are examining
the possibility of installing FMT-type telescopes in developing countries with cooperative
help by the United Nations. More precisely, we are considering Peru as the country where
the first oversea FMT will be installed.

In the following, we introduce characteristics of the FMT, some scientific results and
our plans of installing the FMT in Peru.

2. Characteristics of the FMT

The Flare Monitoring Telescope (FMT) was constructed in 1992 at the Hida Observatory
in Japan to investigate the long-term variation of solar activity and explosive events
(Kurokawa et al. 1995). It has been one of the fruitful projects of the international
coordinated observations program (STEP) that started from 1991. The FMT consists
of five solar imaging telescopes and one guide telescope that have a simple and compact
design. We show the optical system and specifications of the telescopes in Fig. 2. Optical
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Figure 1. Sample images obtained with five kinds of telescopes of the present FMT at Hida

observatory.

layout is almost common to the five telescopes. The images were obtained every two
seconds and recorded with time-lapsed video from 1992 to May 2006. From September
1996, we installed a digital data recording system of 1 min cadence. Moreover, in May
2006, we introduced a new digital CCD camera system (Takenaka System Co.LTD/
digital full frame shutter camera FC1500CL), so that pixel resolutions and digital bit
depths were improved (2.1 arcsec/pix, 10 bit) and the exposure-time was reduced (4
ms). Normally, the time cadence for obtaining a series of digital images with this new
system is 20 seconds. Simultaneous exposures among five cameras is within 64 ns in
principle. Therefore, the five telescopes can almost simultaneously observe the full-disk
Sun at different wavelengths around H-alpha absorption line or in different modes (H-
alpha line center, H-alpha -0.8 Å, H-alpha + 0.8 Å, continuum light, prominence mode
with an occulting disk). In other words, the FMT can measure the three-dimensional
velocity field of moving structures on the full solar disk without seeing errors.

The data that have been obtained with the FMT during 15 years are now publicly
opened on the web (http://www.kwasan.kyoto-u.ac.jp/general/facilities/fmt/database en.
html). At present, this data archive consists of the following four contents:

1. Event lists Monthly compiled lists: Physical characteristic and classification are
given for every event. GIF-images are shown by clicking the record.

2. MPEG-movies of outstanding events: Classified into categories of flares, filament
eruptions, surges and prominence eruptions.
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Figure 2. Optical system and specifications of the FMT.

3. Real-time images: Four kinds of the latest images (except continuum images).

4. All the digital raw images for download

3. Representative scientific results with the FMT

In this section, we introduce two kinds of typical examples of the studies done with FMT
data. The first theme is “investigation of the three- dimensional velocity field of large-scale
filament eruptions and their relationship with coronal mass ejections (CMEs)”. Making
the best use of the feature of the FMT, Morimoto & Kurokawa (2003a, 2003b) measured
3-D velocity fields of disappearing solar filaments. Then, they distinguished whether
each active filament really erupted or not by analyzing time-variations of their radial
upward velocities (Fig. 3) and investigated the relationship with coronal structures or
CMEs. They clearly showed that erupting filaments, which escaped from the sun, almost
perfectly corresponded to appearances of coronal arcade structures and CMEs. The future
subject in this theme will be the investigation of the correlation between “the velocity
strength and direction of the eruption” and “the strength of effects of the corresponding
CMEs on the earth”.

The second theme of the typical study is “Moreton waves that accompany flares”.
Eto et al. (2002) and Narukage et al. (2002) detected many Moreton waves in the chro-
mosphere that accompanied solar flares by investigating time-evolutions of the Doppler
velocity fields around flares obtained with the FMT. The Moreton wave has theoretically
been considered as the cross section in the chromosphere of a shockwave generated by
a strong solar flare. Narukage et al. actually investigated the relationship between the
Moreton wave and coronal wave observed in X-ray with Yohkoh-satellite (Fig. 4a). They
found the consistency among speeds, timings and directions (Fig. 4a,b). Moreover, they
confirmed that their speeds indeed correspond to one of the expected MHD shockwaves.
By the way, more than half the number of Moreton waves that were found in the past
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Figure 3. Transversal velocity field distribution and time-variation of the Doppler velocity,

total velocity and upward velocity of the disappearing filament observed with the FMT (from

Figs 7 & 9 in Morimoto & Kurokawa 2003a).

have been discovered with the FMT. Therefore, we can say that the FMT is a very useful
instrument for inferring the characteristics of the shockwaves that are generated by solar
flares and propagate to space.

4. CHAIN-project and the plan of the FMT in Peru

Though the FMT is a simple and small-diameter telescope, it is a powerful instrument
for studying the large scale solar active phenomena that can affect the space environment
as discussed above. Therefore, we want to monitor more solar flares and erupting fila-
ments continuously as many as possible by such characteristic telescopes. We are now
planning to execute ”Continuous H-alpha Imaging Network (CHAIN)-project” as part of
the CAWSES (Climate And Weather of the Sun-Earth System) project by distributing
several similar telescopes all over the world. Two groups of the telescopes are candidates
for network members. The first group is made up of the existing H-alpha solar full-disk
telescopes. Staff of our observatory have begun to contact ground-based observatories
in China, France etc. The second group is formed by newly installed H- alpha multi-
wavelength telescopes. As for this group, we are examining the possibility of installing
the telescopes in developing countries with aids from the United Nations. This is not only
to increase the number of flare-monitoring locations, but also to encourage the education
and study of the solar- terrestrial physics in the developing countries. This project is also
being pushed by a new space weather project in Japan entitled “Basic Study of Space
Weather Predictions” under the CAWSES programme (Shibata and Kamide, 2007 (in
preparation)).

We have already selected Peru as the first candidate where the oversea FMT will be
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Figure 4. Relationship between the Moreton wave observed with the FMT and the coronal

wave detected with Yohkoh Soft X-ray telescope. (a) Time-evolution and direction of each wave.

(b) Timing and propagating speed of each wave. (From Figs 1 & 2 in Narukage et al. 2002).

installed, because the time difference between Japan and Peru is 14 hours and a telescope
in Peru can almost cover Japanese nighttime. Moreover, Peru has kept deep connections
with Japan and especially with our university for 50 years. The relationship between
Japan and Peru is concretely shown in the paper of Dr. Ishitsuka in this book.

Currently, there are three candidate locations where a new FMT will be installed
in Peru. Each position on the map of Peru is shown in Fig. 5. In general, there are
quite a lot of fine days in Ica city compared with that of Huancayo city. Moreover, the
educational and studying environment of the campus of Ica University is comparatively
excellent. For example, a coelostat for measuring the solar spectra will also be installed
in this campus in 2007 with the support by National Astronomical Observatory of Japan,
and the campus ground will be developed and provided as the “Solar Station” by Ica
University (cf. Dr. Ishitsuka’s paper). Therefore, we are currently considering that the
campus of Ica University will be the first candidate location. We will actually visit all
of these sites in January 2007. After our actual inspection, we will finally decide the
location for the FMT in Peru.

On the other hand, we still have a lot of items in various aspects that should be
investigated in advance, such as the seeing condition and the height of the turbulence
due to the heat haze at the candidate site, the best structure of the housing of the
telescope, the efficient method of remodeling the telescope matching with the latitude of
Peru, the best combination of the observing wavelengths, the appropriate software for
data processing under the computer environment at Ica University, training and skill-up
of the local staffs, etc. The biggest issue is a large amount of monetary budget. This
problem will also affect future plans to install other FMTs in other developing countries.
We must select minimum necessary functions for oversea’s FMTs and study the way of
cutting down the expenses.
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Figure 5. The positions of candidate sites for installing the FMT in Peru besides Lima, the

capital city of Peru. ICA1: Ica University, ICA2: new educational astronomical observatory,

HUANCAYO: Huancayo Observatory. (Background map: from Google Earth).

5. Conclusion and future subjects

In recent years, we recognize the scientific and social importance of the studies of the
environmental variations of the solar-terrestrial system (space weather studies) in the field
of solar physics. Though the FMT at Hida observatory is simple and a small telescope,
it can measure the three-dimensional velocity field of the full disk Sun without seeing
influence. Therefore, it is a powerful instrument for studying physical properties of large-
scale active phenomena on the whole solar-disk that are directly connected with the
space weather. In order to obtain more data of the solar flare and erupting filaments
continuously, we are planning to install the first oversea’s FMT in Peru as part of CHAIN-
project with cooperative help from the United Nations. The present first candidate site
in Peru is the campus of Ica University. Currently, we are investigating various items,
aiming to start the operation of the FMT in Peru by the end of 2009, as follows:

• The seeing conditions and the height of the turbulence due to the heat haze at the
candidate site

• The best structure to house the telescope (protecting it from sand storms)

• The efficient method of remodeling the telescope matching with the latitude of Peru

• The way of cutting down required expenses and finding the funds

• The best combination of the observing wavelengths (improvement of the accuracy
of the velocity estimation)

• The appropriate software for data processing under the computer environment at
Ica Univ.
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• The training and skill of the local staff (for daily operation, maintenance and man-
agement of the software)

We hope to install the FMT in Peru successfully and also to extend the CHAIN
network by promoting FMT’s in other countries in future.

Finally, we greatly appreciate the very kind support given for this project and for
our talk in this meeting by staff of IHY, United Nations and Dr. J.K. Ishitsuka, Dr. M.
Ishitsuka from Instituto Geofisico del Peru (IGP).

This work was supported by a Grant-in-Aid for the 21st Century COE “Center for
Diversity and Universality in Physics” from the Ministry of Education Culture, Sports,
Science and Technology (MEXT), and by a Grant-in-Aid for Creative Scientific Research
of the MEXT “Basic Study of Space Weather Prediction” (17GS0208 PI: K. Shibata).
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ABSTRACT

We analyze a solar active region observed by the Hinode Ca ii H line using the time–distance helioseismology
technique, and infer wave-speed perturbation structures and flow fields beneath the active region with a high spatial
resolution. The general subsurface wave-speed structure is similar to the previous results obtained from Solar and
Heliospheric Observatory/Michelson Doppler Imager observations. The general subsurface flow structure is also
similar, and the downward flows beneath the sunspot and the mass circulations around the sunspot are clearly re-
solved. Below the sunspot, some organized divergent flow cells are observed, and these structures may indicate the
existence of mesoscale convective motions. Near the light bridge inside the sunspot, hotter plasma is found beneath,
and flows divergent from this area are observed. The Hinode data also allow us to investigate potential uncertainties
caused by the use of phase-speed filter for short travel distances. Comparing the measurements with and without the
phase-speed filtering, we find out that inside the sunspot, mean acoustic travel times are in basic agreement, but the
values are underestimated by a factor of 20%–40% inside the sunspot umbra for measurements with the filtering.
The initial acoustic tomography results from Hinode show a great potential of using high-resolution observations
for probing the internal structure and dynamics of sunspots.

Key words: Sun: helioseismology – Sun: interior – sunspots

1. INTRODUCTION

Deriving subsurface structures and flow fields of solar active
regions is one of the major topics for local helioseismology
studies. Using Ca ii K observations made at the geographic
South Pole in early 1990s, Duvall et al. (1996) found the
first evidence of downdrafts below active regions through
measuring acoustic travel times by employing the time–distance
helioseismology technique. Later inversions (Kosovichev 1996)
using these travel time measurements found strong converging
downflows and areas of the excess of sound-speed beneath
growing active regions. With the availability of Solar and
Heliospheric Observatory/Michelson Doppler Imager (SOHO/
MDI; Scherrer et al. 1995), Doppler observations that are seeing-
free and more suitable for local helioseismology studies, more
investigations of the sunspot’s subsurface structures and flow
fields have been carried out by use of various theoretical models:
ray-path approximation (e.g., Kosovichev et al. 2000; Zhao
et al. 2001), Fresnel-zone approximation (e.g., Jensen et al.
2001; Couvidat et al. 2004), and Born approximation (e.g.,
Couvidat et al. 2006). Despite the use of different approaches
of calculating travel time sensitivity kernels, the results remain
largely the same, i.e., for active region subsurface structures, a
negative sound-speed perturbation was found up to 5 Mm below
the photosphere, and a positive perturbation was seen below
that depth. For subsurface flow fields, converging downflows
were inferred from the photosphere to about 5 Mm beneath it,
and divergent flows were found below this layer. Another local
helioseismology technique, ring-diagram analysis, although it
could not provide subsurface flow maps with such a high spatial
resolution, gave results that were in general agreement (Haber
et al. 2004; Komm et al. 2005). Some direct comparisons of these
two techniques were also performed (Hindman et al. 2004).

However, on the other hand, these results were not uncontro-
versial. By measuring acoustic phase shifts in sunspot penumbra
using MDI Doppler observations when sunspots were located

near the solar disk limb, Schunker et al. (2005) demonstrated
that the measured acoustic travel times varied around sunspot
penumbra when the sunspot was located near the limb, and be-
lieved this effect was caused by the inclined magnetic field.
While acknowledging the existence of such an effect in oscil-
lation signals observed in Dopplergrams, Zhao & Kosovichev
(2006) found out that such an effect did not exist in the os-
cillations observed in MDI continuum intensity. Additionally,
Rajaguru et al. (2006) showed that the phase-speed filtering in
the time–distance acoustic travel time measurements would also
introduce errors in active regions where oscillation amplitudes
were suppressed. Using numerical simulations Parchevsky et al.
(2008) confirmed this effect, and concluded that this effect led
to underestimation of the mean travel times at short distances.
Some recent attempts of using different filtering procedures,
e.g., ridge filtering (Braun & Birch 2008), showed that different
filtering might give different measurements. Thus, it is certainly
worthwhile examining how filters would change measurement
results. On the other hand, it is also arguable whether those
time–distance observed acoustic travel time variations in so-
lar magnetic areas could be interpreted as interior sound-speed
anomalies, or were caused by some surface magnetism effect
such as the showerglass effect (Lindsey & Braun 2005a, 2005b).
Furthermore, it is also not clear how the interaction of acoustic
waves and magnetic fields would effect the phase of these waves,
hence the travel time variations in the measured acoustic travel
times. It would be very difficult to interpret the measurements
if acoustic waves experience some phase shifts at the boundary
of unmagnetized and magnetized areas (Cally 2009).

High spatial resolution observation of sunspots by the Solar
Optical Telescope (SOT; Tsuneta et al. 2008) onboard the
Japanese solar spacecraft Hinode (Kosugi et al. 2007) not
only gives us another possibility of investigating subsurface
properties of solar active regions in addition to the already
existing helioseismology instruments, but also provides an
unprecedented high spatial resolution that has enabled some
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Figure 1. Ca ii H image of the studied region from the Hinode/SOT.

studies that were improbable using these existing instruments.
In this paper, we analyze an active region observed by Hinode
utilizing the time–distance helioseismology technique, and infer
the wave-speed profiles and flow fields beneath this region, and
present these results in Section 3. We also analyze the acoustic
signals without applying any filters except filtering out solar
convection and f-modes, and investigate how the phase-speed
filtering effects our measurements. Such analyses can hardly
be carried out by use of MDI high-resolution observations, and
these results are presented in Section 4. In Section 5, we discuss
and summarize our results.

2. OBSERVATION AND DATA ANALYSIS

The sunspot inside active region NOAA AR10953 was
observed by Hinode/SOT Ca ii H line continuously for a total
of 738 minutes, from 17:00UT 2007 May 2 through 05:58UT
2007 May 3, with a cadence of approximately 1 minute. The
cadence was not uniform, but had a variation of a fraction of 1
s, and this was corrected by interpolating data into a uniform
time grid of 1 minute. Each image, 2048 × 1024 pixels in size,
has a spatial resolution of 0.′′108 pixel−1, and a field of view of
approximately 160×80 Mm. An image from this observation is

shown in Figure 1. We perform a 2×2 rebin before time–distance
analysis, and the resultant resolution corresponds to 0.156 Mm
pixel−1. During this 12+ hours observation, the pointing of SOT
was not sufficiently stable, and this is corrected by shifting
images to keep the sunspot center in a fixed location during the
whole sequence.

As demonstrated by Sekii et al. (2007) and Nagashima et al.
(2009), the time–distance helioseismology technique works well
with the Hinode Ca ii H data. We apply a similar measurement
and inversion procedure on this active region. Seven different
time–distance measurement annuli are used, and the annulus
ranges are 4.0–6.6, 6.5–9.7, 9.2–12.5, 12.0–15.9, 15.1–18.9,
18.5–22.3, and 21.6–25.4 Mm, respectively. Because of the
limited field of view, longer annuli cannot be used in measuring
this data set, and this restricts us from reaching deeper interiors.
When we fit the cross-covariance inside the sunspot umbra and
penumbra some misfittings occur, but the number of misfittings
is insignificant, and this should not alter our analysis and final
results. The misfitted pixels are replaced by averaged values
from their neighboring pixels.

After the acoustic travel times are measured, inversions are
performed to infer the subsurface magnetoacoustic wave-speed
structures and flow fields. The inversion technique, sensitivity
kernels, and the final averaging kernels are essentially the same
as or similar to those presented by Zhao et al. (2007) except the
slightly different annulus radii and depth coverage.

3. SUBSURFACE STRUCTURE AND FLOW FIELD

3.1. Subsurface Wave-speed Structure

A few selected images of the inverted wave-speed perturba-
tions at different depths are displayed in Figure 2. At depths
shallower than ∼3 Mm, the wave-speed perturbation is domi-
nantly negative inside the sunspot area, although small areas of
positive perturbations exist, in particular close to a light bridge
in the upper umbra area. At the depth of 3.0–4.5 Mm, nega-
tive and positive wave-speed perturbations are mixed. Below

Figure 2. Wave-speed perturbation at different depths. The white contours in each panel indicate the boundaries of sunspot umbra and penumbra.
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Figure 3. Vertical view of wave-speed perturbation beneath the active region.

Figure 4. Averaging kernels, as functions of (a) depth and (b) horizontal
distance, for different targeted depths obtained from acoustic wave-speed
perturbation inversion.

approximately 6 Mm, the perturbations are predominantly pos-
itive inside the sunspot area. Please note that all depths here
are relative to where the Ca ii H line forms and the acoustic
signals are observed, i.e., approximately 250 km above the solar
photosphere (Carlsson et al. 2007).

A vertical cut through the center of the sunspot along the
east–west direction at Y = 39 Mm, as presented in Figure 3,
shows that the wave-speed anomalies extend about half of the
sunspot size beyond the sunspot penumbra horizontally. In the
vertical direction, the negative wave-speed perturbation extends
to a depth of ∼4 Mm. The positive perturbation is about 9 Mm
deep, but it is not clear whether it extends further, because our
inversion cannot reach deeper layers due to the limited field of
view. The averaging kernels associated with this inversion are
shown in Figure 4.

In the quiet Sun, the measured mean acoustic travel times
often appear to be relatively constant with little correlation
with supergranulation structures. Hence, we can estimate our
travel time measurement uncertainties by computing standard
deviations in a region of the quiet Sun. The errors in the inverted
wave-speed structures can then be estimated by convolving the
measurement uncertainties with the averaging kernels. These
error estimates are shown in Figure 5. It is found that the errors
decrease and the averaging kernels become broader with the
increase of depth. This is a general property of helioseismic
inversions, and the error magnitude and averaging kernel width
depend on the choice of regularization parameters. In this case,
the parameters are chosen to provide a sufficient smoothing
of the regularized solution at different depths. This results in
broader averaging kernels and smaller error estimates in deeper
layers.

This picture of a sunspot’s subsurface wave-speed perturba-
tion is made from intensity observations, rather than the more
commonly used Doppler velocity data. In spite of this, the sub-
surface wave-speed structure is remarkably similar to the pre-
vious results obtained using MDI Dopplergrams and various
types of acoustic sensitivity kernels (e.g., Kosovichev et al.
2000; Couvidat et al. 2006; Zharkov et al. 2007). It is also no-
ticeable that no obvious effect caused by the inclined magnetic
field is visible in the inverted sound-speed perturbation map,
although the sunspot is located quite a distance away from the
solar disk center. This is in agreement with the conclusion that
the solar oscillation signals observed in intensity are not affected
by inclined magnetic fields (Zhao & Kosovichev 2006). Unfor-
tunately, a direct comparison with MDI is not possible because
of the lack of simultaneous uninterrupted observations for this
sunspots or other sunspots.

3.2. Subsurface Flow Field

A few selected three-dimensional velocity maps are displayed
in Figure 6 after a 4 × 4 rebinning in horizontal velocities in
order to reveal more clearly the larger scale patterns. It can
be found that at the depth of 0 to 3 Mm, the plasma flows
toward the boundary of sunspot penumbra from outside. Inside
the sunspot penumbra, the horizontal flow fields are not clearly
organized in the rebinned images, but look well organized in the
original high-resolution flow maps (see Section 3.3). Beneath
3 Mm, the horizontal flow field is largely divergent from the
sunspot area, and extends quite far away. The vertical flows are
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Figure 5. (a) Measured mean travel times obtained in a piece of quiet Sun. Horizontal error bars indicate the measurement annulus ranges, and vertical error bars
indicate standard deviations from this area. (b) Error estimates from acoustic wave-speed perturbations at each targeted depth.

directed mostly downward until at least 4.5 Mm in depth inside
the sunspot area. Below 6 Mm or so, there seems to be a mixture
of the downward and upward flows in this region.

A vertical view of the flow field (Figure 7) after linear
interpolation shows nicely the flow structure beneath the active
region. Strong downdrafts are seen immediately below the
sunspot’s surface, and extend up to 6 Mm into the deep.
The downdraft has a maximum speed larger than 500 m s−1,
and is much stronger than the vertical flow speed expected in
supergranular structures. A little beyond the sunspot’s boundary,
one can find both upward and inward flows. Clearly, large-scale
mass circulations form outside the sunspot, bringing plasma
down along the sunspot’s boundary, and back to the photosphere
within about twice the sunspot’s radius. It is remarkable that
such an apparent mass circulation is obtained directly from
the helioseismic inversions without applying any additional
inversion constraints, such as forced mass conservation. The
mass circulation pattern in the previous MDI results (Zhao et al.
2001) was not that clear.

Based on analysis of artificial data, Zhao & Kosovichev
(2003) demonstrated that a divergent (convergent) flow structure
would result in a downward (upward) vertical flow due to cross-
talk effect, making the inversion of small vertical speed difficult
or even impossible by our inversion technique. The same effect
was also discussed by Zhao et al. (2007) to explain why they
could not invert vertical flows from the numerical simulations of
the quiet Sun. However, the downward flows found in this study
is not due to the cross-talk effect, because the inflows around
the active region found in this study would have caused upward
speed due to this effect. This means that in our results the inferred
downward flows are probably underestimated although it is not
clear by how much. At the moment, we do not know how to
offset this effect in our inversions. This requires more work with
sunspot numerical simulation data. However, it is important to
emphasize that this effect does not affect the qualitative picture
of the flow pattern below the sunspot obtained in our inversions.

3.3. High-resolution Subsurface Flow Field

Due to the very high spatial resolution of Hinode observation,
the time–distance analysis can also give high-resolution flow
fields. One example, the horizontal flow field at 0–1.5 Mm
beneath the sunspot area, is shown in Figure 8. From this
flow map, one can easily identify small-scale divergent flow
structures inside both the sunspot umbra and penumbra. The
scale of these flow structures, 4–5 Mm, is larger than the
typical scale of solar granulations (1–2 Mm), but smaller than
supergranulations (20–30 Mm). The speed of these flows is
about 300–500 m s−1. They probably represent convective cells
in subsurface magnetized plasma of sunspots. It is intriguing

that small-scale vortex motions below sunspots were suggested
by Parker (1992) as a key element of the cluster sunspot model.

However, one should also be cautious in interpreting these
small-scale structures. The scale of these structures is similar to
the wavelength of acoustic waves used for the inferences at this
depth, approximately 3 Mm. At this point, it is not clear how well
the structures of this scale are resolved in our measurements.
But the evidence of small-scale structures below sunspots is
quite interesting, and certainly requires more observational and
modeling studies.

Another remarkable phenomenon in this high-resolution flow
map is that in the light bridge area, located inside the upper part
of the sunspot umbra (at X = 28–32 Mm and Y = 33–37 Mm),
the flows are divergent from the bridge with a speed of
∼400 m s−1. This shows a strong coupling between the sunspot
structure and subsurface dynamics. Thus, the high-resolution
subsurface flow can be useful to monitor the dynamics and
evolution of sunspots.

4. ANALYSIS WITHOUT PHASE-SPEED FILTERING

4.1. Averaged Travel Times

It has long been recognized from analysis of SOHO/MDI
data that for short distances, the time–distance cross-covariance
functions from measurements may be corrupted by some sig-
nals that are not well understood (Duvall et al. 1997). In
Figure 7, we compare the time–distance diagrams calculated
for the Hinode observing run and for high-resolution MDI data
of the same duration and the same area size. As shown in the
left panel of Figure 9, for the high-resolution MDI observa-
tions, when the distance is smaller than ∼8 Mm, the acoustic
wave propagation signal is essentially lost in some horizontal
stripes, which block the measuring of acoustic travel times in
this distance range. It is not yet well understood how these hor-
izontal stripes are generated, but they are thought to be related
to the instrument modulation transfer function (MTF) and in-
strumental distortions. Phase-speed filtering was introduced to
reduce the influence of these horizontal stripe signals at short
distances (Duvall et al. 1997), but prior to the Hinode data there
was no way to investigate the effectiveness and accuracy of this
procedure.

With the availability of Hinode high-resolution helioseismol-
ogy observations, this difficulty can be resolved or partly re-
solved. In the Hinode time–distance diagram shown in the right
panel of Figure 9, the acoustic signals are very nicely visible in
very short distances as small as ∼2 Mm, although some shorter
and weaker horizontal stripes still exist. Judging from this time–
distance diagram averaged from the observations in the whole
field of view as displayed in Figure 1, it should be possible to
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Figure 6. Subsurface flow fields at different depths. Background images indicate vertical flow fields, with positive representing downflows and negative as upflows.
Arrows indicate horizontal flows, with the longest arrow representing a velocity of approximately 500 m s−1 in each panel. White contours in each panel display the
boundaries of sunspot umbra and penumbra.

make the travel time measurements for travel distances shorter
than 4 Mm even without using the phase-speed filter.

Without using the phase-speed filter (but with f-modes and
solar convection filtered out), we obtain three different time–

distance diagrams when the central points of the annulus are
located inside a quiet solar region, sunspot penumbra, and
sunspot umbra, respectively. These time–distance diagrams are
obtained after averaging the outgoing and ingoing, i.e., both
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Figure 7. Vertical view of flow field beneath the active region. The longest
arrow is approximately 500 m s−1.

positive and negative lags of, cross-covariance functions. For
a better comparison, the quiet solar region is chosen at a
size similar to the sunspot umbra. The Gabor wavelet fitting
(Kosovichev & Duvall 1996) is used to infer the acoustic travel
times for different distances and for all three diagrams, and
the results are shown in Figure 10. The time–distance diagram
looks quite noisy for the sunspot umbra, and less noisier for
the sunspot penumbra. However, the acoustic wave propagation
signals are strong and clear in both cases, and a robust fitting is
not a problem for both diagrams.

It can be found that the measured acoustic travel times are
longer than the ray theory expectations at distances of about
6–7 Mm. This may be due to the fact that the second-skip
signals are not completely separated from the first-skip signals,
and the fitted values are thus slightly elevated. Since the travel

time measurements inside the sunspot and in the quiet Sun
should be similarly affected in the fitting, it is useful to use the
quiet Sun measurements as a reference at this distance. To better
understand the travel time anomalies inside sunspots, we use the
travel time measured in the quiet Sun as a reference, and study
the relative travel times after the reference is subtracted from
the travel times measured in the sunspot umbra and penumbra
(see Figures 11(a) and (b)). It is clear that acoustic travel times
measured inside the sunspot umbra and penumbra are quite
similar, and both exhibit a positive anomaly of ∼40 s when the
distance is smaller than approximately 12 Mm, and a negative
anomaly of ∼35 s when the distance is between approximately
14 and 21 Mm.

For the correct interpretation of the travel time measure-
ments, it is extremely interesting to compare these measure-
ments with and without the phase-speed filter. For the measure-
ments with the phase-speed filtering, we average the mean travel
times, which are measured by use of seven different annulus
ranges using different phase-speed parameters as presented in
Section 3, inside the sunspot umbra and penumbra separately.
Figures 11(c) and (d) display such a comparison. It can be found
that for both sunspot umbra and penumbra, the measurements
with and without the phase-speed filtering are quite similar, i.e.,
the travel time anomalies are positive for travel distances shorter
than ∼13 Mm, but become negative for larger distances. How-
ever, it appears that for the sunspot umbra, the measurements
with the phase-speed filtering underestimate the values by a fac-
tor of 20%–40%; and for the sunspot penumbra, the values are
also underestimated, but by a smaller factor. This underestima-
tion is expected due to a combination of the smaller oscillation
amplitude in active regions and the use of phase-speed filtering
(Rajaguru et al. 2006; Parchevsky et al. 2008).

Figure 8. High-resolution horizontal flow field 0–1.5 Mm beneath the sunspot region. The background image is this sunspot observed at the photospheric level. The
longest arrow indicates a speed of 800 m s−1.
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Figure 9. Time–distance diagrams obtained from MDI high-resolution Dopplergram (left panel) and Hinode (right panel) Ca ii H observations.

Figure 10. Time–distance diagrams obtained when the central points are located inside a quiet region, sunspot penumbra, and sunspot umbra, respectively. The dashed
line in each panel is the travel times fitted from the corresponding time–distance diagram.

Figure 11. (a) Comparison of travel times obtained in solar quiet region, sunspot penumbra, and sunspot umbra. Solid lines are the same as dashed lines in Figure 10;
and the dotted line is a theoretical expectation of travel times from ray theory. (b) Travel time differences relative to the quiet region for sunspot penumbra and umbra.
(c) Comparison of travel time differences with and without using phase-speed filtering. Solid line is the same as the umbra line in (b); and the points with error bars
are mean travel times averaged from the travel time maps obtained with the use of phase-speed filtering (i.e., measurements used in Section 3), but only points inside
sunspot umbra are used for average. Horizontal error bars indicate the annulus radius range; and the vertical error bars indicate the standard errors. (d) Same as panel
(c), but solid lines and points with error bars are both obtained inside sunspot penumbra.

4.2. Travel Time Map

We have compared the averaged one-dimensional mean travel
time curves with and without the phase-speed filtering, and it
is interesting to compare two-dimensional acoustic travel time
maps that are obtained from two sets of different measurements.
As it is well known that travel time measurements without
filtering are noisier, we have succeeded in making clean travel
time maps for only three annuli among the seven that are

presented in Section 3. Figure 12 shows one such example
of comparing mean travel time maps with and without the
filtering. There are many similarities as well as discrepancies
between these two travel time maps. It is clear that at this
measurement distance, for both measurements, the negative
travel time anomalies are found outside the sunspot area,
and mixed positive and negative time anomalies exist inside
the sunspot. However, it is also clear the detailed structures
of the map look different. Such comparisons are still at an
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Figure 12. Comparison of mean travel time maps obtained with (left panel) and without (right panel) the phase-speed filtering. The annulus radius range is 12.0–
15.9 Mm, same for both measurements. White contours indicate the boundaries of sunspot umbra and penumbra.

early stage, and we believe a systematical study over such
comparisons would lead us to a better understanding how
phase-speed filtering, as well as other filtering practices, affect
measurements. Obviously, longer time series of high-resolution
sunspot observations will help to improve the results.

5. DISCUSSIONS AND SUMMARY

5.1. Subsurface Structure and Flow Field

By a time–distance analysis of unprecedented high spatial
resolution observations from the Hinode/SOT, we have inves-
tigated high-resolution wave-speed structures and mass flows
beneath active region AR10953. For the subsurface wave-speed
structure, the inverted results are remarkably similar to previous
results based on MDI Dopplergrams with different inversion
techniques as well as different sensitivity kernels. For subsur-
face flow fields, the general picture is similar to what has been
obtained from MDI observations, i.e., converging downward
flows near the surface below the sunspot area. Despite the simi-
larities, the current picture also has some differences compared
with the earlier one. One difference is that the downward flows
beneath the sunspot are more prominent in the flow fields in-
ferred from this study. Another remarkable result from this study
is the mass circulation outside the sunspot, which seems to keep
mass conservative and is much more clear than the previous
MDI inversions. It is widely believed in theory and in numerical
simulations that such downdraft and converging flows near the
sunspot surface play important roles in keeping sunspots stable
(Parker 1979; Hurlburt & Rucklidge 2000; Hurlburt & DeRosa
2008).

However, it is still not quite clear what the overall flow
structures around the sunspot’s surface and interior look like.
It is already well known that there existed penumbral Evershed
outflows, outgoing moat flows beyond the sunspot’s penumbra,
and inflows from the inner penumbra and umbra measured by
tracking penumbra/umbra dots (e.g., Sobotka & Puschmann
2009). For the sunspot’s interior, there were reports of outflows
from f-mode analysis (Gizon et al. 2000), inflows at the depth
of 1.5–5 Mm (Zhao et al. 2001), and large-scale inflows around
active regions up to 10 Mm in depth from ring-diagram analysis
(Haber et al. 2004). Based on all these observations, Gizon
(2003) proposed a schematic flow structure of the sunspot,
and Hindman et al. (2009) recently proposed a similar one.
Both flow structures show outflows near the surface, and
inflows below that, with transition depth of these opposite flows

Figure 13. Schematic plot of sunspot’s flow structure near the surface and in
the interior.

undetermined. Here, based on all previous results, as well as on
the recent numerical simulation of Evershed flows (Kitiashvili
et al. 2009), we also propose a schematic flow structure of a
sunspot (Figure 13), slightly different from the plots of two
previous studies, but essentially similar. However, it is also
acknowledged that this flow structure is not consistent with what
was recently found by Gizon et al. (2009) and recent numerical
simulations by Rempel et al. (2009). Thus, further observational
and theoretical studies are required to determine the subsurface
dynamics of sunspots.

The high-resolution subsurface wave-speed maps (Figure 2)
and flow fields (Figure 8) present us an unprecedented oppor-
tunity to see the sunspot’s subsurface structures and dynamics
with many details. These results reveal the complexity of the
subsurface perturbations and dynamics and their relationship
with the sunspot structure. The subsurface image at the depth
of 0–1.5 Mm displays a larger wave-speed perturbation, pre-
sumably hotter in temperature, near the light bridge area than
other areas inside the sunspot, where the wave-speed perturba-
tions are largely negative. This is in agreement with the surface
observations that light bridges are formed by upwelling of hot
plasma (Katsukawa et al. 2007). We also see clear divergent
flows from the light bridge in a high-resolution subsurface flow
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map at the same depth (Figure 8). This is consistent with the
plasma upwelling that occurs in this area, but is not in good
agreement with the proper motion tracking results of this region
(Louis et al. 2008).

It is also interesting to see quite a few divergent flow cells
inside both the sunspot umbra and penumbra. The cells are big-
ger than granules and smaller than supergranules, and indicate
the existence of a mesoscale convection inside the sunspot. The
discovery of these motions is intriguing because they may be
a signature of the downdraft vortex rings around magnetic flux
bundles, as suggested by Parker (1992). Parker’s conjecture was
that the observed clustering of magnetic flux bundles in sunspots
is at least in part a consequence of hydrodynamic attraction of
the downdraft vortex rings. Thus, it is very important to con-
tinue the investigations of the subsurface dynamics of sunspots,
both observationally by high-resolution helioseismology and
theoretically by realistic MHD simulations.

5.2. Analysis without Phase-speed Filtering

As introduced in Section 1, the phase-speed filtering may
introduce some errors in active regions due to the smaller
oscillation amplitude in these areas (Rajaguru et al. 2006), and
using ridge filtering may give different results than using phase-
speed filtering in active regions (Braun & Birch 2008). All of
these prompt a re-examination of the use of phase-speed filtering
and an evaluation of how phase-speed filtering alters measured
acoustic travel times, in particular inside active regions.

The Hinode high-resolution observation has helped us to
overcome an obstacle that acoustic travel times could hardly be
measured in short distances inside active regions if phase-speed
filtering was not applied. Our measured distance-dependent
acoustic travel time differences relative to the solar quiet region
obtained without using the phase-speed filtering, as shown in
Figure 11, have evidently demonstrated that for short distances,
the acoustic travel time is longer inside both sunspot umbra
and penumbra than the quiet region, and for distances longer
than ∼13 Mm, the mean travel time is shorter. This is generally
in agreement with the measurements using phase-speed filters,
except that the ones with filters would underestimate the
values by 20%–40% in sunspot umbra. It is believed that
the underestimation is caused by a combination of oscillation
amplitude suppression inside active regions and the use of
phase-speed filtering. Therefore, we believe that the phase-speed
filtering does not change qualitatively the measured travel times,
and therefore the inferred interior properties of active regions,
but would change the inferred values quantitatively.

The Hinode data also enable us to construct acoustic travel
time maps without using filters, and this gives us an opportunity
to assess the correctness and accuracy of various filters. Further
investigations are particularly important in this regard.

5.3. Summary

We summarize our results as follows.

1. By analyzing high-resolution Hinode Ca ii H observa-
tions using time–distance helioseismology, we have derived
wave-speed structures beneath solar active regions. The in-
ferred structures are remarkably similar to results obtained
by various authors analyzing MDI Dopplergram observa-
tions, although the instrument, the spectrum line used to
observe, the type of observation (intensity and Doppler ve-
locity), the inversion technique, and the sensitivity kernels
are mostly different.

2. The subsurface flow field structure is generally in agreement
with previous MDI results, but it is clear that the downward
flows near the sunspot surface is more prominent, and the
mass circulation around the sunspot is more clear and seems
self-consistent, although no mass conservation constraint is
applied in the inversion.

3. Our analysis without using phase-speed filtering has con-
vincingly demonstrated that the phase-speed filtering does
not change travel time measurements qualitatively, but may
underestimate travel time anomalies inside active regions.

4. High spatial resolution subsurface flow fields reveal quite
a few organized flow structures inside sunspot umbra and
penumbra, which perhaps correspond to some convection
structures or downdraft vortex rings around magnetic flux
bundles. In the light bridge area, subsurface hotter tem-
perature is found, and plasma flows divergent from the
light bridge are also seen. These initial results provide a
basis for further development of high-resolution acoustic
tomography of sunspots, and comparison with numerical
simulations.

We thank Dr. I. Kitiashvili for making Figure 13 for us. We
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questions that helped to improve the quality of this paper.
Hinode is a Japanese mission developed and launched by ISAS/
JAXA, collaborating with NAOJ as a domestic partner, NASA
and STFC (UK) as international partners. Scientific operation
of the Hinode mission is conducted by the Hinode science
team organized at ISAS/JAXA. This team mainly consists of
scientists from institutes in the partner countries. Support for the
post-launch operation is provided by JAXA and NAOJ (Japan),
STFC (UK), NASA, ESA, and NSC (Norway). This work was
(partly) carried out at the NAOJ Hinode Science Center, which is
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Abstract

Results from initial helioseismic observations by the Solar Optical Telescope on-board Hinode are reported. It
has been demonstrated that intensity oscillation data from the Broadband Filter Imager can be used for various
helioseismic analyses. The k–! power spectra, as well as the corresponding time–distance cross-correlation
function, which promise high-resolution time–distance analysis below the 6-Mm travelling distance, were obtained
for G-band and Ca II-H data. Subsurface supergranular patterns were observed from our first time–distance analysis.
The results show that the solar oscillation spectrum is extended to much higher frequencies and wavenumbers, and
the time–distance diagram is extended to much shorter travel distances and times than were observed before, thus
revealing great potential for high-resolution helioseismic observations from Hinode.

Key words: Sun: helioseismology — Sun: interior — Sun: oscillations

1. Introduction

Local helioseismology has been a great success in revealing
subsurface structure of the Sun, particularly in detecting
three-dimensional flow and sound-speed anomaly in active
regions (see, e.g., Zhao et al. 2001; Zhao & Kosovichev 2003).

Observations for local helioseismology require high
resolution and wide coverage in both space and time. The
50-cm aperture Solar Optical Telescope (SOT: Tsuneta et al.
2007; Suematsu et al. 2007) on-board the Hinode satellite
(Kosugi et al. 2007) provides 0:002 spatial resolution, though
with a limited field of view [32800 � 16400 for the Narrowband
Filter Imager (NFI) and 21800 � 10900 for the Broadband Filter
Imager (BFI), nominally]. Except during the satellite eclipse
periods, Hinode can observe the Sun continuously with a
cadence of up to 15 s, or even less, with the actual limit
placed by the telemetry bandwidth and the capacity of the data
recorder, which are shared with other instruments as well as
other SOT programs running at the same time frame.

The high resolution of SOT particularly offers a great
potential for local helioseismology. One of the main scientific
targets of Hinode is to investigate the generation, evolution, and
eventual dissipation of active regions on the Sun, in attempt to
observationally constrain theories on dynamo processes which
are thought to be responsible for the solar activity cycle. Local
helioseismology can contribute greatly in this area, not only via
active-region tomography, but also in measuring flows at larger
scales, such as meridional flow, which plays an important

role in the current models of the solar activity cycle (Dikpati
& Gilman 2006). Please note that even with the limited
field of view of SOT, and hence the limited depth coverage
for a tomographic study (see below), one can still measure
near-surface components of large-scale flows in a small area
first, but then extend the measurement to a broader area simply
by repeating the observations at different locations.

It was planned to use Dopplergrams produced by NFI for
helioseismic observations on Hinode (Sekii et al. 2001; Sekii
2004). Not only oscillation signals in Dopplergrams are known
to exhibit a higher signal-to-noise ratio than an oscillation
signal in intensity, but also NFI has a larger field of view
than BFI. A larger field of view translates into a better
depth coverage for tomography, because waves that penetrate
deeper into the Sun also travel further in horizontal directions.
Thus, the NFI Doppler observation was the preferred mode of
helioseismic observation by Hinode.

However, a long series of Dopplergrams are still only being
tested at the time of writing. Instead, we examined BFI
instensity oscillation data from the H line (Ca II) and the G band
(CH).

The main aim of the present paper is to report that
helioseismic observations can indeed be made with BFI. As
an example, a result from our first attempt at a time–distance
analysis of subsurface flow is presented.
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2. Data Analysis

A quiet region around the disk center was observed from
around 2007 January 1, 16:00 UT to around 2007 January 2,
04:00 UT, for about 12 hours with a 12-minute interruption in
the middle of the run. Hinode was tracking the region during
the observation (except during the interruption mentioned
above); in addition, Correlation Tracker was used to maximize
the frame-to-frame correlation in the central region of the field
of view (Shimizu et al. 2007). No further tracking was done on
ground, unlike in the case of a sunspot study (Nagashima et al.
2007).

Both G-band images and Ca II-H images were acquired
at approximately 1-min cadence, Ca II-H images following
G-band images by 20 s. Sample images are shown in figure 1.
The CCD pixels were 2�2 summed onboard to reduce the data
amount, to double the effective pixel size to 0:00106. We applied
another 2 � 2 summing on the ground (the overall result was
a 4 � 4 summing) for the sake of faster analyses, though in
this case we no longer fully exploited the 0:002 resolution of
the telescope. The benefit of using the full 2�2-summed data,
or observing with the full capacity of SOT (no summing), will
be investigated in future work.

The cadence was not exactly regular, due to the fact that
there are two clocks involved in controlling the equipment.
Not only are they on different cycles (0.5 s for Mission
Data Processor and 1.6 s by Polarization Modulator Unit),
but the clocks are slowly drifting away from each other.
Although programming tricks to correct this behavior are being
investigated and tested, they have not been applied to the
current datasets.

A simple test was run to check the effect of the slightly
irregular cadence, by putting through a sine wave on
this irregular temporal grid and then computing the power

Fig. 1. Sample images of the observed region in the G band (top) and
Ca II H line (bottom). Of the full field of view, which is 21800 � 10900 ,
only the central part of the left half (approximately 5400 �2700) is shown.

spectrum, while pretending that the cadence was exactly 1 min.
As we expected, the effect was insignificant, and therefore we
carried out all the following analyses assuming that the cadence
was exactly 1 min.

The projection effect was also neglected. Because the BFI
field of view is so narrow it should not give rise to any
significant inaccuracy around the disk center.

We used only the first uninterrupted 6 hr of the data for basic
diagnostics products in the next section. For the time–distance

Fig. 2. Power spectra (k–! diagrams) from the 6-hr G-band data (top)
and Ca II-H data (middle), compared with the power spectrum from
a 512-min MDI high-resolution Doppler data (bottom).
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Fig. 3. Time–distance diagrams from 6-hr Ca II-H data (left) and from 512-min MDI high-resolution Doppler data (right). The datasets are not co-eval.

analysis, the full 12-hr data were used. Before starting the
analyses that follow, first we applied running difference of
images; each image was subtracted from the following image,
thus obviating the need for calibrating each image for dark,
flat field, and bad pixels. One might worry that employing
the running difference might increase the noise level, if the
cadence is too short compared to the time scale over which
the signal changes, in which case the differences between two
successive frames are dominated by noise. This is not the case
here, when the 1-min cadence is not too high for the oscillation
signal that is dominated by 5-min oscillations.

3. Power Spectra and Time-Distance Diagram

In this section we present the most basic products of
helioseismic observations: a so-called k–! diagram (or l–�
diagram) and a time–distance diagram. They are then
compared with results obtained from the Michelson Doppler
Imager (MDI) on-board SOlar and Heliospheric Observatory
(Scherrer at al. 1995). The MDI data that we used were
acquired in the high-resolution mode. Although they too cover
the central region of the disk, they are not coeval with the SOT
data.

Figure 2 shows k–! diagrams obtained from the G-band
and Ca II-H data; the series of the differential intensity-field
data (intensitygram) were Fourier transformed and converted
to power spectra, which were then azimuthally integrated
in wavenumber space. Although no spherical-harmonic
decomposition was involved, degree l was assigned to each
component by multiplying its wavenumber by the solar radius.
The power spectra were corrected for the !2 factor, where ! is
the angular frequency, because we took the running difference
before the Fourier transform.

In spite of only 6 hours of observation, the f-mode ridge is
seen up to l � 4000. We also see high-frequency interference
peaks (Jefferies et al. 1988; Duvall et al. 1991; Kumar et al.
1990) up to the Nyquist frequency. They seem disturbed
close to the Nyquist frequency, because the ridges from
both the super- and sub-Nyquist ranges are running into the
other regime. Compared to the k–! diagram obtained from
a 512-min MDI high-resolution velocity dataset, also shown in
figure 2, the better performance of SOT at high wavenumbers,
where the high resolution matters most, is noticeable in how
the f-mode ridge extends to higher wavenumbers and, in the
case of the Ca II H data, the p1 ridge as well. However,
as was expected, the SOT k–! diagrams show a higher
background-noise level compared to the Doppler measurement
by MDI.

It is apparent that in the G-band data the convective “noise”
is stronger, and for this reason, in the following analyses,
we used only the Ca II H data. A more detailed comparison
between the two, in particular the phase relations at various
frequencies, will be a subject of future work.

We then applied a Fourier–Bessel transform (see, e.g., Sekii
& Shibahashi 2003) to the Ca II-H k–! power spectrum to
obtain a time–distance cross-correlation function (figure 3).
The power spectrum uncorrected for !2 was used; this may be
viewed as an application of a broad high-pass filter to the power
spectrum, the intention being filtering out the convective noise.

The structure down to less than 0.1 heliographical degree
is seen with a high signal-to-noise ratio, which is very
encouraging. Once again, we can see the higher performance
of SOT, compared to MDI, also shown in figure 3, at small
spatial scales. The signal-to-noise ratio, however, is higher for
MDI at large distances, and thus both instruments complement
each other.
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4. Subsurface Flow

We analyzed the full 12-hr long series by a time–distance
technique for local helioseismology. The gap between the two
6-hr stretches was filled with zeroes. Then, for measuring the
travel-time difference between the outward and inward wave
components, each pixel was cross-correlated with average
signals over annuli that covered, in radii, 4.00–6.62, 6.47–9.70,
9.24–12.47, 12.01–15.86, 15.09–18.94, 18.48–22.33, and
21.56–25.41 (all in Mm). One such example as well as an MDI
counterpart (in high-resolution mode) is shown in figure 4.
The annuli were further divided into 4 sectors representing
north, south, east, and west, and opposing pairs of sectors were
similarly cross-correlated to yield northward–southward and
westward–eastward travel-time differences.

All of the travel-time differences were then inverted by using
a ray-approximation kernel for acoustic wave propagating
through the solar interior. Figure 4 shows an outward–inward
travel-time difference map, as a proxy divergence of the flow
field. Inversions for horizontal flow in the depth ranges of
0–1 Mm, 1–2 Mm, 2–3 Mm, and 3–4 Mm are shown in figure 5.
Inversions were done for the entire area in figure 4, but to
avoid overcrowding the figure with arrows in figure 5, only
the central quarter is shown. The horizontal flow patterns
are largely consistent with the outward–inward travel-time
difference, as was seen in a realistic numerical simulation by
Zhao et al. (2007). This indicates that the travel-time difference

Fig. 4. Outward–inward travel time difference maps from 512-min
MDI high-resolution Doppler data (top) and from the Ca II-H data
(bottom), indicating a flow divergence due to supergranulation. The
inner radius of the annulus used was 13.86 Mm and the outer radius
15.86 Mm. Dark patches are where the inward travel time is longer
than the outward travel time i.e., where the flow is generally diverging,
whereas brighter patches are where the flow is generally converging.
Since the two datasets are not coeval, individual features are not to be
compared directly.

is a good proxy of flow divergence, though to acquire
additional details we do need an inversion procedure. We can
see that supergranulation patterns are coherent vertically within
a spatial scale of a few Mm.

5. Discussion

As we have demonstrated, SOT observation of intensity
oscillations can be used for high-resolution helioseismic
diagnosis of the Sun, in spite of its noise level being higher

Fig. 5. Subsurface flow maps (indicated by arrows) obtained by a
time–distance analysis of 12-hr Ca II-H data. The depth ranges are
0–1 Mm, 1–2 Mm, 2–3 Mm, and 3–4 Mm (top to bottom). The
longest arrow in the panels correspond to 0.51 km s�1, 0.52 km s�1,
0.30 km s�1, and the field of view corresponds to the central quarter
of the field of view in figure 4.
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than what can be expected from Doppler measurements. This
is due to the fact that solar noise is higher in intensity than in
Doppler velocity.

From figure 2, it is apparent that SOT offers a good
opportunity to study high-wavenumber waves, particularly
the f modes. Ishikawa et al. (2007) have found ubiquitous
small-scale horizontal magnetic fields from a Hinode/SOT
observation of the photosphere. In addition to turbulence, the
presence of such magnetic fluxes would affect the propagation
of f-mode waves, which would be an important future work.

In the time–distance cross-correlation (figure 3), the
structure below 0:ı5, which is about a distance of 6 Mm,
was observed to be much clearer than before. Sekii (2004)
used G-band data obtained from 50-cm La Palma SVST
to demonstrate a somewhat similar enhancement in spatial
resolution, but the noise level was much higher. It was
speculated that the noise came mainly from atmospheric
seeing, and that spaceborne SOT would perform better.
Our current results show that SOT indeed does. Figure 4
demonstrates that a study of fine structures in supergranulation
patterns benefits from the high resolution of SOT; the bright
and dark patches have a typical spatial scale of 20 Mm, but
transition from bright to dark takes place over a scale of less
than 10 Mm, which MDI has difficulty to resolve. With SOT
results we can see smoother transitions.

To exploit this small-scale information would require more
tuning and testing of the inversion, particularly the setup of
annuli. The trade-off between the resolution and the error

needs to be examined carefully. Once done, we will certainly
achieve a higher horizontal resolution in time–distance
inversions. A similar improvement in performance is
expected in resolving, vertically, layers immediately below the
surface, since SOT can use a higher wavenumber, and hence
shallower-penetrating waves. This also applies to sound-speed
inversion, which has not yet been attempted.

Time–distance analysis in active regions, be it for flow or for
thermal (and even magnetic) structure, would need further care,
particularly if we wish to go a step beyond phenomenological
inversions; wave propagation in a magnetized atmosphere has
to be somehow taken into account. For the initial analysis of
sunspot oscillation data, see Nagashima et al. (2007).

Hinode is a Japanese mission developed and be launched by
ISAS/JAXA, collaborating with NAOJ as a domestic partner
as well as NASA and STFC (UK) as international partners.
Scientific operation of the Hinode mission is conducted by
the Hinode science team organized at ISAS/JAXA. This
team mainly consists of scientists from institutes in partner
countries. Support for the post-launch operation is provided
by JAXA and NAOJ (Japan), STFC (UK), NASA, ESA, and
NSC (Norway). This work was carried out at the NAOJ
Hinode Science Center, which is supported by the Grant-in-Aid
for Creative Scientific Research “The Basic Study of Space
Weather Prediction” from MEXT, Japan (Head Investigator:
K. Shibata), generous donations from Sun Microsystems, and
NAOJ internal funding.
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Three-dimensional MHD modeling of the solar wind structures

associated with 13 December 2006 coronal mass ejection
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[1] A 3-D magnetohydrodynamic (MHD) simulation is performed to reconstruct the
interplanetary propagation of a coronal mass ejection (CME) that occurred on 13 December
2006. A spheromak-type magnetic field is superposed on a realistic ambient solar wind to
reproduce the large-scale interplanetary magnetic field (IMF) associated with the CME.
Here we show that a westward and southward directed spheromak CME with reasonable
geometric, dynamic, and magnetic parameters reproduces the magnetic cloud, interplanetary
shock, and sheath profiles as observed by in situ spacecraft. We suggest that the simple
solar wind model developed in this study is topologically complex enough to be consistent
with in situ observations, such as southward IMF associated with CMEs.

Citation: Kataoka, R., T. Ebisuzaki, K. Kusano, D. Shiota, S. Inoue, T. T. Yamamoto, and M. Tokumaru (2009), Three-dimensional

MHD modeling of the solar wind structures associated with 13 December 2006 coronal mass ejection, J. Geophys. Res., 114, A10102,

doi:10.1029/2009JA014167.

1. Introduction

[2] It has been one of the most fundamental topics in the
field of Sun-Earth connection and space weather research
to understand the generation mechanism of a southward
pointing interplanetary magnetic field (IMF) at the Earth,
since geomagnetic storms were found to be caused by
prolonged, large-amplitude, and southward pointing IMF
[Gonzalez and Tsurutani, 1987]. Coronal mass ejections
(CMEs) and corotating interaction regions (CIRs) are the
two major large-scale solar wind structures capable of pro-
ducing such a geoeffective IMF [e.g., Kataoka and Miyoshi,
2006]. Comprehensive observations of the Sun and solar wind
during solar cycle 23 enabled us to confirm that the major
cause of large geomagnetic storms is the large-amplitude IMF
associated with CMEs [Zhang et al., 2007] and relatively
small geomagnetic storms are caused by the southward IMF
associated with CIRs [Richardson et al., 2006].
[3] The magnetic cloud [Burlaga et al., 1981] is a subset of

CME-related IMF structures, characterized by low proton
temperature, enhanced IMF amplitude, and slow rotation of
IMF directions through a large angle [Klein and Burlaga,
1982]. The southward pointing IMF within the magnetic
clouds usually satisfies the driving condition of geomagnetic

storms. On the basis of the low b property, magnetic clouds
have been approximated by several types of force-free fields,
such as a cylindrical flux rope [Goldstein, 1983;Marubashi,
1986], torus-shaped flux rope [Marubashi and Lepping,
2007], or spheroidals [Vandas et al., 1993a, 1993b]. CME-
driven geomagnetic storms are caused not only by magnetic
clouds but also by many different types of CME-related IMF
structures, such as the IMF compressed by interplanetary
shock waves located ahead of high-speed CMEs [Tsurutani
and Gonzalez, 1997], and/or draped IMF created by the
propagation of CMEs in the ambient solar wind [Gosling
and McComas, 1987; McComas et al., 1989; Watari et al.,
2004; Liu et al., 2008].
[4] Magnetohydrodynamics (MHD) [Alfvén, 1942] is

the fundamental physics for describing the global evolution
of the solar wind and IMF [see Parker, 2007]. Three-
dimensional MHD simulation is necessary to fully under-
stand the dynamic variation of the complicated IMF structures
associated with CMEs. A number of 3-D MHD simulations
of the solar wind have been performed during the last decade
to investigate the basic evolution and propagation of several
types of CMEs, such as the time-dependent pulse [Odstrcil
and Pizzo, 1999; Odstrcil et al., 2004; Hayashi et al., 2006;
Shen et al., 2007; Wu et al., 2007], the toroidal flux rope
[Vandas et al., 2002], the simulated flux rope [Manchester
et al., 2004a, 2004b], or the spheromak [Vandas et al., 1997,
1998]. The ambient solar wind used in their simulations are
either uniform [Vandas et al., 1997, 1998, 2002], structured
[Odstrcil and Pizzo, 1999;Manchester et al., 2004a, 2004b],
or realistic [Odstrcil et al., 2004; Hayashi et al., 2006; Shen
et al., 2007; Wu et al., 2007]. A self-consistent modeling of
the 3-D propagation of a magnetic cloud in a realistic ambient
solar wind remains a challenging problem.
[5] Integrated frameworks connecting the models of solar

corona, ejecta, and solar wind have been developed [e.g.,
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Luhmann et al., 2004; Tóth et al., 2007]. However, it is still
difficult to simultaneously reproduce the in situ observations
of such basic solar wind structures as magnetic cloud, shock,
and sheath. The purpose of this paper is to reproduce the
interplanetary propagation of a magnetic cloud in a realistic
ambient solar wind, using a newly developed 3-DMHD solar
wind model named ‘‘MHD cube,’’ in order to understand the
basic evolution of the magnetic cloud, interplanetary shock,
and associated global IMF structures. We focus on a CME
event of 13 December 2006, the last CME-driven large storm
event during solar cycle 23. In section 2, we briefly review
the CME event to raise a puzzling issue showing the
coronagraph observation and in situ solar wind observation.
In sections 3 and 4, we describe the MHD cube model to
explain how to create the ambient solar wind and introduce a
transient disturbance, respectively. In section 5, we compare
the in situ solar wind observation and our modeling results
to discuss the 3-D morphology of the CME evolution. In
section 6, we summarize the results and discuss the capabil-
ities and limitations of the MHD cube model.

2. The 13 December 2006 CME Event

[6] A high-speed halo-type CME was observed by Solar
and Heliospheric Observatory (SOHO)/Large Angle and
Spectrometric Coronagraph (LASCO) on 13 December

2006, associated with X3.4 flare at S06W23 (NOAA
AR10930). The CME speed is estimated as 1774 km s�1

by Dr. S. Yashiro (http://cdaw.gsfc.nasa.gov/CME_list/). A
large isolated CME-driven geomagnetic storm was observed
on 14–15 December 2006. The provisional Dst index
reached �146 nT at the storm peak, as shown in Figure 1f.
This event is suitable for this study because HINODE data are
fully available for diagnosing the detailed vector magnetic
field of the active region.
[7] Figure 1 shows the solar wind profile at the Earth

during the week of the CME event. OMNI-2 hourly data is
obtained from the Web site (http://omniweb.gsfc.nasa.gov/).
After the sudden arrival of an interplanetary shock on 14
December 2006, typical magnetic cloud properties are iden-
tified by the enhanced IMF, slow IMF rotation, and low
temperature. The prolonged large-amplitude southward IMF
exists within the magnetic cloud that caused the large
geomagnetic storm. The magnetic cloud was embedded in
toward IMF polarity, and a sector boundary arrived at the end
of 17 December 2006, followed by a typical corotating
interaction region on 18–19 December 2006. Another inter-
planetary shock associated with a different CME was ob-
served on 16 December 2006.
[8] There are puzzling observations in the 13 December

2006 CME event. Using the Grad-Shafranov reconstruction
technique of the magnetic cloud [Hau and Sonnerup, 1999;
Hu and Sonnerup, 2002], Liu et al. [2008] suggested that the
Earth passed near the center of an inclined north–south
aligned flux rope. The initial propagation direction of the
CME is, however, significantly westward and southward
as shown in Figure 2. Assuming that the flux rope CME
propagated significantly westward and southward, it is nat-
urally expected that the Earth should pass the western edge of
the flux rope, instead of the center of the flux rope. Under-
standing these observations in a simple scenario is therefore
not straightforward, and this is an interesting challenge to
address the 3-D MHD modeling.

3. MHD Solar Wind Model

[9] The time evolution of large-scale solar wind plasma
and IMF follows MHD (see Parker [2007]). The ideal MHD

Figure 1. OMNI-2 solar wind and Dst profile for week of
the 13 December 2006 coronal mass ejection (CME) event.
From top to bottom, shown are (a) interplanetary magnetic
field (IMF) amplitude and the GSE southward component
(solid line), (b) IMF longitude in GSE coordinates, (c) solar
wind speed, (d) number density, (e) proton temperature, and
(f) Dst index.

Figure 2. Coronagraph difference images of the 13
December 2006 CME as seen by Solar and Heliospheric
Observatory (SOHO)/Large Angle and Spectrometric Coro-
nagraph (LASCO) (left) C2 and (right) C3. White circles
indicate the position of the Sun. The images are adapted from
the LASCO CME Catalog at NASA/Goddard Space Flight
Center.
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equations to be solved in the conservation form are as
follows,
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where g = 5/3 is the ratio of specific heat, and the basic
quantities of r, v, p, and B represent normalized density,
velocity, pressure, and magnetic field, respectively. The cell-
centered Total Variation Diminishing (TVD) scheme [Harten
and Hyman, 1983] with second-order MUSCL (Monotone
Upstream-centered Schemes for Conservation Laws) method
[Van Leer, 1979] is applied using the Harten-Lax-van Leer
discontinuity (HLLD) approximate Riemann solver [Miyoshi
and Kusano, 2005]. The HLLD method is excellent in terms
of the positivity, simplicity, and efficiency [Stone et al.,
2008], even comparing it to the most popular Roe method
[Roe, 1981; Ryu and Jones, 1995]. The hyperbolic diver-
gence cleaning technique of Dedner et al. [2002] is applied
to remove numerically finite values of div B.
[10] The numerical experiment is modeled as simply as

possible. The simulation box consists of 2563 uniform cubic
cells, with the spatial resolution of 2.0 solar radii (RS). The
Sun is located at the center of the cubic simulation box at the
origin (x, y, z) = (0, 0, 0) RS, while the Earth is fixed at a
position (x, y, z) = (215, 0, 0) RS, where the z axis is parallel to
the Sun’s rotation axis. Free boundary condition is applied at
the outer edges. Basic MHD quantities are inserted at a 50 RS

spherical surface as time-varying inner boundary to drive the
supersonic and super Alfvénic solar wind flowing outward in
radial direction from the Sun.

[11] Figure 3 shows the assumed ambient solar wind
parameters at the inner boundary for the experiment of the
13 December 2006 CME event. The radial velocity map at a
source surface of 2.5 RS was obtained from the interplanetary
scintillation (IPS) tomography method [Kojima et al., 1998],
based on two months data starting from 1 October 2006.
Solar-Terrestrial Environment Laboratory stopped the IPS
observation at 7 December 2006 for wintering of antennas at
the mountain areas. The two months period is the best time
interval to obtain the whole velocity map without large data
gaps by the tomography method, and it is also a quiet period
during which the monthly velocity map does not change
significantly in each Carrington map. Constant speed is
assumed to map from the source surface to the inner bound-
ary at 50 RS. The magnetic field at the source surface of 2.5
RS is obtained from theWilcox Solar Observatory’s potential
field model [Hoeksema et al., 1982], centering the
360�Carrington longitude of CR2050 on 14 November
2006. Centering at 14 November is consistent with the two
month IPS observation. The result from the 2.5 RS radial
model is selected because of its simplicity. The radial
magnetic field at the source surface Bs is scaled to the radial
IMF Br at 50 RS, assuming the decreasing strength with the
square of distance. We further employ a simple power law
modification of the boundary magnetic field to push the flux
closer to the current sheet, creating a more uniform flux dis-
tribution away from the current sheet and a steeper gradient
across the current sheet as follows,

Br ¼ 10 Bsð Þ0:5 2:5

50

� �2

; ð3Þ

where we select the power index of 0.5 for simplicity, and
a factor of 10 is multiplied to adjust it to the actual IMF
strength. A 14 deg eastward shift of the synoptic map is

Figure 3. Inferred solar wind parameters at the inner boundary of 50 RS sphere. (a) Radial magnetic field
and (b) radial speed are based on Wilcox Solar Observatory and interplanetary scintillation observations of
Solar-Terrestrial Environmental Laboratory, respectively. (c) Number density and (d) plasma temperature
are empirically calculated as functions of the radial speed. Solid curves show the current sheet location of
zero radial magnetic field.
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further applied, considering the approximate travel time from
the solar surface to 50 Rs with a constant speed of 400 km s�1.
[12] Following the method of Hayashi et al. [2003],

number density n and proton temperature T at 50 Rs distance
are calculated as empirical functions of radial speed V as
follows:

n ¼ 62:98þ 866:4
V

100
� 1:549

� ��3:402

; ð4Þ

T ¼ �0:455þ 0:1943
V

100
; ð5Þ

where the units are n [/cc], T [MK], and V [km s�1]. The
proton temperature is related to the MHD pressure using

the relation p = 2nkBT, where kB is the Boltzman constant.
The inner boundary map is rotated against the z axis at W =
27.2753 day/rotation rate. The azimuth magnetic field B8
is added finally as a function of radial speed to reproduce the
Parker spiral:

Bf

Br

¼ RW sinl
V

; ð6Þ

where l is the colatitude from the Z axis, and R is 50 Rs. We
use a numerical relaxation technique to obtain the ambient
solar wind by rotating the inner boundary for a week in
advance, starting from the analytic solution of radial expan-
sion flow with constant speed. Figure 4 shows the MHD

Figure 4. The ambient solar wind structure at 0400 UT on 12 December 2006. The amplitudes of MHD
parameters are shown at the equatorial plane: (a) interplanetary magnetic field strength, (b) solar wind
speed, (c) number density, and (d) plasma temperature.
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parameters of the obtained ambient solar wind at the equa-
torial plane at 0400 UT on 12 December 2006. Basic struc-
tures such as the Parker spiral, heliospheric current sheet, and
corotating interaction regions are reproduced. The Earth
recently entered a toward IMF sector region, and will pass a
current sheet and corotating interaction region in a week,
which is consistent with the observations of Figure 1.

4. Spheromak CME Model

[13] A spheromak-type magnetic field is introduced as the
simplest CMEmodel. The spheroidal magnetic fieldmay be a
natural product of a plasmoid ejected from a solar flare via
reconnection [Gibson and Fan, 2008], although the actual
existence in the solar wind is under debate [e.g.,Vandas et al.,
1993a, 1993b, 2002; Farrugia et al., 1995]. In this paper, the
initial shape of the magnetic cloud is simply assumed to be a
sphere with the radius a. The inner magnetic field configu-
ration is assumed to be the spheromak ofChandrasekhar and
Kendall [1957]:

Br ¼ 2B0

j1 arð Þ
ar

cos qð Þ; ð7Þ

Bq ¼ �B0 j1 arð Þ þ arj01 arð Þ� �
sin qð Þ; ð8Þ

Bf ¼ B0j1 arð Þ sin qð Þ; ð9Þ

where the polar coordinate system (r, q, 8) is defined by the
polar axis of the spheromak, a = 4.493409458a�1 is the
constant derived from the force-free condition ofr�B =aB
with the boundary condition of Br = 0 at r = a. The parameter

a becomes negative for left-handed polarity. The spherical
Bessel function and the derivative are

j1 xð Þ ¼ sin x� x cos x

x2
; ð10Þ

j01 xð Þ ¼ 2x cos xþ x2 � 2ð Þ sin x
x2

: ð11Þ

[14] The magnetic helicity H in a spheromak is computed
as

H ¼ a�1

Z2p

0

df
Zp

0

dq
Za

0

r2dr sin qB2 ¼ 0:0454a4B2
0: ð12Þ

A realistic magnetic helicity can be estimated from HINODE
observations using the local correlation tracking method
coupled with induction equations [Kusano et al., 2002] to
obtain the rough estimate of B0 = 1014 a�2 T for AR10930.
We analyzed SOT/SP data obtained during December 9–13
during which the observed time intervals were 1–5 h. The
magnetic field B0 estimates the upper bounds. The model
constraints are B0 and the polar axis of spheromak, and they
would be useful for making predictions because B0 varies
event to event. In fact, there is a correlation between the
magnetic parameters and flare activity [Yamamoto and Sakurai,
2009]. The nonlinear force-free method [Inoue et al., 2008]
based on the HINODE observations also gives another
independent estimation of H in the same order of magnitude.
An illustration of the 3-D magnetic field configuration of the
spheromak is shown in Figure 5 (left), comparing it with the
nonlinear force-free (NLFF) field (Figure 5, right) based on
the HINODE observation. A similar left-handed magnetic

Figure 5. Magnetic field lines of (left) the spheromak and (right) the closed loop morphology of
AR10930 computed using a nonlinear force-free (NLFF) model. The background contour shows positive
(warm color) and negative (cold color) magnetic polarity of the photosphere. The red andwhite NLFF loops
correspond to the toroidal and poloidal fields of spheromak, respectively. A similar left-handed magnetic
field structure can be seen in both Figure 5 (left) and Figure 5 (right), where the toroidal fields direct roughly
westward and the poroidal fields surround over the toroidal fields from south to north.
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field structure can be seen in both Figure 5 (left) and Figure 5
(right), where the toroidal fields direct roughly westward and
the poroidal fields surround over the toroidal fields from
south to north.
[15] MHD quantities at the inner boundary are perturbed in

a specified way as the spheroidal magnetic cloud moves
across the computational boundary. In this paper we deliber-
ately choose the parameters to provide the best possible
results from this model. The magnetic field of the spheromak
is introduced by simply superposing it on the ambient field
to avoid any artificial div B problems. The radial speed Vr0
inside the cloud is assumed to be constant, where the transit
time t is directly related to the radius as t = 2a/Vr0, where the
radius is assumed as a = 30 RS. The spheromak is covered
by a concentric spherical transition region where the speed
smoothly decreases to the ambient level at the radius of
40 RS using a trigonometric function of cos2. SOHO/LASCO
observed that the CME reached 6 RS at 0300 UT (Figure 2).
Assuming a constant deceleration of the CME speed from
1800 km s�1 at 6 RS to 1000 km s�1 at 50 RS, the CME arrival
time at 50 RS is roughly estimated to be 0900UT. The density
and temperature inside the magnetic cloud are assumed to be
twice that of the ambient solar wind. The ejection direction
of the magnetic cloud is assumed to be 15 deg westward and
15 deg southward from the Sun-Earth line, roughly consistent
with the coronagraph observations in Figure 2. The polar axis
of the ejected spheromak is assumed to be rotated 90 deg
toward the positive Y direction to find a better agreement
with the in situ IMF observations, although the original polar
axis at the lower corona mostly parallel to local north, which

seems to be consistent with the HINODE observations
(Figure 5). We discuss the need and the meaning of this
ad hoc optimization process of arbitrary rotation in section 5.

5. Results and Discussions

[16] Figure 6 shows a simulated solar wind profile at the
virtual Earth position for the same time interval of a week,
using the same vertical scale as Figure 1. To see a possible
range of variations at the 1 AU in situ sampling, the simulated
solar wind profile approximately 15 deg westward of the
Earth is also shown by blue lines. Themost important point in
Figure 6 is the quantitative reproduction of the southward Bz
using the spheromak CME model. Many other basic struc-
tures are also reasonably reproduced as follows: The inter-
planetary shock arrived at 1900 UT on 14 December 2006,
which is 5 hours later than the actual arrival. The interplan-
etary shock and magnetic cloud arrived in the toward IMF
polarity before a current sheet arrival, followed by a corotat-
ing interaction region on 18–19 December 2006 as observed
in Figure 1, although the CIR structures is much fainter in the
model result. The rarefaction structure is also reproduced as
identified by the monotonic speed decrease with density
rarefaction, although significant perturbations coexist to
disturb the actual rarefaction profile in Figure 1. Predicting
the rarefaction structure is important for forecasting space
weather of terrestrial radiation belt. In fact, during the storm
recovery phase of this December 2006 storm, the radiation
belt electron flux was greatly enhanced during the rarefac-
tion phase because of the ‘‘double rarefaction’’ mechanism
[Kataoka and Miyoshi, 2008a, 2008b].
[17] The simulated solar wind profile in Figure 6 is

obtained by rotating the polar axis of the ejected spheromak
by 90 deg anticlockwise, to see a better agreement with the
in situ observation of the IMF. The in situ magnetic field
rotation inside the magnetic cloud does not show a good
agreement if the polar axis of the spheromak is parallel to
local north. This result may imply existence of a significant
anticlockwise writhe from the initial configuration occurring
below 50 RS, possibly below the coronal height where the
magnetic field force dominates. The rotation of the magnetic
field vector at 1 AU associated with the spheromak CME is
sensitive to the initial magnetic field configuration at the
inner boundary and does not change significantly during
the propagation, because of relatively small magnetic force.
The amount of rotation of the field vector is also sensitive to
which part of the magnetic structure passes by the observer
(thus the magnetic cloud trajectory), and a smaller magnetic
cloud is therefore more sensitive to this effect. The arrival
time of the interplanetary shock and/or magnetic cloud is
earlier in case of high cloud density, because of the large total
momentum against the obstacle of slow ambient solar wind.
A systematic parameter survey using theMHD cubemodel to
understand such sensitivities to various initial conditions is
beyond the scope of this paper and remains a future work.
[18] The basic structures such as magnetic cloud, shock,

and sheath are investigated in more detail for the rotated
spheromak. Figure 7 shows the expanded view of velocity
and magnetic field vectors in GSE coordinates at the Earth
position for two days. The time resolutions for the ACE
magnetic field and velocity observations are 16 s and 64 s,

Figure 6. Simulated solar wind profile at the Earth for the
week of the 13 December 2006 CME event. From top to
bottom, shown are (a) IMF amplitude and the GSE southward
component (solid line), (b) IMF longitude in GSE coordinates,
(c) solar wind speed, (d) number density, and (e) plasma
temperature. Blue lines show the solar wind profile computed
at a position 15 deg westward of the Earth.
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respectively. We add 2 hours to the time axis of simulated
profiles just for a better comparison of the IMF rotation’s
turning from north to south (from positive ZGSE to negative
ZGSE). The flow direction inside the magnetic cloud is
westward (negative YGSE), as expected from the bulk motion
of CME, while the flow deflection just after the shock arrival
is eastward (positive YGSE) and northward (positive ZGSE)
in both simulations and observations, as naturally expected
from the 3-D shock geometry [e.g., Kataoka et al., 2005].
[19] One of the most useful properties of MHD is the

ability to track the same magnetic field lines in order to
understand the time evolution of the 3-D morphology.
Figure 8 shows the time evolution of the same magnetic field
lines initially located inside of the spheromak. By definition,
spheromaks are magnetically closed structures fully detached
from the Sun. For example, Vandas et al. [1997, 1998] have
shown that a spheroid with its polar axis parallel to the
ambient evolves into a body similar to a toroid during
propagation in the solar wind. In our simulation, on the
contrary, most of the magnetic field lines of spheromak
CME are connected to the inner boundary from the begin-
ning, as shown in Figure 8, since the magnetic field of the
spheromak is introduced by simple superposition on the
ambient field. In fact, the IMF connection between the Sun

and Earth is implied within the magnetic cloud from electron
SEP observations [Liu et al., 2008]. During CME propaga-
tion, the overall morphology is elongated perpendicularly to
the radial direction, keeping the sense of the IMF rotations of
the spheromak. Themeridional and azimuthal extent does not
changemuch during the propagation and is almost defined by
the initial size of the spheromak. Under the same conditions
of initial helicity and magnetic flux, the basic propagation
processes are not sensitive to the size of the spheromak. From
Figure 8, it is found that the Earth’s trajectory across an
eastern shoulder of the deformed spheromak can explain both
the result of Liu et al. [2008] and the coronagraph observa-
tions described in section 2. The eastern shoulder trajectory
should be observed as central passage of a flux rope at in situ
measurement, and the whole spheromak structure propagate
southward and westward as it appeared in the coronagraph.

6. Summary

[20] The MHD cube model was developed to reconstruct
the interplanetary propagation of CME on 13December 2006
in a realistic ambient solar wind. The magnetic cloud and
associated structures, such as shock and sheath, are reason-
ably explained by the westward and southward propagation
of a spheromak CME. Consequently, the spheromak CME
model is topologically complex enough to be consistent with
in situ observations, such as southward IMF associated with
CMEs. Introducing the 3-D spheromak-type CME magnetic
field is a new approach in this paper, while it is possible to
implement the spheromak CME in other MHD models, and
the expected results should not be significantly different
depending on different models.
[21] The MHD cube is the simplest model of the dynamic

solar wind, and free from a lot of problems in complicated
grid systems. The uniform resolution makes the analysis
simple, and provides a good starting point for further devel-
opment such as data assimilation and adaptive mesh refine-
ment (AMR) technique. The uniform resolution of 2 RS is
coarse at the inner edge, and fine at 1 AU, which will be
naturally improved by the AMR technique. The inner bound-
ary can be replaced by some other solar wind models or
observations as desired in the future. The tunable free param-
eters of the spheromak CME model would be the initial
speed, width (size of spheromak), and direction, which are
related to observable quantities from a coronagraph. Further,
detailed solar magnetograms, if available, can produce a
possible restriction in the polar axis and helicity of the
spheromak.
[22] Limitations also exist. Odstrcil and Pizzo [1999]

suggested that initial CME position relative to the current
sheet is important for taking into account the interaction
between CMEs and the slow wind. A dynamic MHD coronal
model is needed to address such interactions and the initial
evolution of CMEs and associated shock formations across
the critical point of solar wind acceleration. In fact, it has been
suggested that the initial CME evolution and shock formation
significantly depend on the coronal heating model [Jacobs
et al., 2005]. As members of a multi-institute collaboration
of the space-weather-modeling taskforce in Japan [Shibata
and Kamide, 2007] that is working to solve such remaining
problems, we are developing an integrated framework to

Figure 7. Simulated solar wind profile at the Earth for
the time interval from 14 to 16 December 2006.We add 2 h to
the time axis of simulated profiles for a better comparison.
From top to bottom, shown are three components of (a, b, c)
interplanetary magnetic field and (d, e, f) solar wind velocity
in GSE coordinates. The ACE observations are shown by
dots. Vertical solid lines show the interplanetary shock arrival,
and vertical dotted lines show the beginning of the magnetic
cloud.
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initiate the CME from the solar surface based on HINODE
observations for creating more realistic CME structures. The
initial results of our integrated framework will be shown
elsewhere.
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Figure 8. Time evolution of the same magnetic field lines inside spheromak CME at (left) 0400 UT on
13 December 2006 and (right) 0400 UT on 14 December 2006. (top) View from the north (XY plane).
(bottom) View from the east (YZ plane). The Sun is located at the origin, and the Earth is located at
(X, Y, Z) = (215, 0, 0).
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Abstract. The formation mechanism of sigmoidal structure in the solar corona
and the transition process from long-lived sigmoid to flare eruption are studied on
the basis of the Taylor’s minimum energy principle and the three-dimensional
magnetohydrodynamic numerical simulations. The simulation results indicate
that magnetic reconnection driven by the resistive tearing mode instability grow-
ing on current sheet, where magnetic shear is steeply reversed, may cause the
formation of sigmoidal structure. The mechanism of that can be explained as
the spontaneous manifestation of the Taylor’s minimum energy state in mag-
netic arcade geometry. Furthermore, it is also numerically demonstrated that
the formation of sigmoid can be followed by the eruption of magnetic flux. In
the eruption, however, the sigmoidal flux itself is not ejected upward, but it is
collapsed by the reconnection with overlaying magnetic field. The results are
consistent with the reversed shear flare model recently proposed by Kusano et
al., which predicts that the coronal eruption is triggered by the collapsing of
magnetic arcade due to the annihilation of positive and negative magnetic he-
licity.

1. Introduction

Sigmoid is the characteristic morphology of forward-S or inverse-S shape (Rust
& Kumar 1996), which was often observed by the Yohkoh soft X-ray telescope
(SXT) (Tsuneta et al. 1991) in active regions. Because sigmoids tend to appear
associated with several eruptive events (Canfield et al. 1999), they are widely
believed to be some precursor phenomena for solar coronal eruption. There-
fore, it is an important subject to reveal the formation process of sigmoids and
the transition dynamics from pre-flare sigmoid to eruptive events, in order to
understand the onset mechanism of the explosive activities in the solar corona.

Several papers have been published to explain the formation mechanism
of sigmoids so far. The kink instability model, which was originally proposed
by Rust & Kumar (1996), is most widely known, and it predicts that a flux
tube twisted stronger than some criterion should evolve to sigmoid. Recently,
several authors (Magara & Longcope 2001; Fan & Gibson 2004; Kliem, Titov,
& Török 2004; Inoue & Kusano 2006) performed the three-dimensional (3D)
magnetohydrodynamic (MHD) simulations of the kink mode instability of a
twisted flux rope, and they showed that a sigmoid-like current sheet can be
formed as a consequence of the kink mode instability.

However, it is still a debatable issue whether the kink mode instability is
indeed responsible to the formation of sigmoids. For instance, Leamon et al.
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(2003) found that there is no evidence of eruption for values of large-scale total
twist approaching the threshold for the kink instability, though they sought 191
X-ray sigmoids. Yamamoto et al. (2005) analyzed the relationship between the
magnetic helicity injection and the formation of sigmoid using the vector mag-
netograph data and the inversion technique of the induction equation (Kusano
et al. 2002), and found that the helicity injection rate normalized by the square
of magnetic flux is only about 0.01 to 0.02 day−1, although the sigmoidal loops
were observed to be formed within a few hours. This value of the helicity injec-
tion looks too small to explain the sigmoidal formation by the kink instability
model.

In this paper, we propose the another mechanism, which can explain the
sigmoidal formation even though the field line winding is too small to activate
the kink instability, on the basis of the numerical simulation and the Taylor’s
minimum energy principle (Taylor 1986). Also some issues of the new study that
we should do with the Solar-B observations to reveal the onset mechanism of
eruption will be discussed in the final section.

2. Sigmoid as the Taylor’s Minimum Energy State

The formation of long-lived sigmoid is one of the enigmas in the solar coronal
activity. However, the fact that sigmoids are spontaneously formed and can be
sustained for substantially longer period than the Alfvénic time-scale suggests
that the structure is energetically preferential in the MHD system. According
to the Taylor’s energy principle (Taylor 1974), the MHD system, which is dom-
inated by magnetic energy like the solar corona, has a tendency to relax toward
the linear force-free field (LFFF), which is the solution of equation ∇×B = αB.

The LFFF may bifurcate into multiple states when the constant α is larger
than the lowest eigenvalue λ1 of the curl operator (Taylor 1986; Kusano et al.
1995; Kusano & Nishikawa 1996). One is called the coupled state, and another
is the mixed state. When the magnetic helicity contained in the system is larger
than the criterion for the bifurcation, the minimum energy state is switched from
the coupled state to the mixed state. Magnetic helicity in the coupled state is
totally generated by the coupling with the field connecting to the boundary
condition, but that in the mixed state is given by the mixing of the eigenfield
corresponding to λ1 and the field connecting to the boundary condition. Since the
eigenfield in the magnetic arcade geometry forms helical flux along the magnetic
neutral line, the field lines of the mixed state makes sigmoidal structure. It
suggests the possibility that sigmoid is a manifestation of the Taylor’s minimum
energy state.

In fact, Nandy et al. (2003) observed that the distribution of the shear
parameter α in active regions tends to be flattened indeed. Their observation
suggested that the Taylor-type relaxation could be operated in the timescale of
about several days in the solar corona, although the direct evidence of the causal
relation between the Taylor-type relaxation and the sigmoidal formation has not
been found yet.
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3. Simulation Study of Sigmoidal Formation

Although the Taylor’s minimum energy principle can derive the equilibrium
state, which is most favorable energetically, it does not provide any informa-
tion of the dynamics into the minimum energy state. Here, let us ask ourselves
what is the driver for the MHD energy relaxation, which is able to open the
dynamic route to access the minimum energy state in the solar corona. The re-
sistive tearing mode instability is one candidate. Actually, in the toroidal pinch
experiments, the resistive tearing mode instability plays the role as the primary
driver for the energy relaxation (Taylor 1986; Kusano & Sato 1990).

Recently, Kusano (2005) carried out the numerical simulation in order to
demonstrate the sigmoidal formation due to the tearing instability. The three-
dimensional (3D) simulation is initiated by adding a small perturbation to a
quasi static arcade equilibrium, which was pre-calculated by two-dimensional
(symmetric along magnetic neutral line) model. Magnetic shear of the initial
equilibrium state is reversed from right-handed to left-handed as one goes from
the outside to the inside of some arcade surface. The shear reversal is so steep,
that there is thin current sheet, which is unstable to the tearing mode, on the
shear inversion layer.

Figure 1 shows the field line evolution due to the growth of the resistive tear-
ing instability. It clearly shows that the sheared field evolves to the sigmoidal
field, which forms an inverse-S shape. This result indicates that the sigmoidal
formation due to the tearing mode is possible indeed. Furthermore, it suggests
that the morphology of sigmoid (S or inverse-S) is related to the sign of magnetic
shear near the magnetic neutral line. It would be consistent with the observa-
tion that more inverse/forward-S-shaped sigmoids were observed in the north-
ern/southern hemisphere, in which negative/positive helicity corresponding to
the left/right-handed shear might be injected predominantly.

The shear parameter α of the sigmoidal field is calculated, and is compared
to the theoretical prediction. If the mixed state is formed, α should be limited
by the eigenvalue λ1, which is approximately given by the wavenumber 2π/h for
characteristic scale h. Figure 2 represents the vertical distribution of ᾱ, which is α
axially averaged along a line parallel to magnetic neutral line, above the magnetic
neutral line of the sigmoidal region (see left panel of Fig.3), and shows that the
value of ᾱ is almost matched to 2π/h, where h is the distance from the bottom
to the shear inversion layer. Note also that the distribution of α is flattened
in the sigmoidal region, as predicted by the Taylor’s principle. The horizontal
wavelength of sigmoid along the magnetic neutral line is also compared to the
eigenfield, and it is confirmed that the sigmoidal structure is well consistent
with the theoretical prediction of the helix in the minimum energy mixed state,
which is geometrically determined by the cross section of magnetic arcade. Refer
to Kusano (2005) for further detail.

The results above indicate that the Taylor-type relaxation driven by the
tearing instability can work as the formation mechanism of sigmoidal structure.
The sigmoidal formation would be a natural process in magnetic arcade, and
it can easily arise through the resistive instability of thin current sheet, even
though the tightly twisted flux tube does not preexist.
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t=33.2

t=15.5

Figure 1. Top view of magnetic field lines in the sigmoidal formation pro-
cess in the simulation by Kusano (2005). The thickness of the field line is
proportional to the intensity of electric current averaged along each field line.

4. Simulation Study of Eruption Mechanism

The numerical simulation by Kusano (2005) demonstrated not only the forma-
tion of sigmoid but also the eruption of that. When the calculation was simply
continued for much longer period than the Alfvén transit time after the sig-
moid is formed, they found that magnetic cusp structure is created above the
sigmoidal region and that the magnetic flux is erupted upwards, as shown in
right panel of Fig.3. The cusp structure, in which magnetic reconnection on the
vertical current sheet drives the upward eruption, is well consistent with the
standard flare model.

Here, we should emphasize that even after the eruption the weak sigmoidal
field can survive near the photospheric boundary, because the sigmoidal flux
itself is not ejected by the reconnection, but only the overlaying flux is ejected.
It is quite different from the previous model based on the kink instability, which
predicted that the amplified kinking deformation of sigmoid leads to the ejection
of sigmoid itself.
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Figure 2. The vertical variation of the averaged shear parameter ᾱ for the
initial state (t = 0) and the sigmoidal state (t = 30.1) in the simulation by
Kusano (2005). The height of the shear inversion layer at t = 30.1 is denoted
by h, and the corresponding wavenumber (2π/h) is plotted by dot-dashed
line.

In contrast with the previous model, the eruption in Kusano (2005) simu-
lation arises as a consequence that the sheared flux of the sigmoid is subject to
substantial erosion by reconnection on the shear inversion layer. The physical
process of the eruption onset can be understood as a sort of loss-of-equilibrium,
which results through the annihilation of positive and negative magnetic helicity
(Kusano et al. 2003, 2004). Therefore, the lifetime of sigmoid from the formation
to the eruption should be determined by the timescale of the tearing instability,
which causes the annihilation of magnetic helicity.

In the solar corona of temperature T = 106 [K], and plasma density n = 1015

[m−3], the growth time of the most unstable tearing mode τtearing = (τAτη)0.5 is
given by 4× 10−5(δ3/B)0.5 [sec] on the current layer of the width δ [m] and the
magnetic field B [T], where τA and τη indicate the Alfvén transit time and the
resistive diffusion time, respectively. If B = 10−2 [T], and δ is about 500 [km],
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t=30.1 t=58.7

Figure 3. Three-dimensional structure of the magnetic field lines in the
sigmoidal region (t = 30.1) and that at the eruption phase (t = 58.7).

then τtearing is several days, and we can explain the sustainment of long-lived
sigmoids.

Finally, we mention that the ejected magnetic flux forms a twisted flux tube
in the plasmoid, and thus the kink instability may grow after the eruption. If
so, it is likely that the scenario of our tearing instability model leads to the kink
instability dynamics, which may accelerate the ejected plasmoid into the coronal
mass ejection (CME), as recently demonstrated by the simulation of Inoue &
Kusano (2006).

5. Discussion: What We Should Do with Solar-B

The numerical simulation clearly indicates the possibility that the tearing insta-
bility may produce the sigmoidal structure and can cause the eruptive dynamics.
However, there are still several limitation in the simulation model, and many
open questions remain to be solved. The most important problem is reality of
the thin current sheet, which should exist relating to sigmoidal formation. The
vector magnetograph resolution of Solar-B/SOT is about 0.2” that corresponds
to 150 [km] on the solar surface. The systematic observation of current sheet
in sigmoidal regions might be the important task to reveal the mechanism of
sigmoids and the onset of eruption.

Another important task is the quantitative investigation of magnetic helicity
in sigmoidal regions. Several techniques have been developed to measure the
magnetic helicity injection into the solar corona. Using the Solar-B/SOT data,
we can perform the non-interrupted observation of helicity injection activity,
which may greatly improve our understanding of the underlying mechanism
in sigmoidal formation. Also the reconstruction of three-dimensional magnetic
field using the Solar-B/SOT data is much helpful to reveal the MHD property
of sigmoidal field. However, though many extrapolation techniques have been
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proposed so far, they do not yet mature to be applied to practical data. A new
data assimilation method, which can directly connect observation and numerical
simulation, have to be developed to maximize the scientific information obtained
by the Solar-B.
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Non-dipolar solar wind structure observed in the cycle 23/24 minimum
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[1] Interplanetary scintillation (IPS) observations made in
the Cycle 23/24 minimum using the Solar-Terrestrial
Environment Laboratory (STEL) multi-station system
indicated that during intervals the solar wind had a
significantly non-dipolar structure that consisted of fast wind
components at the poles and the equator and slower wind
components in between. The solar wind structure revealed
from the IPS observations was consistent with a marked
increase in the occurrence of fast winds observed in situ near
the earth. The poleward boundary of the slow wind region
observed during this minimum was ±30 north and south. In
addition, our IPS observations revealed that the organization
of the 3-dimensional solar wind was highly variable during
2007–2008. These features greatly differ from those observed
during the previous minima. This fact may be attributed to the
weak magnetic field intensity at the poles during the Cycle 23/
24minimum.Citation: Tokumaru,M.,M. Kojima, K. Fujiki, and

K. Hayashi (2009), Non-dipolar solar wind structure observed in the

cycle 23/24minimum,Geophys. Res. Lett., 36, L09101, doi:10.1029/

2009GL037461.

1. Introduction

[2] Systematic changes in the 3-dimensional structure of
the solar wind, which are closely linked with the 11-year
sunspot cycle, have been disclosed from ground-based obser-
vations using interplanetary scintillation (IPS) for more than
three decades [e.g., Coles et al., 1980; Kojima and Kakinuma,
1990]. The solar wind observed in the previous two minimum
periods revealed a stable structure which was composed of a
low-speed stream in a narrow latitude range around the
equator and a high-speed stream over the poles. Here we
demonstrate that the solar wind structure determined from
interplanetary scintillation (IPS) observations of the Solar-
Terrestrial Environment Laboratory (STEL) of Nagoya Uni-
versity for the Cycle 23/24 minimum differs significantly
from this simple dipole-like feature. In section 2, we briefly
describe our IPS observations of the solar wind. In section 3,
we present the solar wind speed data obtained from our IPS
observations in the cycle 23/24 minimum. In section 4, we
show in situ observations which support our finding. In
section 5, we discuss the implications of our findings and in
section 6 we summarize the results of this study.

2. IPS Observations

[3] The IPS, which is a diffraction phenomenon caused
by density irregularities in the interplanetary medium, has

been used as a useful ground-based method to observe the
solar wind out of the ecliptic [Dennison and Hewish, 1967].
As the diffraction pattern drifts owing to the solar wind
motion, the flow speed can be determined by measuring the
time delay between two signals at geographically separated
sites. We have carried out IPS measurements of the solar
wind speed since the early 1980s, on a daily basis between
April and November/December, using the STEL 327-MHz
multi-station system [Kojima and Kakinuma, 1990]. Our
IPS observations enable us to produce a synoptic map of the
solar wind speed in a Carrington longitude-versus-latitude
format for a given solar rotation, since approximately 1000
of lines-of-sight data are usually available during the
corresponding 27-day period. The IPS data have been
deconvolved to retrieve the intrinsic distribution of solar
wind speed using the computer-assisted (CAT) tomography
method [Kojima et al., 1998]. The high reliability of the
solar wind speed data deconvolved from our IPS observa-
tions has been confirmed by earlier works [e.g., Kojima et
al., 1998, 2007]. For example, the solar wind data showed
excellent agreement with Ulysses latitude scan observations
during 2001 [Fujiki et al., 2003].

3. Solar Wind Speed Data

[4] Figures 1a–1d show the solar wind speed data obtained
from STEL IPS measurements for representative Carrington
rotations in the last three solar sunspot minima; i.e., CR 2070,
CR 2075, CR 1910, and CR 1790, which correspond to the
periods between May 13 to June 9, September 26 to October
10, 2008 (Cycle23/24), June 1 to 28, 1996 (Cycle 22/23), and
June 16 to July 13, 1987 (Cycle 21/22), respectively. The solid
line in the synoptic map denotes the magnetic neutral line at
the source surface determined from WSO (Wilcox Solar
Observatory) magnetogram observations (http://wso.stanford.
edu/synsourcel.html) [Hoeksema et al., 1983]. Figures 1
(left) and 1 (right) are the synoptic source surface velocity
map and the latitude profile of the solar wind speed, respec-
tively. As shown here, the high-speed solar wind that ema-
nates from the polar region is a common feature during
sunspot minimum periods. However, the solar wind observed
in CR 2070 (Figure 1a) showed a clear difference in the flow
speed at the equator from those observed during the previous
two minimum periods (Figures 1c and 1d). The solar wind
speed in CR 2070 significantly increased at the equator, while
its peak value (�600 km/s) was somewhat lower than the
flow speed of the fast polar streams. The mid-latitude regions
in CR 2070 were mostly dominated by the slow winds. Thus,
the solar wind observed for CR 2070 exhibited a significantly
non-dipolar structure composed of polar and equatorial fast
streams with slow streams in between. Another important
point to note is that the non-dipolar structure found for CR
2070 was not discernible for CR 2075 (Figure 1b). This fact
suggests that the solar wind structure evolved rapidly during
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2008. The latitude width of the slowwind region for CR 2075
is considerably larger than that for CR 1910. This fact may be
attributed to the complexity of the solar wind at each latitude
during 2008.
[5] A series of synoptic solar wind speed maps from

STEL IPS observations are displayed in Figures 2a–2c for

2008, 2007, and 1996, respectively. As revealed from
Figure 2, the solar wind speed structure evolved consider-
ably during 2007–2008 despite quite a low level of solar
activity. The non-dipolar feature of the solar wind speed
was discerned for CRs 2070–2072 in 2008, and less
prominently for CR 2058 in 2007, and it appeared to be

Figure 1. (left) Synoptic source surface maps and (right) latitude profiles of the solar wind speed. Maps were derived from
STEL IPS observations for Carrington Rotations (CRs) (a) 2070, (b) 2075, (c) 1910, and (d) 1790. CRs 2070 and 2075
correspond to the Cycle 23/24 minimum, and CRs 1910 and 1790 correspond to 22/23 and 21/22 minima, respectively.
Synoptic map is drawn in the Carrington longitude-versus-latitude format, and red (blue) colours in the map represents slow
(fast) solar winds. Solid line in synoptic map denotes the magnetic neutral line at the source surface determined from WSO
magnetogram observations. Vertical bars in the latitude profile correspond to an rms value around the mean speed for a
given latitude.
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less distinct after CR 2074. Such a rapid evolution of the solar
wind structure during 2007–2008 is in marked contrast to
that observed in the previous minima. The solar wind
observed in 1996 (Figure 2c) showed a stable structure which
lasted over several solar rotations. In addition, Figure 2
reveals a significant difference in the latitude extent of the
slow wind region between Cycle 23/24 and 22/23 minimum
periods. The slow wind region observed during 2007–2008
extended to �30� north and south, while the fast wind
occasionally penetrated this latitude band. On the other hand,
the latitude extent of the slow wind observed in 1996 was
approximately ±15�.

4. In Situ Observations at 1 AU

[6] The significant growth of the equatorial fast wind
revealed during 2007–2008 has been supported by in situ

observations conducted at earth orbit. Histograms of the
occurrence rate of the solar wind speed measured by space-
craft near the earth are indicated in Figures 3a–3e for 2008,
2007, 2003, 2001, and 1996, respectively. Here, we used the
solar wind speed data collected by the Advanced Composi-
tion Explorer, ACE (http://www.srl.caltech.edu/ACE/ASC/)
[McComas et al., 1998] or Wind (http://web.mit.edu/space/
www/wind/wind_data.html) [Ogilvie et al., 1995] spacecraft.
Note that the histogram for 2008 (Figure 3a) produced from
the ACE data from the beginning to July 22 of the year (the
latest date at which the Level 2 (verified) data were available
as of this writing). We have confirmed that the distribution
revealed by the histogram remains basically unchanged even
if the realtime ACE data covering a fuller span for 2008 are
used. The histogram of 1996 data (Figure 3e) showed a sharp,
single peak profile with a maximum at �400 km/s, and
this fact is consistent with the solar wind speed distribution

Figure 2. A series of synoptic source surface maps of solar wind speed from STEL IPS observations for (a) 2008,
(b) 2007, and (c) 1996. Color scale used here is the same as the one in Figure 1. White area in the map corresponds to
the region where no observational constraint is placed by IPS observations.
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revealed from our IPS observations during the Cycle 22/23
minimum, since the earth’s orbit is located near the equator
where the slow speed component dominates (see Figure 2c).
The wind speed data in 2001 (Cycle 23 maximum) were
basically the same as those in 1996, as shown in Figure 3d,
since the slow speed stream became ubiquitous in the
heliosphere during the sunspot maximum. However, the
histogram profile revealed in 2007 and 2008 data was rather
different from the typical one. Although the primary peaks of
2007 and 2008 data still occurred at �400 km/s, they were

much less noticeable, and a secondary peak significantly
developed at �600 km/s (see Figures 3a and 3b). This
change was consistent with the emergence of the equatorial
fast wind revealed by our IPS observations. We examined in
situ data of the solar wind at earth orbit for other years
between 1995 and 2006, and confirmed that the pronounced
dominance of the slow-speed component was a common
feature for almost all years. One exception was in situ data
taken in 2003, which corresponds to the declining phase of
the Cycle 23 (Figure 3c). The histogram for 2003 is

Figure 3. Histograms of the occurrence rate of the solar wind speed measured at earth orbit in (a) 2008, (b) 2007, (c) 2003,
(d) 2001, and (e) 1996. Here, in situ observations made by the ACE spacecraft are used for Figures 3a–3d, and Wind
spacecraft data are used for Figure 3e. Ndat, Vave, and Vmode shown in each plot correspond to number of data, average and
modal values of solar wind speed, respectively.
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somewhat similar to those for 2007 and 2008. Further
discussion on this similarity is beyond the scope of this paper.

5. Discussion

[7] The peculiarity of the solar wind structure observed in
the Cycle 23/24 minimum can be attributed to that of the
global magnetic field structure of the corona. Figure 4
illustrates the MHD model calculations of the coronal
magnetic field within 2.5 Rs (the source surface) [Hayashi
et al., 2008] and the synoptic coronal hole maps for CR
2070 (Figure 4a) and CR 1910 (Figure 4b). The photo-
spheric magnetic field data from the Michelson Doppler
Imager, MDI [Scherrer et al., 1995] onboard the Solar and
Heliospheric Observatory (SOHO) spacecraft have been
used in these model calculations. The white and red lines
in Figure 4 represent the closed and open field lines, while
the blue and red colours on the sphere indicate the positive
and negative polarities of the large-scale photospheric
magnetic field. As for CR 1910, the low-to-mid-latitude
region was entirely occupied by the large-scale closed field
lines, and the open magnetic fluxes originated exclusively
from the polar regions. In contrast, the open fluxes of CR

2070 emanated not only from the polar regions but also
from the low-latitude region, which is a source of the
equatorial fast wind. Many mid- and low-latitude coronal
holes were found for CR 2070, while the coronal holes were
confined in the polar regions during CR 1910. The differ-
ence in coronal hole distribution between CRs 2070 and
1910 is consistent with what was revealed from the model
calculations of the coronal magnetic field and also from our
IPS observations.
[8] The formation of an enhanced low-latitude open flux

was considered to be a manifestation of the solar magnetic
dynamo activity during the Cycle 23/24 minimum. The
solar magnetograph observations at the Wilcox Solar Ob-
servatory indicated that the polar field strength of the Cycle
23/24 minimum was significantly weaker than that of the
previous two minima (http://wso.stanford.edu/gifs/Polar.gif)
[Hoeksema, 1995]. We consider that such a weak dipole
component is essential to account for the increase of the
low-latitude open flux and thus the non-dipolar solar wind
structure in the Cycle 23/24 minimum. Furthermore, the
sunspot counts in the Cycle 23/24 minimum were very low,
and the number of spotless days in 2008 was the highest in
the last 50 years. This was also a sign of the solar dynamo

Figure 4. (left) Coronal magnetic fields within 2.5 solar radii and (right) synoptic coronal hole maps for CRs (a) 2070 and
(b) 1910. The coronal magnetic fields were calculated from MDI/SOHO observations using the MHD code. The coronal
hole map for CR 2070 was taken from the NSO/GONG magnetogram synoptic map archive (http://gong.nso.edu/data/
magmap/archive.html). Green and red areas in this map denote positive and negative coronal holes, respectively. Coronal
hole map for CR 1910 was from the NSO/Kit Peak synoptic coronal hole map archive (ftp://nsokp.nso.edu/kpvt/
coronal_holes/synoptic/).
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activity in this minimum [e.g., Schatten, 2005; Svalgaard et
al., 2005]. Observations during Ulysses’s third orbit space-
craft showed that the polar fast wind was slightly slower,
significantly less dense, cooler, and had less mass and
momentum flux than during the previous solar minimum
orbit [McComas et al., 2008]. Thus, the Cycle 23/24
minimum exhibits several peculiar aspects from the view-
point of solar wind and magnetism. We consider that it
provided an excellent opportunity to gain a better insight
into the solar wind formation and dynamo process.

6. Summary

[9] Our IPS observations have disclosed that the solar
wind structure in the Cycle 23/24 minimum greatly differs
from what was observed during the previous two minima.
Namely, the fast solar wind emanated not only from the
poles but also from the equatorial region, and the source of
the slow solar wind split into two mid-latitude regions. The
poleward boundary of the slow wind during this minimum
extended to �30� north and south, and the solar wind
structure evolved rapidly. These features significantly differ
from those observed during the previous minima. A distinct
increase of the occurrence rate of the high flow speed
measured in situ at 1 AU is consistent with our IPS
observations. Our finding is regarded as another manifesta-
tion to indicate the peculiarity of the solar magnetic activity
in this minimum.

[10] Acknowledgments. The IPS observations were carried out under
the solar wind program of the Solar-Terrestrial Environment Laboratory
(STEL) of Nagoya University. This work was partly supported by the
Grant-in-Aid for Creative Scientific Research (17GS0208) from the Min-
istry of Education, Culture, Sports, Science, and Technology of Japan. We
wish to thank the ACE Science Center and the MIT space plasma group for
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spacecraft.

References
Coles, W. A., B. J. Ricket, V. H. Rumsey, J. J. Kaufman, D. G. Turley,
S. Ananthakrishnan, J. W. Armstrong, J. K. Harmons, S. L. Scott, and

D. G. Sime (1980), Solar cycle changes in the polar solar wind, Nature,
286, 239–241.

Dennison, P. A., and A. Hewish (1967), The solar wind outside the plane of
the ecliptic, Nature, 13, 343–346.

Fujiki, K., M. Kojima, M. Tokumaru, T. Ohmi, A. Yokobe, K. Hayashi,
D. J. McComas, and H. A. Elliott (2003), How did the solar wind struc-
ture change around the solar maximum?—From interplanetary scintilla-
tion observation, Ann. Geophys, 21, 1257–1261.

Hayashi, K., X. P. Zhao, and Y. Liu (2008), MHD simulations of the global
solar corona around the Halloween event in 2003 using the synchronic
frame format of the solar photospheric magnetic field, J. Geophys. Res.,
113, A07104, doi:10.1029/2007JA012814.

Hoeksema, T. (1995), The large-scale structure of the heliospheric current
sheet during the Ulysses epoch, Space Sci. Rev., 72, 137–148.

Hoeksema, J. T., J. M.Wilcox, and P. H. Scherrer (1983), The structure of the
heliospheric current sheet: 1978–1982, J. Geophys. Res., 88, 9910–9918.

Kojima, M., and T. Kakinuma (1990), Solar cycle dependence of global
distribution of solar wind speed, Space Sci. Rev., 53, 173–222.

Kojima, M., M. Tokumaru, H.Watanabe, A. Yokobe, K. Asai, B. V. Jackson,
and P. L. Hick (1998), Heliospheric tomography using interplanetary
scintillation observations: 2. Latitude and heliocentric distance depen-
dence of solar wind structure at 0.1 – 1 AU, J. Geophys. Res., 103,
1981–1989.

Kojima, M., M. Tokumaru, K. Fujiki, K. Hayashi, and B. V. Jackson
(2007), IPS tomographic observations of 3D solar wind structure, Astron.
Astrophys. Trans., 26, 467–476, doi:10.1080/10556790701596200.

McComas, D. J., et al. (1998), Solar Wind Electron Proton Alpha Monitor
(SWEPAM) for the Advanced Composition Explorer, Space Sci. Rev., 86,
563–612.

McComas, D. J., R. W. Ebert, H. A. Elliott, B. E. Goldstein, J. T. Gosling,
N. A. Schwadron, and R. M. Skoug (2008), Weaker solar wind from the
polar coronal holes and the whole Sun, Geophys. Res. Lett., 35, L18103,
doi:10.1029/2008GL034896.

Ogilvie, K. W., et al. (1995), SWE, a comprehensive plasma instrument for
the WIND spacecraft, Space Sci. Rev., 71, 55–77.

Schatten, K. (2005), Fair space weather for solar cycle 24, Geophys. Res.
Lett., 32, L21106, doi:10.1029/2005GL024363.

Scherrer, P. H., et al. (1995), The Solar Oscillations Investigation-Michelson
Doppler Imager, Sol. Phys., 162, 129–188.

Svalgaard, L., E. W. Cliver, and Y. Kamide (2005), Sunspot cycle 24:
Smallest cycle in 100 years?, Geophys. Res. Lett., 32, L01104,
doi:10.1029/2004GL021664.

�����������������������
K. Fujiki, M. Kojima, and M. Tokumaru, Solar-Terrestrial Environment

Laboratory, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-
8601, Japan. (fujiki@stelab.nagoya-u.ac.jp; kojima@stelab.nagoya-u.ac.jp;
tokumaru@stelab.nagoya-u.ac.jp)
K. Hayashi, W. W. Hansen Experimental Physics Laboratory, Stanford

University, 491 South Service Road, Stanford, CA 94305-4085, USA.
(keiji@sun.stanford.edu)

L09101 TOKUMARU ET AL.: NON-DIPOLAR SOLAR WIND STRUCTURE L09101

6 of 6



Fujiki et al., “Solar Wind Forecast by using IPS Observations” (2010) 319

Solar Wind Forecast by Using Interplanetary Scintillation
Observations

Ken’ichi Fujiki, Hiroaki Ito and Munetoshi Tokumaru

Solar-Terrestrial Environment Laboratory (STELab), Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464-8601, Japan

Abstract. Interplanetary scintillation (IPS) allows us to determine solar wind velocity and density structures over a relatively
short time by employing computer assisted tomography. This method can be applied to forecast solar wind changes for a
few days prior to its reaching Earth. We have been attempting solar wind forecasting by using IPS data observed at Solar-
Terrestrial Environment Laboratory (STELab), Japan. Here we introduce the solar wind forecast using STELab-IPS and
evaluated dependences of the accuracy of the STELab-IPS forecasts on a number of line-of-sight observed with IPS and a
solar activity by comparing comparing them with in situ measurements.

Keywords: solar wind, forecast, interplanetary scintillation
PACS: 90

INTRODUCTION

Radio waves from a compact radio source such as a
quasar are scattered by irregularities of electron density
in the interplanetary medium [1]. The scattered waves
interfere with each other as they propagate toward the
Earth producing amplitude scintillations which are then
seen as diffraction patterns at Earth. This phenomenon is
called interplanetary scintillation (IPS). The IPS signal
contains the information of solar wind velocities and
density fluctuations passing across a line of sight (LOS)
from an observer to a radio source.

We have carried out IPS observations at the Solar-
Terrestrial Environment Laboratory Nagoya University,
Japan (STELab-IPS) for over two decades [2]. The 327
MHz observing frequency is most sensitive to IPS sig-
nals from 0.2-1 AU distances from the Sun. By employ-
ing computer assisted tomography (CAT) to reduce the
LOS integration effect, solar wind velocity and density
structures can be determined with far more accuracy than
using previous methods [3]. This technique can be ap-
plied to forecast the solar wind for a few days prior to its
reaching Earth (Fig.1(a)). The CAT algorithm we have
developed assumes that solar wind structure co-rotates
and requires a redundancy of LOS numbers. Because IPS
signal to noise increases during times of solar activity,
the accuracy of the solar wind forecast depends on solar
activity as well as the numbers of IPS LOS number for
the period of interest.

In this study, we simulated real-time analyses of a
forecast procedure using IPS data obtained in 2001 (solar
maximum), 2002 (declining phase), and 2005 (solar min-
imum). In the next section, we describe the STELab-IPS
observations and our new method of solar wind forecast-

ing. In following section, we use forecast results from
2001 and 2005 and explore the parameters that control
the accuracy of the forecast.

SOLAR WIND FORECAST USING
STELAB-IPS

In this section we describe key details of the forecast
using STELab-IPS data and evaluate the forecast error.

The CAT produces a synoptic velocity distribution
map (V-map) using STELab-IPS data from a specific
Carrington rotation. The CAT analysis requires that the
solar wind structure is stable, i.e. co-rotational, over one
solar rotation because all of the IPS data in a given Car-
rington rotation are used to produce a V-map. For the pur-
pose of solar wind forecast it is necessary to detect not
only a co-rotational structure but also a slowly/quickly
varying one. In this study we employed a modified ver-
sion of the tomographic procedure (hereafter we simply
call it CAT2) that reduces the length of time averaging
which shows good coincidence between IPS and in situ
measurements even during solar maximum when solar
wind structure changes rapidly [4]. In the forecast pro-
cedure, a few tens of IPS observations are included in
the CAT2 algorithm to update the solar wind structure
inside of Earth’s orbit each day (Fig.1(b)). Then, fore-
cast plots, that is, time profiles of the solar wind velocity
at the Earth position for several future days, are drawn.
These results are compared with in situ measurements to
evaluate the accuracy of the solar wind forecast.

Here we describe the process of the forecast. The
LOSs observed in the last solar rotation are mapped on
the surface at a 1 AU distance from the Sun. After the
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FIGURE 1. (a) Schematic view of the IPS forecast. Solid and dotted long arrows display the LOS. The LOS passing through
east Sun (solid lines) contain the information of solar wind being approaching the Earth. (b) IPS Tomographic map on October 13,
2005,deconvolved using data from the recent single rotation (grey map) and the LOSs obtained from the forecast date (solid line).
White area is data gap where the solar wind velocity cannot be deconvolved because of an insufficient LOS number. Day = 0 on the
horizontal axis corresponds to the earth’s longitude.

CAT analysis a tomographic V-map is determined for
±180◦ centered at the Earth’s longitude (Fig.1(b)). The
east side (left hand side) of the V-map corresponds to the
future and a prediction length is defined as a longitudinal
width measured along the earth’s orbit where the solar
wind velocity is successfully deconvolved. In this case,
the prediction length is about 7 days. Figure 2 shows a
variation of the prediction length during October 2005.
Using this technique a forecast is always possible five
days in the future, and it sometimes exceeds ten days. A
sampling of the solar wind velocity along the Earth’s or-
bit to the future side of the V-map produces the forecast
plot shown in figure 3. The STELab-IPS forecast velocity
increases up to 600km/s 2 days later and a similar veloc-
ity change is measured by the ACE satellite (Fig.3(a)).
Here we note that the spatial resolution of the V-map is
10◦. Therefore it is impossible to use the CAT2 analysis
to reproduce the velocity jump detected by ACE less than
1 day in advance.

The CAT analysis is an iterative computing technique
that minimizes the difference between a velocity distri-
bution model and the velocity determined along each
LOS. Therefore the V-map always contains residual er-
ror. The residual error is suppressed where there are
enough LOS crossing numbers, i.e. on the right-hand
side of the V-map. On the other hand, the residual error
appears to increase on the left-hand side which is used
for the forecast. A typical plot of the residual error is
shown in figure 4. The residual error averaged over Oc-
tober 2005 is smaller than 20 km/s within a 4 day forecast
interval and then it rapidly increases as much as 80 km/s
beyond this. The increase of the residual error depends
only on the coverage of the LOS. The forecast is pro-
vided every four hours and forecast errors are defined as

FIGURE 2. Prediction length during October 2005.

a standard deviation of the difference between forecasts
and ACE measurements by using data within 5 days as
follows,

σ =
∑5

Day=0 (VIPS −VACE)2

N
, (1)

here N is the number of times forecast. Figure 5 shows
the forecast errors and correlation coefficients between
the forecast and ACE measurements during October
2005. The difference and correlation coefficient are anti-
phased. Therefore we use the standard deviation as the
error in following evaluation the forecast accuracy.

RESULT

In this section, we evaluate the forecast errors during
three different periods of solar activity. Figure 6 shows
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FIGURE 3. Good and bad examples of the IPS solar wind forecast. Black circles are the STELab-IPS forecast and the grey
circles are ACE measurements. Day=0 corresponds to the day the forecast is made.

FIGURE 4. Residual error in the IPS tomographic procedure
averaged over October 2005.
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FIGURE 5. Correlation and difference during October 2005.

a variation of the forecast error from plots of two param-
eters, the LOS number and the CME number. The for-
mer is a proxy for the observation condition and latter a
proxy of solar transient activity. The velocity distribution
on the forecast side of the plot obtained by the STELab-

IPS CAT2 is determined from 5 -10 days of observations
before the date the forecast is determined (Fig 1(b)).

Although an occurrence rate of CMEs during solar
maximum and the declining phase of the solar cycle are
one order of magnitude higher than that during solar min-
imum, a correlation between the forecast error and num-
ber of CMEs is not evident. On the other hand the er-
ror mildly depends on the number of LOS. A period of
decreasing LOS number corresponds to a period of the
large forecast error. Roughly the forecast error tends to
increase when the number LOS summed past 7 days is
smaller than 150 (case 1), i.e. around DOY 240 in 2005,
and when the number of LOS is decreasing (case 2). In
case 1, it is easy to explain that when the number of LOS
are smaller than 150 the data are not sufficient to decon-
volve the solar wind structure. In case 2, the decreasing
number of LOS indicates that computed velocity distri-
bution in the CAT2 analysis is deconvolved with a higher
weighting in the past and lower weighting in the future.
That the velocity in the future is strongly affected by that
of the past is understandable. In this case a varying tran-
sient structure blurs the co-rotational analysis.

SUMMARY

We have been challenging a forecast of the solar wind
by using STELab-IPS data applying the modified version
of computer assisted tomography. In this paper we eval-
uated the forecast errors which are attributed to the to-
mographic analysis and the solar activity. The real-time
forecast is simulated by using the data obtained in 2000
(solar maximum), 2002 (declining phase), and 2005 (so-
lar maximum).

The prediction forecast determination is always at
least 5 days and sometimes exceeds 10 days during these
three periods. However the residual errors of the CAT2
rapidly increases for forecasts longer than 4 days because
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FIGURE 6. Forecast error in different periods of solar activity (black circle); in 2000 (solar maximum; top panel), 2002 (the
declining phase of the solar cycle; middle panel), and 2005 (at solar minimum; bottom panel). The error is smoothed over ± 1 day.
Red circles are a running sum (past 7 days) of the number of LOS whose P-point (the closest approach to the Sun) locates ±30◦
in latitude. Blue circles are a running sum (past 7 days) of number of CMEs as a proxy of solar transient activity. STELab-IPS
observations were stopped from August to September 2000 because of lightening damage.

the redundancy of LOS is not sufficient to deconvolve the
solar wind structure in such regions (Fig 1(b)). Thus we
conclude that the effective prediction length of the solar
wind forecast by IPS is 4 days. Additionally, the fore-
cast error mildly depends on the number of LOS and its
variation. Successive observations over several days are
essentially important for the forecast.

We have evaluated the error from solar activity. Ac-
cording to figure 6, the forecast error does not depend
much on the number of CMEs which we use here as
a proxy for solar transient phenomena. This result indi-
cates that solar activity does not adversely affect the ac-
curacy of the solar wind forecast. However, a verification
of the forecast during CME using an event study remains
to be done.

Finally we note that IPS observations with a new
antenna (the Solar Wind Imaging Facility; SWIFT) has
began on September 2008, and this allows us to observe
at least twice the number of radio sources per day. We
plan to upgrade the backends and feeds of the existing
old antennas to achieve simultaneous observations and
start these observations within two years.
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[1] The generation process of whistler-mode chorus emissions is analyzed by both theory
and simulation. Driven by an assumed strong temperature anisotropy of energetic
electrons, the initial wave growth of chorus is linear. After the linear growth phase, the
wave amplitude grows nonlinearly. It is found that the seeds of chorus emissions with
rising frequency are generated near the magnetic equator as a result of a nonlinear
growth mechanism that depends on the wave amplitude. We derive the relativistic
second-order resonance condition for a whistler-mode wave with a varying frequency.
Wave trapping of resonant electrons near the equator results in the formation of an
electromagnetic electron hole in the wave phase space. For a specific wave phase
variation, corresponding to a rising frequency, the electron hole can form a resonant
current that causes growth of a wave with a rising frequency. Seeds of chorus elements
grow from the saturation level of the whistler-mode instability at the equator and then
propagate away from the equator. In the frame of reference moving with the group
velocity, the wave frequency is constant. The wave amplitude is amplified by the nonlinear
resonant current, which is sustained by the increasing inhomogeneity of the dipole
magnetic field over some distance from the equator. Chorus elements are generated
successively at the equator so long as a sufficient flux of energetic electrons with a strong
temperature anisotropy is present.

Citation: Omura, Y., Y. Katoh, and D. Summers (2008), Theory and simulation of the generation of whistler-mode chorus,

J. Geophys. Res., 113, A04223, doi:10.1029/2007JA012622.

1. Introduction

[2] Whistler-mode chorus is a common form of very low
frequency (VLF) emission in the Earth’s magnetosphere and
other planetary magnetospheres. Chorus typically comprises
repeated narrowband monochromatic signals of short dura-
tion (�0.1 s) with rising frequency and occurs at frequencies
below the local electron gyrofrequency. There have been
extensive observations of magnetospheric chorus waves
[e.g., see Helliwell, 1965; Tsurutani and Smith, 1974; Burtis
and Helliwell, 1976; Anderson and Kurth, 1989; Sazhin and
Hayakawa, 1992; Lauben et al., 1998;Meredith et al., 2001;
Santolik et al., 2003, 2004, 2005; Kasahara et al., 2005;
Chum et al., 2007, and references therein]. Gyroresonant
interactions of electrons with chorus play an important role
in the physics of the Earth’s radiation belts. In particular,
energy diffusion due to electron gyroresonance with chorus
is a key mechanism for generating relativistic electrons in the
region 3 < L < 5 outside the plasmasphere during geomag-
netic storms or periods of prolonged substorm activity
[Summers et al., 1998, 2002, 2004a, 2004b, 2007a, 2007b;

Roth et al., 1999; Summers and Ma, 2000; Albert, 2002;
Miyoshi et al., 2003; Katoh and Omura, 2004; Summers,
2005;Horne et al., 2005; Varotsou et al., 2005; Shprits et al.,
2006; Thorne et al., 2007]. Gyroresonant pitch-angle scat-
tering of electrons by chorus can lead to significant precip-
itation into the atmosphere and net loss of energetic electrons
from the outer radiation belt [Lorentzen et al., 2001; O’Brien
et al., 2004; Summers et al., 2005; Thorne et al., 2005].
[3] The processes governing the generation mechanism of

chorus emissions have been analyzed in a number of studies
[Nunn, 1974; Omura and Matsumoto, 1982; Trakhtengerts,
1995, 1999; Nunn et al., 1997; Katoh and Omura, 2006a,
2006b, 2007a; Chum et al., 2007]. It is generally accepted
that chorus waves can be excited by cyclotron resonance with
anisotropic 10–100 keV electrons. Inhomogeneity in the
background magnetic field has been established as a control-
ling factor in the chorus generation mechanism. Neverthe-
less, the detailed generation process of chorus emissions
remains to be fully identified. Nunn [1974] and Nunn et al.
[1997] simulated the generation process of chorus emissions
by a Vlasov-hybrid simulation using a coherent wave as a
seed of a chorus element. Omura and Matsumoto [1982]
performed simulations of whistler-mode wave-electron
interactions demonstrating the basic process of wave ampli-
fication via nonlinear resonant currents. Trakhtengerts
[1995, 1999] proposed a generation mechanism of chorus
based on a model of a backward wave oscillator and
nonlinear wave growth. In all of these previous studies, a
coherent wave is assumed as a seed of a chorus element,
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while the whistler-mode instability driven by temperature
anisotropy gives a spectrum of waves that have positive
growth rates [Omura and Summers, 2004]. The essential
problem is how the coherent chorus elements with variable
frequency are excited in the equatorial region of the mag-
netosphere where the inhomogeneity of the magnetic field is
very small. As yet, it has not been clarified what determines
the frequency sweep rate of a chorus element. This is a key
issue in the present study. Omura and Summers [2006]
analyzed electron interactions with a coherent whistler-mode
wave generated in the magnetic equatorial plane and dis-
cussed the formation of resonant currents due to an electro-
magnetic electron hole in velocity phase space. Electromagnetic
electron holes play an essential role in our investigation.
[4] Recent spacecraft observations [e.g., Parrot et al.,

2003; Santolik et al., 2003, 2004; Breneman et al., 2007;
Chum et al., 2007] provide important clues for the gener-
ation process of chorus emissions. The generation region is
found to be in close proximity to the magnetic equator. In
situ observations of the wave amplitudes confirm that
amplitudes are sufficiently large for nonlinear trapping of
particles to be significant. Recent analysis of chorus element
observations by Chum et al. [2007] shows that chorus
elements with rising frequencies are radiated from a non-
moving source near the geomagnetic equator. There is also a
model that assumes rapidly moving sources to interpret
chorus emissions observed by the Custer satellites [Inan et
al., 2004].
[5] In the simulation study by Katoh and Omura [2007a]

using an electron hybrid code, it was demonstrated that
chorus emissions with a rising tone can be generated from
thermal noise in the region close to the equator. Nonlinear
wave trapping of resonant electrons becomes predominant
near the equator, and the velocity distribution of the
electrons is strongly modified, thereby giving rise to the
resonant current. The trapping dynamics of resonant elec-
trons are described by the first-order and second-order
resonance conditions. Further recent studies show that a
fraction of the resonant electrons are subject to acceleration
to relativistic energies [Omura et al., 2007; Katoh and
Omura, 2007b]. Relativistic effects must therefore be in-
corporated in descriptions of the electron dynamics. Albert
[2000] studied the interaction of relativistic resonant elec-
trons with a monochromatic wave. We derive in the present
paper, for the first time, the relativistic second-order reso-
nance condition for a chorus element with variable frequency.
We regard this condition as fundamental to the analysis of the
chorus generation mechanism.
[6] The evolution of a whistler-mode wave is described

by wave equations that are based on Maxwell’s equations.
In past studies [Nunn, 1974; Omura et al., 1991], the
displacement current has been neglected under the assump-
tion that the electron plasma frequency is much greater than
the electron cyclotron frequency. However, the electron
plasma frequency can be close to the electron cyclotron
frequency under disturbed magnetospheric conditions, es-
pecially in the region just outside the plasmapause [e.g.,
Sheeley et al., 2001]. Retaining the contribution of the
displacement current, we derive a set of wave equations
describing the evolution of the wave amplitude and wave
phase, details of which are given in Appendix A. We study
the nonlinear dynamics of resonant electrons based on the

exact second-order resonance condition which we derive in
section 2. In section 3 we find the condition for the
maximum resonant current that modifies the wave ampli-
tude. The relation between the frequency sweep rate and
amplitude of chorus emissions in the generation region is
obtained in section 4. In section 5, we analyze the simula-
tion data developed by Katoh and Omura [2007a, 2007b] to
determine the exact chorus wave amplitude in the source
region near the equator. We compare the simulation results
for the wave amplitude with our theoretical analysis.
Finally, in section 6 we discuss our results and present
the conclusions.

2. Resonance Conditions for Chorus-Electron
Interaction

2.1. Basic Formulae Based on the Cold Plasma
Dispersion Relation

[7] As a preparation for our main calculation, we derive
some useful expressions for the phase velocity and group
velocity of a whistler-mode wave propagating parallel to
the static magnetic field from a cold plasma dispersion
equation, namely, the relation between the wave frequency
w and the wave number k in a cold plasma [e.g., Stix,
1992],

c2k2 ¼ w2 þ ww2
pe

We � w
: ð1Þ

Here, c, wpe, and We are the speed of light, electron plasma
frequency, and electron cyclotron frequency, respectively.
For simplicity, the plasma frequency is assumed to be
constant, while the cyclotron frequency varies as a function
of position h, the distance along the magnetic field line of
the assumed dipole magnetic field measured from the
magnetic equator.
[8] We introduce the dimensionless parameters d and x

[Omura et al., 2007] defined by

d2 ¼ 1� w2

c2k2
; ð2Þ

and

x2 ¼ w We � wð Þ
w2
pe

: ð3Þ

The whistler-mode dispersion equation (1) is rewritten as

d2 ¼ 1

1þ x2
: ð4Þ

For typical conditions in the Earth’s outer radiation belt,
x � 1 and d � 1, which makes it possible to neglect the
first term on the right-hand side of (1), although we
retain the term for completeness. The wave phase
velocity Vp is given by

Vp ¼ w
k
¼ cdx: ð5Þ
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Differentiating (1) with respect to w, we obtain

2c2k
@k

@w
¼ 2wþ Wew2

pe

We � wð Þ2 : ð6Þ

Solving (6) for the group velocity Vg = @w/@k, and
making use of the parameters d and x, we find

Vg ¼ cx
d

x2 þ We

2 We � wð Þ
� ��1

: ð7Þ

[9] We assume a coherent whistler-mode wave with
amplitude Bw and phase angle y. We further assume that
Bw is a slowly varying function of position h and time t and
that the phase y varies smoothly in space and time. The
frequency w and the wave number k are defined respectively
by w = @y/@t and k = �@y/@h. In addition, we assume that
w and k are slowly varying functions of position h and time
t. Since we can change the order of differentiation in the
second-order derivative of y by h and t, i.e., @2y/@h@t, it
follows from the definitions of w and k that

@k

@t
¼ � @w

@h
: ð8Þ

[10] We differentiate both sides of (1) with respect to time
t at a fixed position h to obtain

2c2k
@k

@t
¼ 2wþ Wew2

pe

We � wð Þ2
" #

@w
@t

: ð9Þ

From (7), (8), and (9), we find that

@w
@t

þ Vg

@w
@h

¼ 0: ð10Þ

[11] We then differentiate both sides of (1) with respect to
position h, to give at a specific time t the relation,

2c2k
@k

@h
¼ 2wþ Wew2

pe

We � wð Þ2
" #

@w
@h

� ww2
pe

We � wð Þ2
@We

@h
: ð11Þ

Using (7) and (8), we hence obtain from (11) an equation
for the wave number k in the form,

@k

@h
¼ �V�1

g

@k

@t
� dw
2cx We � wð Þ

@We

@h
: ð12Þ

Equations (8), (10), and (12) are key results that will be
used below.

2.2. Resonance Velocity Seen by a Particle

[12] We assume that an electron moves with a parallel
velocity vk and a perpendicular velocity v?. We define the
resonance velocity VR that satisfies the Doppler cyclotron
resonance condition,

VR ¼ 1

k
w� We

g

� �

; ð13Þ

where g = [1 � (vk
2 + v?

2 )/c2]�1/2. If vk = VR, the electron
resonates with the wave and ‘‘sees’’ a constant phase of the
wave field. It is noted that we only have the single
cyclotron resonance for purely transverse waves propagat-
ing parallel to the static magnetic field. We now calculate
the time variation of VR as seen by the electron. We assume
that the wave fields are uniform in the transverse direction
and that the gyration of the electron does not cause any
variation of w or k or the cyclotron frequency We. From
(13), we have

dVR

dt
¼ 1

k

dw
dt

� 1

k

d

dt

We

g

� �

� w� We

g

� �
1

k2
dk

dt
: ð14Þ

Using (10), we have the time variation of w as observed by
the particle,

dw
dt

¼ @w
@t

þ vk
@w
@h

¼ 1� vk
Vg

� �
@w
@t

: ð15Þ

Noting that We is a simple function of h and that g is a
function of t as a property of the particle, we find

d

dt

We

g

� �

¼ vk
g

@We

@h
� We

g2
dg
dt

: ð16Þ

Using (8), (10), and (12), we obtain the time variation of k
as seen by the the particle,

dk

dt
¼ 1� vk

Vg

� �
@k

@t
� vkwd
2cx We � wð Þ

@We

@h
: ð17Þ

Substituting (15), (16), and (17) into (14), we derive the
result,

dVR

dt
¼ We

kg2
dg
dt

þ 1

k
1� VR

Vg

� �

1� vk
Vg

� �
@w
@t

� vk
kg

� 1þ d2 We � gwð Þ
2 We � wð Þ

� �
@We

@h
; ð18Þ

where (5) and (13) have also been used.

2.3. Relativistic Second-Order Resonance Condition

[13] The relativistic cyclotron resonance condition for a
whistler-mode wave with a fixed frequency has recently
been analyzed by Omura et al. [2007]. We extend their
analysis to the interaction with a chorus wave with varying
frequency. The variation of the kinetic energy K of a
resonant particle is given by

dK

dt
¼ eEwv? sin z; ð19Þ

where �e, Ew, v?, and z are the electron charge, wave
electric field amplitude, perpendicular velocity, and angle
between the wave magnetic field Bw and the perpendicular
velocity v?, respectively. In the present case of field-aligned
propagation, the wave electric field Ew is perpendicular to
Bw, with Ew and Bw both lying in the plane transverse to
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B0. From Maxwell’s induction equation, it follows that Ew /
Bw = w/k. Noting also that K = m0c

2(g � 1), where m0 is
the electron rest mass, we find from (19) that

dg
dt

¼ Wwwv? sin z
kc2

; ð20Þ

where Ww = eBw/m0.
[14] The parallel component of the relativistic equation of

motion is given by

d gvk
� �

dt
¼ � e

m0

v? � Bw þ B0r
� �� 	

; ð21Þ

where B0r is a radial component of the static magnetic field
B0, and

B0r ¼ � rc
2

@B0

@h
: ð22Þ

Result (22) is derived by expanding B0 around the center of
cylotron motion in circular cylindrical coordinates. Noting
that the cyclotron radius rc is given by rc = gv?/We, we
obtain from (21) and (22) the equation [Dysthe, 1971],

d gvk
� �

dt
¼ Wwv? sin z � gv2?

2We

@We

@h
: ð23Þ

The equation (23) describes the acceleration due to the wave
field and the mirror force. We then obtain the time
derivative of vk in the form

dvk
dt

¼ Wwv? sin z
g

� vk
g

dg
dt

� v2?
2We

@We

@h
: ð24Þ

[15] We assume that the first-order resonance condition,

dz
dt

¼ k vk � VR

� � ¼ 0; ð25Þ

is satisfied, and then the second-order derivative of the
phase z is given by

d2z
dt2

¼ k
d

dt
vk � VR

� �
; ð26Þ

where we make use of the first-order resonance condition
(26) to eliminate the derivative of k. Substituting (18),
(20), and (24) into (26), we obtain the second-order
nonlinear ordinary differential equation for the phase angle
z,

d2z
dt2

¼ w2
t d

2

g
sin z þ Sð Þ: ð27Þ

Here, wt is the trapping frequency given by wt =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kv?Ww

p
,

and d2 comes from the relativistic effect. If we use the
nonrelativistic equations of motion, we set d = 1 and g = 1
in (27) to obtain a simplified equation for the resonant

particles [Omura et al., 1991]. The parameter S is the
inhomogeneity ratio given by

S ¼� 1

w2
t d

2
g 1� VR

Vg

� �2 @w
@t

(

þ kgv2?
2We

� 1þ d2

2

We � gw
We � w

� �

VR

� �
@We

@h

�

: ð28Þ

It is noted that S, wt, and g are functions of v?. Expression
(28) reduces to equation (11) of Omura et al. [2007] for
a constant-frequency wave, and to equation (11) in the
review by Omura et al. [1991] for the nonrelativistic
(g = 1) case. S is a ratio of a inhomogeneity term to the
oscillatory term in the pendulum equation (S = 0). When
jSj > 1, there is no equilibrium state. When jSj < 1, there is
a small amplitude solution that oscillates with the modified
trapping frequency wtr = wtdg

�1/2. The factor dg�1/2 is due
to the relativistic effect.
[16] When a chorus element with a rising frequency

(@w/@t > 0) propagates northward away from the magnetic
equator and interacts with resonant electrons moving in the
opposite direction, S takes a negative value. The fully
relativistic expression (28) for the inhomogeneity ratio for
a parallel-propagating whistler-mode wave with variable
frequency is the single most important result in this paper.

3. Formation of the Nonlinear Resonant Current
at the Equator

[17] The evolution of the wave amplitude of a chorus
element can be described by a wave equation derived from
Maxwell’s equations. Retaining the displacement current,
which has been neglected in previous studies of whistler-
mode waves, we obtain the wave equation describing
evolution of the wave amplitude BW

@Bw

@t
þ Vg

@Bw

@h
¼ �m0Vg

2
JE; ð29Þ

and the dispersion relation with a nonlinear correction term,

c2k2 � w2 � ww2
pe

We � w
¼ m0c

2k
JB

Bw

; ð30Þ

where m0 is the magnetic permittivity in vacuum. Details of
the derivation of (29) and (30) are provided in Appendix A.
The currents JE and JB are components of the resonant
current, parallel to the wave electric field Ew and wave
magnetic field Bw, respectively. The resonant current is
formed by the interaction of resonant electrons with the
wave. Expressions for JE and JB are

JE ¼
Z 1

0

Z 2p

0

Z 1

�1
ev? sin z½ � f vk; z; v?

� �
v?dvkdzdv?; ð31Þ

and

JB ¼
Z 1

0

Z 2p

0

Z 1

�1
�ev? cos z½ � f vk; z; v?

� �
v?dvkdzdv?; ð32Þ
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where f (vk, z, v?) is the distribution function of energetic
electrons. It is noted that the cold electrons supporting the
whistler-mode waves are not included in the distribution
function. To evaluate the contribution of the term involving
JB/BW in (30), we assume that jJBj � jJEj. We justify this
assumption below. Equation (29) describes the growth of
the wave amplitude Bw. We can alternatively write

dBw

dt
¼ wiBw; ð33Þ

where wi is the wave growth rate. Equating the right-hand
sides of (29) and (33), we obtain

JE

Bw

¼ � 2wi

m0Vg

: ð34Þ

Setting jJEj = jJBj in (34), we determine the magnitude of
the right-hand side of (30) as

m0c
2k

JB

Bw

�
�
�
�

�
�
�
� ¼ 2þ Wew2

pe

w We � wð Þ2
" #

wwi: ð35Þ

Substituting (35) into (30), we obtain the result,

c2k2 ¼ w2 1	 2wi

w

� �

þ ww2
pe

We � w
1	 We

We � w
wi

w

� �

: ð36Þ

When wi � w, equation (36) reduces to the cold plasma
dispersion relation for a whistler-mode wave (1). Thus, the
derivation of the expression for the inhomogeneity ratio
(28) is valid so long as the condition wi � w is satisfied.
[18] For simplicity of the analysis, we neglect the varia-

tion of the perpendicular velocity v?. We assume a delta
function for the velocity distribution of resonant electrons at
an average value V?0, i.e.,

f vk; z; v?
� � ¼ g vk; z

� �
d v? � V?0ð Þ: ð37Þ

We then have

JE ¼ eV 2
?0

Z 2p

0

Z 1

�1
g vk; z
� �

sin zdvkdz: ð38Þ

From (34) and (38) it follows that the phase angles z of
resonant electrons determine the rate of wave growth and
damping.
[19] Let us examine the dynamics of a resonant electron

as described by equation (27) [Dysthe, 1971; Vomvoridis
and Denavit, 1979; Matsumoto and Omura, 1981]. Intro-
ducing the variable q = k (vk � VR), we rewrite (27) in the
form,

dz
dt

¼ q; ð39Þ

and

dq
dt

¼ w2
tr sin z þ Sð Þ; ð40Þ

where wtr = wtdg
�1/2, and we have assumed that vk � VR,

i.e., q � 0. Eliminating the time variable t from (39) and
(40) gives

q dq ¼ w2
tr sin z þ Sð Þ dz: ð41Þ

Integrating (41), we obtain the equation for the trajectories
of electrons in (q, z) phase space as

q2 þ 2w2
tr cos z � Szð Þ ¼ C; ð42Þ

where C is a constant. In Figure 1, we plot the family of
electron trajectories for S = �0.4. The first-order and
second-order resonance conditions q = 0 and dq/dt = 0 are
satisfied at two different phases z0 and z1 that satisfy sin z +
S = 0. At q = 0, the phase z0 represents a stable equilibrium
point around which trapped resonant electrons rotate in
time. The phase z1 represents an unstable saddle equili-
brium point. The separatrix of the trapping region originate
from this saddle point. Substituting the saddle point values
(q = 0, z = z1) into (42), we obtain the equation for the
separatrix,

qs zð Þ ¼ 	wtr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 cos z1 � cos z þ S z � z1ð Þ½ �

p
; ð43Þ

for z1 < z < z2, where z2 is the phase of the separatrix
crossing q = 0. The separatrix boundary of the trapping
region plays an important role in the formation of the
resonant current JE, as reported by Omura and Summers
[2006]. Under the action of a slowly varying whistler-mode
wave packet, there develops an electromagnetic electron
hole in the phase space (vk, z). This is because the initially
trapped resonant electrons inside the trapping region are
guided along the resonance velocity, while the untrapped
electrons outside the trapping region cannot cross the
separatrix so far as the structure of the trapping region
remains constant. Owing to the variation in Bw, v?, and the
gradient of the static magnetic field, however, the values of
S and wtr change. When the absolute value of S decreases,

Figure 1. Trajectories of resonant electrons in the (q � z)
phase space for the inhomogeneity ratio S = �0.4. The
phase angle z0 is the center of trapping motion, while z1 and
z2 indicate the boundaries of the trapping region at q = 0.
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the range of z of the trapping region increases. When the
frequency wtr increases, the range of q of the trapping region
increases. Because of such an enlargement of the trapping
region, there occurs entrapping of resonant electrons near
the separatrix. Therefore, the electron hole can be filled
with some newly trapped electrons, although the number of
trapped electrons is usually smaller than the number
of untrapped resonant electrons. The difference in densities
of the trapped and untrapped resonant electrons results in
phase bunching of resonant electrons, which forms a
resonant current.
[20] Let us assume that the total distribution function after

a certain period of resonant interaction is given by

g vk; z
� � ¼ g0 vk

� �� gt vk; z
� �

; ð44Þ

where g0(vk) is the unperturbed velocity distribution
function, and gt(vk, z) is the distribution for the initially
trapped electrons. Then, substituting (44) into (38), we have

JE ¼ �eV 2
?0

Z 2p

0

Z 1

�1
gt vk; z
� �

sin zdvkdz: ð45Þ

[21] Assuming that gt (vk, z) = G (= constant) inside the
trapping region and that gt (vk, z) = 0 outside it, we rewrite
(45) as

JE ¼ �J0

Z z2

z1

cos z1 � cos z þ S z � z1ð Þ½ �1=2 sin zdz; ð46Þ

where J0 = (2e)3/2d(m0kg)
�1/2 V?0

5/2 GBw
1/2. Similarly, we

have

JB ¼ J0

Z z2

z1

cos z1 � cos z þ S z � z1ð Þ½ �1=2 cos zdz: ð47Þ

We have evaluated the integrals in (46) and (47)
numerically, and in Figure 2 we plot the dimensionless

currents �JE/J0 and �JB/J0 as functions of S for �1 < S < 0.
The current �JE/J0 takes the maximum value 0.975 at
S = �0.413. As we find in (29), a negative value of JE
contributes to wave growth, while JB only modifies the
dispersion relation. Since the maximum value of JB is
only twice the maximum value of �JE, the assumption
jJBj = jJEj we made in deriving (36) is justified as a crude
estimation of order of magnitude. We can conclude from
(36) that the whistler-mode dispersion relation remains
linear so long as the growth rate wi is much smaller than
the frequency w.

4. Nonlinear Wave Growth

[22] As expressed by equation (29), a negative value of
JE produces wave growth. From Figure 2, we find that �JE
maximizes at S = �0.41. Wave growth is due to the
nonlinear dynamics of resonant electrons under the action
of a large-amplitude wave. According to linear theory, at
the equator there is a finite spectrum of whistler-mode
waves being generated by the temperature anisotropy of the
resonant electrons. From these waves with different rates of
phase variation, a coherent wave can develop with a phase
variation @w/@t that maximizes the value of �JE. Higher
wave amplitudes are thereby achieved. The development of
such coherent waves will be demonstrated by a self-
consistent simulation in section 5. By setting @We /@h = 0
in (28), the inhomogeneity ratio S at the equator is given by

SEQ ¼ � g

w2
t d

2
1� VR

Vg

� �2 @w
@t

: ð48Þ

Setting SEQ = �0.4 in (48), we obtain a condition for the
maximum nonlinear growth of the wave as

@w
@t

¼ 0:4
w2
t d

2

g
1� VR

Vg

� ��2

: ð49Þ

Using wt
2 = kV?0Ww, we rewrite (49) as

@w
@t

¼ 0:4d
g x

V?0

c

w
We

1� VR

Vg

� ��2
Bw

B0

W2
e ; ð50Þ

where, from (5) and (13),

VR ¼ cdx 1� We

gw

� �

; ð51Þ

and, from (7), we obtain a convenient formula for evaluating
the right-hand side of (50) in the form

1� VR

Vg

¼ 1þ d2 x2 þ We

2 We � wð Þ
� �

We

gw
� 1

� �

: ð52Þ

[23] As described by equation (29), the wave with a phase
satisfying the required frequency variation grows due to the
negative value of JE; SEQ then becomes smaller as the wave
grows. However, the second term on the right-hand side of
(28) starts to contribute to the inhomogeneity ratio S
because of the increasing value of @We /@h as the wave

Figure 2. The magnitudes of the resonant currents �JE
and �JB, normalized by J0, as functions of the inhomo-
geneity ratio S.

A04223 OMURA ET AL.: GENERATION PROCESS OF CHORUS EMISSIONS

6 of 14

A04223



Omura et al., “Generation Process of Chorus Emissions” (2008) 329

packet propagates away from the equator. Thus, nonlinear
growth can continue over some distance from the equator.
[24] We now compare contributions to S of the spatial

inhomogeneity of the cyclotron frequency and the time
variation of the wave frequency. We rewrite (28) as

S ¼ � 1

w2
t d

2
s1
@w
@t

þ cs2
@We

@h

� �

ð53Þ

where

s1 ¼ g 1� VR

Vg

� �2

ð54Þ

and

s2 ¼ g
2xd

w
We

� �
V?0

c

� �2

� 1þ d2 We � gwð Þ
2 We � wð Þ

� �
VR

c
: ð55Þ

Comparing the first term (T1) and the second term (T2) of
(28), we have

T2

T1
¼ cs2

s1

@We

@h

� �
@w
@t

� ��1

: ð56Þ

Assuming that T1/T2 = 1 at h = hc and that We(h) =
We0(1 + ah2), we obtain the distance hc which represents the

Figure 3. Dynamic spectra of the wave electric field (Ey, Ez) observed at different positions along the
field line. (a) Northern hemisphere: h = 4, 43, 82 cWe0

�1. (b) Southern hemisphere: h = �5, � 44, �83
cWe0

�1.
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transition at which the effects of the time variation of w and
the spatial variation of We are equal. We find that

hc ¼ 1

2acWe0

s1

s2

� �
@w
@t

; ð57Þ

where a = 4.5/(LRE)
2, corresponding to the Earth’s

approximate dipole magnetic field.
[25] If the seed of a chorus element is formed at the

equator due to nonlinear growth, the inhomogeneity ratio S
takes the value 0.4 at the equator. The corresponding
frequency variation @w/@t, as expressed in (10), propagates
with the group velocity Vg. At the same time, the amplitude
Bw grows as a result of the negative nonlinear current JE, as
described by (29). In the frame of reference moving with the
group velocity Vg, the frequency is unchanged while the
wave amplitude grows. At the distance h = hc, the total
inhomogeneity, expressed by T1 + T2, doubles, while from
(53) the inhomogeneity ratio S is inversely proportional to
the wave amplitude Bw. The maximum nonlinear wave
growth with S = �0.4 is sustained over h = 0 � hc if the
wave growth makes the wave amplitude at h = hc twice as
large as its equatorial value, namely, Bw(hc) = 2Bw(0).

5. Self-Consistent Particle Simulation

[26] We have recently reproduced rising tones of whistler-
mode chorus emissions by a self-consistent particle simu-
lation [Katoh and Omura, 2007a]. In the simulation we used
an electron hybrid code with a dipole magnetic field model.
We further assumed a spatially one-dimensional simulation
system aligned with the external magnetic field direction.
We performed detailed analyses of a simulation run that is
described by Katoh and Omura [2007a, 2007b]. Although
detailed parameters are found in the papers, we give some
description of important parameters in the following. The
size of the simulation system, consisting of 16,384 grid
points, and the simulation time are 983 cWe0

�1 and 4 � 104

We0
�1, where We0 is the electron gyrofrequency at the

magnetic equator. These values respectively correspond to
the spatial scale 3350 km and time 455 ms for a background
magnetic field intensity B0 at the magnetic equator of 500 nT
at L = 4. For the initial settings of the simulation, we loaded
energetic electrons, represented by 70 million superpar-
ticles, to form a highly anisotropic velocity distribution in
the equatorial region. The velocity distribution at the
equator is assumed to be a Maxwellian in vk and a loss
cone in v?, and is assumed to have a high temperature
anisotropy. The plasma frequency of the cold electrons at
the equator is 4We0.
[27] A band of whistler-mode waves is generated in the

early stage of the simulation run at the equator through an
instability driven by the temperature anisotropy of the
energetic electrons. As shown in Figure 3, the electron
hybrid code produces successive formations of rising tone
elements propagating away from the equator. The panels in
Figure 3a and Figure 3b show the dynamic spectra at
different locations near the equator. Although the intensities
are relatively small at the equator (Figures 3a and 3b, top),
chorus elements are formed at the equator and are amplified
as they propagate away from the equator. The averaged
frequency sweep rate of chorus emissions in the simulation

is estimated to be 5.0� 10�5We
2, corresponding to 62 kHz/s.

(In the work of Katoh and Omura [2007a] the frequency
sweep-rate was incorrectly given as 10.9 kHz/s.) On the
basis of the theoretical analyses given in the previous
sections, we discuss quantitatively the generation process
of chorus emissions in the simulation results. Figure 4
shows the magnitude of the resonant currents JE and JB
near the equator (h = �5 � 5 cWe0

�1) at t = 20,000 We0
�1. As

shown in Figure 3, the seeds of chorus emissions are
generated by the current JE, and the component JB takes
similar values to JE. Thus, the assumption jJEj = jJBj that we
made in deriving (35) is justified.
[28] Figure 5a shows the time history of the averaged

wave magnetic field in the equatorial region of the simula-
tion for the whole simulation run. The solid line shows the
wave magnetic field amplitude averaged over h = �10 �
10 cWe0

�1, and the dotted straight line indicates the maximum
linear growth rate. The dashed curve shows the amplitude
averaged over h = �100 � 100 cWe0

�1. For the initial
parameters of the simulation assumed at the magnetic
equator, linear theory yields a positive growth rate >10�3

We0 within the frequency range w = 0.14 � 0.5 We0 and a
maximum growth rate 2.67 � 10�3 We0 at the frequency
0.27We0. As shown in the enlarged plot in Figure 5b,
whistler-mode waves grow with a maximum linear growth
rate uniformly over h = �100 � 100 cWe0

�1 in the early stage
up to the time t = 500 We0

�1. After t = 600 We0
�1; however,

there arises a discrepancy between the solid line and the
dashed curve, thus indicating localized wave growth in the
region h = �10 � 10 cWe0

�1. Stronger sporadic wave
growth, different from linear growth, takes place at later
time as we see in Figures 5a and 5b. We have plotted the
spatial profile of the wave amplitude and its time evolution
in Figure 6. A series of discrete-time wave packets are
formed near the equator and propagate away from the
equator with growing wave amplitude. The spatial scale

Figure 4. Spatial profiles of jJEj (solid line), jJBj(dashed
line), and Bw (lower panel) at t = 20000 We0

�1.
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of the wave packets is about a few tens of cWe0
�1

approximately.
[29] Applying a discrete Fourier transform to the wave

field in the region h = 0–30 cWe0
�1, we obtained wave number

spectra of the wave amplitude BW and their time evolution.
These are shown in Figure 7a. The wave number spectra are
calculated from the transverse wave magnetic fields Bw1(hi)
and Bw2(hi) (with hi = iDh, where i = 1 � 512), which are
Fourier-transformed to ~Bw1(ki) and ~Bw1(ki) (i = 1 � 256),
respectively; Dh is the grid spacing which is taken as
0.06 cWe0

�1. We then calculated (~Bw1
2 + ~Bw2

2 )1/2 for the first
32 modes (k1, k2, . . ..., k32), and these are plotted in
Figure 7a. We find that chorus elements shifting to higher
wave numbers are generated repeatedly. Seeds of chorus
elements are generated at wave modes around k � 2 c�1We0,
and the wave number progressively shifts to higher wave
numbers up to k � 4 c�1We0. We also find a band of strong
emissions in the wave number range k = 1 � 2 c�1We0. The
original wave amplitude Bw = (Bw1

2 + Bw2
2 )1/2, plotted in

Figure 7b, is associated with the long wavelength modes
(k < 2.2 c�1We0) and the chorus elements (k > 2.2 c�1We0).

The long wavelength modes grow continuously, and their
frequencies are nearly constant or decrease slightly over the
long time evolution (Figure 3). This indicates that the lower
frequency emissions have linear growth rates determined by
the velocity distribution function of the energetic electrons
which are scattered in pitch angle and interact with lower
frequency waves at higher values of jVRj.
[30] To evaluate the wave amplitude of the chorus ele-

ments exactly, we have eliminated the lower wave number
modes (k < 2.2 c�1We0) in the Fourier transformed fields
~Bw1 and ~Bw2, and reconstructed the wave amplitude by the
inverse Fourier transform, as plotted in Figure 7c. In the
simulation run, we assumed V?0 = 0.70 c and wpe = 4 We0,
which determine the basic parameters as g = 1.4, x = 0.11,
and d = 0.99. We also assumed that w = 0.27 We0, which
corresponds to the mode with maximum linear growth rate.
Inserting these parameters into (51) and (7), we obtain VR =
�0.18 c and Vg = 0.16 c. Using these values in the
simulation, we rewrite (50) as Bw /B0 = 9.3 (@w/@t)We0

�2.
Since we find @w/@t = 5.0 � 10�5 in the simulation, we can
estimate the wave amplitude as Bw /B0 = 4.7 � 10�4, i.e.,
log10(Bw /B0) = �3.3. This analytical estimate of the wave
amplitude of the chorus elements agrees very well with
those plotted in Figure 7c.
[31] For nonlinear wave growth, we need either a fre-

quency variation or a spatial inhomogeneity of the static
magnetic field as expressed by (28). Around the equator,
where the flux of the resonant energetic electrons max-
imizes, the resonant current forms because of the electron
hole in the velocity phase space. Since the second term in
(28) is negligible near the equator, the first term involving
@w/@t dominates the inhomogeneity. Among the whistler-
mode waves with different phases, it is the modes that
satisfy the second-order resonance condition with S � �0.4
that undergo nonlinear wave growth to form chorus emis-
sions. For computational efficiency in the present simula-
tion, the spatial inhomogeneity of the dipole magnetic field
is enhanced to make the spatial scale smaller than that of the
real magnetosphere. The length-scale of the simulation
model has been reduced by a factor 3.5, which corresponds
to the assumption that a is replaced by as = 4.5 (3.5/L RE)

2 =
55/(LRE)

2. At L = 4 in the Earth’s magnetosphere, we find

Figure 6. Spatial profile and time evolution of the wave
amplitude Bw.

Figure 5. Time history of wave magnetic field amplitude
Bw averaged over h =�10� 10 cWe0

�1 (solid line) and h =
�100 � 100 cWe0

�1 (dashed line). The dotted straight line
indicates the maximum linear growth rate.
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as = 9.8 � 10�7 (c�1We0)
2. For the starting frequency of

chorus elements around w = 0.27 We0, we find s1 = 6.3, and
s2 = 1.1 from (54) and (55). We then have hc = 150 cWe0

�1

from (57). If the wave excited near the equator propagates
with a growing amplitude to the point h = hc, and if the
wave amplitude is greater than twice the equatorial ampli-
tude, then wave growth can continue over a much longer
distance if there exists a sufficient flux of resonant particles
to form the resonant current.
[32] To find the assumed electron hole forming the

nonlinear resonant current, we have calculated the perpen-
dicular velocity flux distribution of the electrons. On the
basis of the velocity distribution function f (vk, v?) in the
simulation, we calculate

F? vk; z
� � ¼

Z 1

0

v2? f vk; v?; z
� �

dv? ð58Þ

which we integrate over vk for a specific range of positions
h1 � h � h2 to obtain the transverse flux distribution P(z, h).
We calculated P(z, h) for h = 0 � 15 cWe0

�1, and plotted it in
Figure 8a. Since we find a depletion of flux in the range h =
12–14 cWe0

�1, we provide the phase space plot of the
transverse flux F?(vk, z) for the h range in Figure 8b. We
also plotted a separatrix of the trapping region for the
averaged perpendicular velocity V?0 /c = 0.706 and the local
wave amplitude Bw /B0 = 0.001. We find some depletion of
the flux in the position of the electron hole, but the hole does
not appear clearly. This is because the resonance velocity VR

is a function of energy as we find in (13), and the location of
the separatrix depends on the energy range of resonant
electrons forming the flux. As we also have multiple waves
at different frequencies, a clear identification of the electron
hole is difficult. However, we find a depletion in the phase
range of the separatrix forming the transverse resonant
current causing the nonlinear wave growth.
[33] In Figure 9 we plot the wave amplitudes of the

chorus elements (k > 2.2 c�1We0). These have been obtained
by applying the method of Fourier transforms used in
producing Figure 7c to the whole of the northern hemi-
sphere (h > 0). We find chorus elements are generated from
the wave amplitude Bw /B0 = 5 � 10�4 and amplified to the
range Bw /B0 = 1 � 2 � 10�3 at h = hc. Therefore, nonlinear
growth is sustained beyond the distance hc, as is confirmed
in Figure 9.
[34] The trapping frequency wt usually gives the oscilla-

tion frequency of the trapped particles. As is clear from
(27), however, the relativistic electrons oscillate with fre-
quency wtr (=wtdg

�1/2). The time-scale Ttr of the oscillatory
motion of trapped resonant electrons is therefore given by

Ttr ¼ 2p
wtr

¼ 2p
cgx

V?0wWwd

� �1=2

: ð59Þ

Substituting Ww = 5 � 10�4 We0 and other parameter values
into (59), we find Ttr = 250 We0

�1. For VR = �0.18 c, a
resonant particle can move over one cycle Ttr a distance
45 cWe0

�1 which is much less than hc. Thus, the resonant

Figure 7. (a) Wave number spectrum of Bw over the spatial range h = 0–30 cWe0
�1 and its time

evolution. The spectrum is calculated from the two orthogonal components of the transverse wave
magnetic field. (b) Original wave amplitude Bw(h, t) (h = 0 � 30 cWe0

�1 and t = 20000–30000 We
�1).

(c) Reconstructed wave amplitude Bw(h, t), corresponding to chorus emissions, after eliminating the
long-wavelength modes (k < 2.2 c�1We0) from the wave number spectrum in Figure 7a.
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electrons should experience strong modification of their
orbits in the phase space and form an electromagnetic
electron hole as shown in Figure 1. However, the size of the
hole depend on the value of v? of resonant electrons. In the
present simulation we have a velocity distribution function
consisting of different value of v? the boundaries of the
trapping region does not appear clearly in Figure 8b. The
high-energy particles with different values of the Lorentz
factor also give different values of the resonance velocity
VR. This is another reason to obscure the existence of an
electron hole. Since the phase range of the electron hole is
basically the same, we do find depletion of resonant
electrons in the approximate range of z = 0.5p � 1.5p in
Figure 8a, contributing to formation of the negative JE.

6. Discussion and Conclusions

[35] We have derived the relativistic second-order reso-
nance condition (28) for a wave with varying frequency. We
have also derived wave equations (29) and (30) for the wave

amplitude and the frequency. The wave amplitude varies in
the presence of the resonant current JE parallel to the wave
electric field, as expressed by (29). However, equation (10),
which is valid when wi � w, shows that the wave frequency
does not vary in a frame of reference moving with the group
velocity Vg. Therefore, the frequency variation should take
place at the time of wave generation rather than during the
wave propagation. At the equator coherent nonlinear growth
occurs for a wave with a specific phase variation @w/@t.
This produces a maximum growth rate corresponding to a
negative value of JE. Our analysis predicts a frequency
sweep rate of a chorus element that is successfully con-
firmed by the computer simulation. The essential frequency
variation of a chorus element takes place as a result of
nonlinear wave growth due to the formation of an electro-
magnetic electron hole in the velocity space. By analyzing
the nonlinear dynamics of resonant electrons, we have
found that nonlinear wave growth maximizes at S = �0.4.
Waves with a specific phase variation @w/@t, corresponding
to S = �0.4 at the equator, should thus become dominant in
the system.
[36] We have also found the growth of lower frequency

waves at constant frequencies that corresponds to linear
growth in the simulation. To separate the chorus emissions
from the constant frequency waves at longer wavelengths,
we have applied a discrete Fourier transform to the wave
magnetic fields. We have separated the chorus elements
near the equator from the lower-frequency emissions and
plotted the results in Figure 7c and Figure 9. We find that
the wave amplitude and the frequency-sweep rate satisfy the
formula for the frequency variation (50).
[37] The wave number spectra and their time variation near

the equator (h =�30� +30 cWe0
�1) are shown in Figure 7. The

selective nonlinear growth for waves with rising frequencies
takes place in the region close to the magnetic equator, and
the waves propagate away from the equator as shown in
Figure 9. When the waves grow, the spatial inhomogeneity
should decrease because the trapping frequency wt increases
as a function of the square root of the wave amplitude Bw. As
the waves propagate away from the equator, the second term
in the formula for the inhomogeneity ratio S starts to increase.
This produces a finite negative S value that contributes to the

Figure 8. Perpendicular velocity flux distributions of
electrons (in arbitrary units) in (a) the phase space (h, z),
and (b) the velocity phase space (vk, z) in the spatial range
h = 12–14 cWe0

�1 at t = 20,000 We0
�1. The dashed line

indicates a separatrix of the trapping region for the average
perpendicular velocity V?0 = 0.706 c and the wave
amplitude Bw = 0.001 B0. A depletion of electron flux is
found in the phase range of the trapping region.

Figure 9. Wave amplitude Bw(h, t) of chorus emissions in
the northern hemisphere (h > 0). The long-wavelength
modes (k < 2.2 c�1We0) have been eliminated.
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formation of the nonlinear resonant current JE. Therefore, the
nonuniformity of the magnetic field near the equator plays a
key role in the amplification process of chorus emissions
formed at the equator.
[38] The inhomogeneity of the dipole magnetic field

assumed in the present simulation has been enhanced to
facilitate the computation efficiency, i.e., we replace a by
as = 12.25 a. For a realistic magnetosphere, we obtain
from (57) the relation: hc = 240 (s1/s2)(1/fce) (@f/@t) (km) at
L = 4. Since s1 � 6, s2 � 1, fce � 14 kHz, and (@f /@t)
�10 kHz/s for a typical chorus element, we then have hc
� 1000 km. This is the size of the chorus wave generation
region within which the nonlinear wave growth takes place
primarily due to the frequency variation. The nonlinear
wave growth continues over the distance a few times
longer than hc because of the spatial inhomogeneity of
the magnetic field.
[39] As shown by (50), the spatial inhomogeneity, which

is expressed by as, does not affect the relation between the
wave amplitude and the frequency sweep rate. Since the
frequency sweep rate @f /@t found in the simulation is
62 kHz/s, which corresponds to Bw /B0 = 4.7 � 10�4, the
typical frequency sweep rate 10 kHz/s in the magnetosphere
should correspond to Bw /B0 = 8 � 10�5, i.e., 40 pT. The
wave amplitude as a seed of chorus emissions is in a
reasonable range in comparison with the maximum wave
amplitude 150 pT observed by the Cluster spacecraft
[Santolik et al., 2004].
[40] The frequency sweep rate is determined by the

saturation level of the whistler-mode instability driven by
the temperature anisotropy of energetic electrons at the
equator. In the present simulation we have used a relatively
high-temperature anisotropy and have performed the simu-
lation as an initial value problem without providing fresh
energetic electrons into the simulation system. It is neces-
sary to make a clear distinction between the saturation level
of the instability and the thermal fluctuation level that is
enhanced in the particle simulation. In the real magneto-
sphere, the saturation level depends on the injection rate of
fresh electrons and their density and temperature anisotropy.
A smaller temperature anisotropy and a smaller flux of
injected energetic electrons would give a smaller saturation
level and correspondingly a smaller frequency sweep rate.
[41] The concept of nonlinear wave growth based on the

second-order resonance condition has been used in previ-
ous studies by Nunn [1974], Nunn et al. [1997], and
Trakhtengerts [1995, 1999]. However, these authors have
not determined the relative roles of temporal frequency
variation and spatial variation of the gyrofrequency in con-
tributing to the formation of chorus elements. The present
study concludes that the seed of the chorus element is formed
solely by the temporal frequency variation, or the second-
order phase variation in time, that maximizes the nonlinear
growth rate at the magnetic equator. This conclusion has been
confirmed by the electron hybrid simulation.
[42] We have assumed that chorus emissions propagate

purely parallel to the static magnetic field in the present
analysis. Recent observations by the Cluster spacecraft
indicate, however, that chorus emissions propagate oblique-
ly to the observation points off the equator [Inan et al.,
2004; Chum et al., 2007]. The wave packet may undergo
Landau damping through propagation, and the electromag-

netic electron hole may not be maintained during the
oblique propagation. Obliquely propagating whistler-mode
waves may also play a significant role in the precipitation of
energetic electrons [Inan et al., 2003], while parallel prop-
agating whistler-mode waves can accelerate electrons effec-
tively to a few MeVenergy, contributing to formation of the
radiation belts [Omura et al., 2007]. The effect of oblique
propagation on nonlinear wave-particle interaction of cho-
rus emissions is an important subject for future study.

Appendix A: Derivation of the Wave Equations
(29) and (30)

[43] We assume an electromagnetic wave propagating
parallel to a static magnetic field B0 directed along the
h-axis. The wave fields are in the transverse plane contain-
ing x- and y-axes. We express the electric and magnetic field
vectors of the wave in the transverse plane by the complex
forms ~Ew = Ew exp (iyE) and ~Bw = Bw exp (iyB), respec-
tively. We also assume that a transverse current ~J c is formed
by the cold electrons and that a transverse resonant current
~JR is formed by the resonant electrons. Maxwell’s equations

r� E ¼ � @B

@t
ðA1Þ

and

r� B ¼ m0Jþ
1

c2
@E

@t
ðA2Þ

are expressed as

i
@~Ew

@h
¼ � @~Bw

@t
ðA3Þ

i
@~Bw

@h
¼ m0

~Jc þ ~JR
� �þ 1

c2
@~Ew

@t
: ðA4Þ

Here, the cold current component ~Jc is given by Jc =
�eneVe, where Ve is the flow velocity of the cold electron
fluid that supports the propagation of the whistler-mode
wave. The momentum equation of the cold electron fluid is
given by

m
dVe

dt
¼ �e Eþ Ve � Bð Þ; ðA5Þ

which is rewritten as

@~Jc
@t

¼ w2
pe

m0c
2
~Ew þ iWe

~Jc: ðA6Þ

Eliminating ~Ew and ~Jc from (A3), (A4), and (A6), we obtain

@

@t
� iWe

� �
1

c2
@2

@t2
� @2

@h2

� �

þ w2
pe

c2
@

@t

" #

~Bw

¼ im0

@

@t
� iWe

� �
@~JR
@h

: ðA7Þ
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The left-hand side (LHS) of (A7) is expanded as

LHS ¼ 1

c2
@3~Bw

@t3
� @3~Bw

@t@h2
� i

We

c2
@2~Bw

@t2
þ iWe

@2~Bw

@h2
þ w2

pe

c2
@~Bw

@t
:

ðA8Þ

Each term of LHS can be calculated as follows:

1

c2
@3~Bw

@t3
¼ �i

w3

c2
~Bw � 3

w2

c2
@Bw

@t
exp iyBð Þ ðA9Þ

� @3~Bw

@t@h2
¼ iwk2~Bw þ k2

@Bw

@t
� 2kw

@Bw

@h

� �

exp iyBð Þ ðA10Þ

�i
We

c2
@2~Bw

@t2
¼ i

w2We

c2
~Bw þ 2

wWe

c2
@Bw

@t
exp iyBð Þ ðA11Þ

iWe

@2~Bw

@h2
¼ �ik2We

~Bw þ 2kWe

@Bw

@h
exp iyBð Þ ðA12Þ

w2
pe

c2
@~Bw

@t
¼ i

ww2
pe

c2
~Bw þ w2

pe

c2
@Bw

@t
exp iyBð Þ; ðA13Þ

where the frequency w and wave number k are defined by
w = @yB/@t and k = �@yB/@h for a whistler-mode wave
with right-hand circular polarization. We have neglected
the derivatives of the wave amplitude Bw and phase yB

that are higher than first-order.
[44] Decomposing ~JR into components ~JB parallel to the

wave magnetic field and ~JE parallel to the wave electric
field, we set

~JR ¼ JB � iJEð Þ exp iyBð Þ: ðA14Þ

Substituting (A14) into the right-hand side (RHS) of (A7),
and neglecting the derivatives of the currents JB and JE, we
find

RHS ¼ �im0k We � wð ÞJB exp iyBð Þ � m0k We � wð ÞJE exp iyBð Þ:
ðA15Þ

We now express equation (A7) in the form of LHS = RHS.
We then multiply the right-hand and left-hand sides of (A7)
expanded above by exp (�iyB), and separate the real and
imaginary parts. We thereby obtain the respective equations

k2 þ w2
pe þ 2wWe � 3w2

c2

 !
@Bw

@t
þ 2k We � wð Þ @Bw

@h

¼ �m0k We � wð ÞJE; ðA16Þ

and

We � wð Þk2 þ w3 � w2We � ww2
pe

c2

" #

Bw ¼ m0k We � wð ÞJB:

ðA17Þ

Using (5) and (7), we can rewrite (A16) and (A17) to obtain
equations (29) and (30), respectively.
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[1] We report a very efficient process for accelerating high-energy electrons by coherent
whistler mode waves in the Earth’s dipole magnetic field, which we have found in our
recent test particle simulations. The efficient acceleration process takes place for
weakly relativistic seed electrons of a few hundred kiloelectronvolts. Under an assumption
that the whistler mode wave packets are excited near the equatorial plane of the inner
magnetosphere and propagate away from the equator, the acceleration process becomes
irreversible. With a sufficiently long whistler mode wave packet of the order of 1 s, the
energetic electrons are accelerated to a relativistic energy range of a few megaelectronvolts
through a single resonant trapping process. We call this particular acceleration process
relativistic turning acceleration (RTA), which could be a viable mechanism for increasing
relativistic electron fluxes in the outer radiation belt. Necessary conditions for RTA are
a relatively large amplitude of whistler mode waves, in the range of 50 to a few hundred
picoteslas, and an initial kinetic energy of trapped electrons in the energy range of a
few hundred kiloelectronvolts. The minimum energy of electrons accelerated by the
RTA process and the maximum energy attained by it are derived analytically and verified
by the test particle simulations.

Citation: Omura, Y., N. Furuya, and D. Summers (2007), Relativistic turning acceleration of resonant electrons by coherent whistler

mode waves in a dipole magnetic field, J. Geophys. Res., 112, A06236, doi:10.1029/2006JA012243.

1. Introduction

[2] Over the course of a geomagnetic storm, the flux
of relativistic (>1 MeV) electrons in the outer radiation belt
(3 < L < 7) can undergo a net increase by several orders of
magnitude over prestorm values, e.g., Baker et al. [1986,
1994, 1997], Li et al. [1997], Reeves et al. [1998, 2003],
Obara et al. [2001], Iles et al. [2002], Miyoshi et al.
[2003], Miyoshi and Kataoka [2005]. A physical mecha-
nism that can account for the storm-time generation of
relativistic electrons is cyclotron resonance with whistler
mode chorus waves outside the plasmasphere [Summers et
al., 1998, 2002, 2004; Roth et al., 1999; Summers and
Ma, 2000; Meredith et al., 2002; Albert, 2002; Miyoshi
et al., 2003; Horne et al., 2005; Varotsou et al., 2005;
Summers, 2005; Shprits et al., 2006]. Whistler mode chorus
emissions in the inner magnetosphere are enhanced when
substorm activity is enhanced [Meredith et al., 2001]. Con-
sequently, the chorus diffusion mechanism is effective for
accelerating electrons during periods of prolonged substorm
activity, whether in the presence or absence of a magnetic
storm.

[3] Quasi-linear diffusion theory can be effectively used
to describe electron cyclotron resonance with whistler mode
chorus waves [e.g., see Summers, 2005, Summers et al.,
2007a, 2007b and references therein]. However, quasi-
linear theory is based on averaging processes, namely
ensemble averaging of the waves and gyrophase averaging
of the particles, so it cannot take account of nonlinear
phenomena such as resonant wave trapping. Nonlinear
wave trapping has been demonstrated in self-consistent
simulation studies of whistler mode wave-particle interac-
tion [Nunn et al., 1997; Omura and Summers, 2004; Katoh
and Omura, 2004, 2006a, 2006b]. Observations [e.g.,
Santolik et al., 2004; Kasahara et al., 2005] show that
whistler mode chorus comprises discrete, coherent mono-
chromatic elements rather than a broadband spectrum
assumed by quasi-linear theory. By performing test particle
simulations, Omura and Summers [2006] investigated elec-
tron interactions with a coherent whistler mode wave
generated in the magnetic equatorial plane. Omura and
Summers found that electrons of energy of a few tens of
kiloelectronvolts can be accelerated to a few hundreds of
kiloelectronvolts by repeated trapping of resonant electrons
moving in the direction opposite to the direction of wave
propagation. It was found that a small fraction of electrons
are trapped by whistler mode waves propagating away from
the equator and that electrons are accelerated by a few
percent of their kinetic energy, the particles being guided by
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the varying resonant velocity that decreases as they move
toward the equator.
[4] In the present investigation, we extend the test particle

simulations of Omura and Summers [2006] and report a
particularly efficient form of particle acceleration. The
process involves a special form of resonant wave trapping
with the result that some electrons of energy of a few
hundred kiloelectronvolts can be accelerated to relativistic
energies of a few megaelectronvolts within a second. The
scenario for this special form of wave trapping, which
involves what we call relativistic turning acceleration
(RTA), is as follows. Assuming that whistler mode wave
packets are excited at the equator and propagate away from
the equator, then a small fraction of electrons approaching
the equator will be trapped. A fraction of these regularly
trapped electrons are found to turn around and move away
from the equator. These turning electrons are found to
undergo the aforementioned significant energy increase,
and we refer to the energization process as RTA. We report
the results of our test particle simulations and show the RTA
phenomenon in section 2. In section 3, we carry out a
theoretical analysis of the special trapping process and the
acceleration of the turning electrons. We discuss our results
in section 4, and finally in section 5 we present our
conclusions.

2. Test Particle Simulation

[5] We solve the relativistic equations of motion for
electrons assuming a dipole magnetic field and a coherent
whistler mode wave with a constant amplitude Bw and
constant frequency w. The numerical model and scheme
have already been described in detail in Omura and
Summers [2006]. The whistler mode wave is assumed to
be generated in the equatorial plane and to propagate away
from the equator in the positive h direction, where h is the
distance along the dipole magnetic field line traced from the
equatorial plane. The plasma density is assumed to be
constant along the magnetic field line.
[6] We suppose that B0 is the magnitude of the dipole

magnetic field in the equatorial plane at L = 4, and WEQ is the
electron (nonrelativistic) cyclotron frequency corresponding
to B0. We set w / WEQ = 0.4 and Bw / B0 = 2.4 � 10�4,
corresponding to a wave frequency 5.6 kHz and wave
amplitude Bw = 120 pT. These are typical values for whistler
mode chorus waves observed by the CLUSTER spacecraft
[Santolik et al., 2004]. Furthermore, we set wpe / WEQ = 2.0
where wpe is the electron plasma frequency and h WEQ/c =
1600, with h = 5460 km, and c is the speed of light. We fix
the initial electron kinetic energy K0 = 424 keV, and we set
v||0 / c = �0.11, v?0 / c = 0.83, where v||0 and v?0 are initial
velocity components parallel and perpendicular to the external
dipole magnetic field, respectively; g0 = [1 � (v||0

2 + v?0
2 ) /

c2]�1/2 = 1.8 is the initial value of the Lorentz factor. We then
trace trajectories of 90 particles with different gyrophases z
equally spaced from 0 to 2 p.
[7] Figure 1 shows a trajectories of the 90 electrons as a

function of the kinetic energy in terms of megaelectronvolts.
Out of the 90 particles, 21 particles are trapped by the whistler
mode wave and undergo a dramatic acceleration. Others
remain at the energy level of about 400 keV, with some
perturbations depending on their phases. The trapped electrons

are accelerated during their motion toward the equator. The
parallel velocity satisfies the cyclotron resonance condition,

w� kvk ¼ WeðhÞ
.
g ð1Þ

where g = [1 � (v||
2 + v?

2 )/c2]�1/2 and We(h) is the cyclotron
frequency at the distance h from the equator; g � 1 is the
kinetic energy of an electron normalized by the rest
mass energy m0c

2, as plotted on the right vertical axis of
Figure 1. From (1), the resonance velocity can be written
VR = [w � We(h)/g]/k. As the trapped electron approaches
the equator with a negative resonance velocity VR, the
Lorentz factor g increases, thereby making the magnitude
of VR progressively smaller. When g = We(h)/w, the
resonance velocity becomes zero, and the trapped electrons
change the direction of their motion to the direction of
propagation of the whistler mode wave. The dynamics and
acceleration of the relativistic resonant electrons are
analyzed theoretically in the following section.

3. Theoretical Analysis of Relativistic Turning
Acceleration

3.1. Relativistic Resonance Condition and Variation of
Kinetic Energy

[8] The kinetic energy of a relativistic electron is given by

K ¼ m0c
2 g � 1ð Þ; ð2Þ

where m0 is the electron rest mass. The time variation of the
electron kinetic energy is given by

dK

dt
¼ m0v � d gvð Þ

dt
¼ �eE � v: ð3Þ

[9] We assume a purely transverse electromagnetic wave
propagating parallel to the static magnetic field B0 as
schematically illustrated in Figure 2. It follows that

dK

dt
¼ eEwv? sin z; ð4Þ

Figure 1. Trajectories of resonant electrons interacting
with a coherent whistler mode wave. Trajectories of 90
particles are plotted.
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where z is an angle between the wave magnetic field Bw and
the perpendicular velocity v?. The wave electric field Ew is
perpendicular to Bw in the plane transverse to B0 and the
wave number vector k. The phase angle z determines the
dynamics of cyclotron resonant electrons, and its variation is
described by the differential equations [e.g., Matsumoto and
Omura, 1981; Omura and Matsumoto, 1982; Omura et al.,
1991]

dz
dt

¼ k vk � VR

� � ð5Þ

d2z
dt2

¼ k
d

dt
ðvk � VRÞ: ð6Þ

[10] We have used the first-order resonance condition
(1) in deriving (6). The resonance condition (1) is also
expressed by dz/dt = 0. The second-order resonance
condition for stable trapping of a resonant electron is
given by d2z/dt2 = 0. The parallel velocity v|| varies in
accordance with the Lorentz force of the wave magnetic
field and the mirror force of the static magnetic field. For
an electron interacting with a whistler mode wave with a
magnetic field amplitude Bw, we have

d gvk
� �

dt
¼ Wwv? sin z � gv2?

2We

@We

@h
; ð7Þ

where Ww = eBw / m0 and �e is the charge of an electron.
We adopt the cold plasma dispersion relation for a whistler
mode wave [e.g., Stix, 1992].

c2k2 ¼ w2 þ ww2
pe

We � w
; ð8Þ

where wpe is the electron plasma frequency, assumed
constant along the magnetic field line. Assuming that the

frequency of the whistler mode wave is constant in space
and time, we obtain

dVR

dt
¼ VR � 1

kg
þ VRd2

2ðWe � wÞ
� �

@We

@h
þ We

kg2
dg
dt

; ð9Þ

where d2 = 1 � (w / ck)2. We calculate the right-hand side of
(6) making use of (4), (7), and (9), and we obtain the
following second-order ordinary differential equation,

d2z
dt2

¼ w2
t d

2

g
sin z þ Sð Þ; ð10Þ

where wt
2 = kv?Ww. We obtain the inhomogeneity ratio for a

relativistic electron in the form,

S ¼ 1

2w2
t d

2
2þ d2

We � gw
We � w

� �

VR � kgv2?
We

� �
@We

@h
: ð11Þ

If S = 0, the differential equation has a solution that
oscillates around z = pwith the relativistic nonlinear trapping
frequency wtdg

�1/2. The phase angle z = 0 is a saddle point
for untrapped resonant electrons in the (v||, z) phase space.
In Figure 3, we plot the time histories of kinetic energies,
parallel velocities, perpendicular velocities, phase angles z,
and the inhomogeneity ratios S of trapped accelerated
electrons shown in Figure 1. The variations of z and S show
that the right-hand side of (10) is nearly equal to zero.
[11] The second-order resonance condition d2z/dt2 = 0

[Nunn, 1974] gives the necessary condition for the resonant
trapping to take place, i.e.,

sin z þ S ¼ 0: ð12Þ

Combining (12) with (4), we find that the energy variation
of a stably trapped resonant electron is given by

dK

dt
¼ �eEwv?S: ð13Þ

At the turning point where VR = 0, we derive from (11) the
result,

S ¼ � gv?
2d2WwWe

@We

@h
: ð14Þ

Noting that Ew / Bw = w / k, and g = We / w for VR = 0, we
obtain from (13) and (14) the relation,

dK

dt
¼ m0v

2
?

2kd2
@We

@h
: ð15Þ

Using (15) and (2) and setting VR = 0 in (9), we find that

dVR

dt
¼ 1

2We

wv?
kcd

 �2 @We

@h
: ð16Þ

For a trapped particle moving toward the equator with v|| < 0
in the region where @We /@h > 0 to be reflected, the
resonance velocity should satisfy dVR/dt > 0 at VR = 0.

Figure 2. Whistler mode wave vector geometry in a dipole
magnetic field.
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Figure 3. Trajectories of trapped resonant electrons, showing the kinetic energy K, parallel velocity v||,
perpendicular velocity v?, the phase angle z between v? and Bw, and the inhomogeneity ratio S.
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From (16), we find that turning is only possible before
reaching the equator. Once the particle passes through the
equator, it is decelerated because the sign of @We /@h
becomes negative. The energy variation equation (15)
implies that trapped electrons undergoing the turn continue
to be accelerated on one side of the equator. In the Northern
Hemisphere, where @We /@h > 0, a whistler mode wave,
generated at the equator, propagates with the wave number
k > 0. We find that dK/dt > 0 for trapped electrons. In the
Southern Hemisphere, where @We /@h < 0, we also find that
dK/dt > 0 because k < 0 for a wave propagating from the
equator in the negative h direction. These characteristics of
the trapped resonant electrons are displayed in the time
history plots in Figure 3. We also plot the trajectories of all
particles in (v||, v?) space in Figure 4. While untrapped
electrons interact with the wave only for a short time,
essentially undergoing adiabatic mirror motion, the trapped
resonant electrons near v|| = 0 can stay in resonance with the
wave for a much longer time, being accelerated effectively
in the (v||, v?) phase space.

3.2. Wave Amplitude Necessary for Resonant
Acceleration at the Turning Point

[12] We consider relativistic electrons trapped by a whis-
tler mode wave packet moving away from the equator. At
the turning point h0 where VR = 0, the electrons will be
inside the trapping wave potential, where there exists a
stable equilibrium point satisfying the second-order reso-
nance condition. The necessary condition for the trapping is
jSj < 1. Substituting (14) into this condition, we have

gv?
2d2WwWe

@We

@h

�
�
�
�

�
�
�
� < 1: ð17Þ

We rewrite result (17) in terms of ratio of the wave amplitude
Ww to the static magnetic field at the equator WEQ as

Ww

WEQ

>
v?

2d2wWEQ

@We

@h

�
�
�
�

�
�
�
�; ð18Þ

where the resonance condition g =We /wwithVR = 0 has been
used. The resonance condition also gives

v? ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� w2

W2
e

s

: ð19Þ

Near the equatorial plane, the dipole magnetic field is
approximated by

We hð Þ ¼ WEQ 1þ ah2
� �

; ð20Þ

where a = 4.5 / (LRE)
2 and RE is the Earth’s radius. It should

be noted that the quadratic approximation for the dipole field
is used only in the theoretical analysis, while the exact dipole
field is assumed in the test particle simulation. Using (18)–
(20), we obtain

Ww

WEQ


 a h0j jc
wd2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� w2

We h0ð Þ2
s

: ð21Þ

For the parameters L = 4, w / WEQ = 0.4, and wpe/WEQ = 2, the
turning point positions h0 = (100, 1000, 10,000) km require
the inequalities Ww/WEQ > (0.057, 0.57, 6.5) � 10�4, which
correspond to the respective wave amplitude restrictionsBw >
(2.9, 29, 330) pT.

Figure 4. Trajectories of 90 electrons in the (v||, v?) plane.

Figure 5. The time history of the parallel velocities and
kinetic energies K is plotted for eight particles whose
trajectories start at the mirror point where v|| = 0. The dashed
curves represent the analytical solutions for trapped
resonant electrons given by (33) and (35).
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3.3. Acceleration of Relativistic Electrons Near the
Turning Point

[13] Assume that an electron is trapped by a whistler
wave packet and guided to the turning point where @We/@h > 0.
If the wave packet terminates when the particle reaches
the turning point, the electron should start an adiabatic
motion with parallel velocity v|| = 0. The parallel velocity
increases to a negative value, and the electron moves
toward the equator. This means that the particle is at a
mirror point of the adiabatic motion in the dipole magnetic
field. We now assume a group of relativistic electrons (g > 1)
at the mirror point. Some electrons see the front of a
whistler wave packet with a frequency w satisfying the
cyclotron resonance condition kVR = w � We / g = 0. If the
wave amplitude Ww satisfies the inequality (21), some of
the electrons become trapped by the wave packet and start
to be accelerated in the positive h direction, moving away
from the equator.
[14] The acceleration of the electrons trapped at the

turning point is described by (16). Using (20), we rewrite
(16) as

dVR

dt
¼ h2h; ð22Þ

where h = ws
ffiffiffi
a

p
/ (kd) and s2 = 1 � w2/We

2. Noting
dh /dt = VR, we have

d2h

dt2
¼ h2h: ð23Þ

We assume that h = h0 = ws0
ffiffiffi
a

p
/ (k0d0), a constant, near

the turning point h0, where the subscript ‘‘0’’ indicates
values at h = h0. Solving (23) with the initial value h = h0 at
t = 0, we obtain

h ¼ h0 exp h0tð Þ ð24Þ

for time t > 0. We can also obtain the trajectory of a trapped
electron approaching the turning point with a negative
velocity (VR < 0). Assuming that the turning point occurs at
time t = 0, we find the solution for t < 0 to be

h ¼ h0 exp �h0tð Þ: ð25Þ

Using (25) for t < 0, we integrate (22) to obtain

VR ¼ �h0ðh� h0Þ: ð26Þ

Figure 6. Trajectories of particles undergoing RTA for different wave frequencies. We set wpe / WEQ =
2.0. The particles are trapped at h = 1000cWEQ

�1. The required wave amplitudes are 58, 75, 110, and
160 pT for w / WEQ = 0.5, 0.4, 0.3, and 0.2, respectively. The labels on the trajectories refer to the value of
w / WEQ.
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Similarly from (24) for t > 0, we obtain the result,

VR ¼ h0ðh� h0Þ: ð27Þ

The resonance velocity can also be expressed as a function
of g as

VR ¼ w
k

1� We hð Þ
wg

� �

: ð28Þ

The phase velocity w/k is given from the cold dispersion
relation (8) as

w
k
¼ cdx; ð29Þ

where x2 = w (We(h) � w) / wpe
2 . From the definition of d2,

we obtain the relation

d2 ¼ 1

1þ x2
: ð30Þ

By neglecting small variations in x, i.e., by setting x = x0,
we obtain from (27), (28), and (29) the following expression
that is satisfied along a trajectory of a resonant electron:

h� h0 ¼ 	 d0
s0

ffiffiffi
a

p 1� WeðhÞ
wg

� �

; ð31Þ

where the upper sign corresponds to t > 0 and the lower sign
to t < 0. Solving for g, we obtain

g ¼ WeðhÞ
w

1� s0

ffiffiffi
a

p
d0

h� h0ð Þ
� ��1

: ð32Þ

[15] We now examine the time variation of the kinetic
energy, starting from the turning point h0 at t = 0. From (22),
we obtain for t > 0 the relation

VR ¼ h0h0 exp h0tð Þ � 1½ �: ð33Þ

We rewrite (15), using (20) and (24), in the form,

dK

dt
¼ m0c

2s2
0aWEQh0

kd20
exp h0tð Þ: ð34Þ

[16] We assume that the particle is detrapped at a position
hD and at a time tD and integrate (34) over [0, tD] to obtain
the result,

K tDð Þ ¼ Kð0Þ þ m0c
2s0WEQ

ffiffiffi
a

p
h0

wd0
exp h0tDð Þ � 1½ �: ð35Þ

Expression (35) shows that the kinetic energy K increases
exponentially in time.
[17] To confirm our analytical results, we performed a

further run of the test particle simulation, starting eight
particles with v|| = 0 at h0 = 30cWEQ

�1 = 100 km, with
different phase angles z. We assumed the initial perpendic-
ular velocity v?0 = 0.92c, corresponding to g = 2.5. We
assumed wpe / WEQ = 2.0, and we set the wave amplitude
Bw = 1.0 � 10�4 B0 = 50 pT, which satisfies the condition
(21). Six out of the eight electrons are trapped because the
inhomogeneity ratio S is initially close to zero. The time
variation of the parallel velocities and the variation of the
kinetic energies are plotted in Figure 5. Since S increases
gradually, the trapped particles are detrapped one by one as
time progresses. Trajectories of the trapped electrons show a
reasonable agreement with the dashed curves that represent
the analytical expressions (33) and (35). When the parallel
velocity of the trapped particles increases, the trajectories
deviate from the analytical expressions because the terms
involving VR on the right-hand side of (9), neglected near
the turning point, become significant.

3.4. Relativistic Turning Acceleration

[18] We estimate the maximum energy increase corres-
ponding to the relativistic turning acceleration (RTA) pro-
cess. We consider entrapped, resonant relativistic particles
turning at a very small distance from the equator and
becoming detrapped from the wave potential when moving
away from the equator. We denote the entrapping point as hE
and the Lorentz factor at that point as gE. Then, assuming h0 =
0, we have from (31)

hE ¼ d0
s0

ffiffiffi
a

p We hEð Þ
wgE

� 1

� �

: ð36Þ

As verified by Figure 4, we may assume VR � v?.
Neglecting the variation in the cyclotron frequency in (11),
we set We � WEQ and find that the inhomogeneity ratio is
approximated by

S ¼ � gcs0ah

d20Ww

: ð37Þ

As we see from Figure 3, the resonant wave trapping takes
place when jSj � 1. Hence it follows that

hE � d20Ww

cs0agE
: ð38Þ

Figure 7. Relativistic cyclotron resonance condition and
w � k dispersion relation; gE is the value of the Lorentz
factor at an entrapping point, and gD is the value at a
detrapping point.
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Substituting (36) into (38), we obtain

gE 
 gE;min ¼
WeðhEÞ

w
� Wwd0

c
ffiffiffi
a

p : ð39Þ

[19] After passing through the turning point (t > 0), the
trapped electrons continue to be accelerated as they move
away from the equator. The timing of the detrapping depends
on the relative phase of the trapped electron with respect to
the stable equilibrium point of the second-order resonance.
The duration of the trapping maximizes if the particle is
exactly at the equilibrium point. From (31), we find that the
maximum values of h = hD and the Lorentz factor gD at the
time of detrapping are related by the equation,

hD ¼ d0
s0

ffiffiffi
a

p 1� WeðhDÞ
wgD

� �

: ð40Þ

From the trapping condition, jSj � 1, we have

hD � d20Ww

cs0agD
: ð41Þ

Substituting (40) into the inequality (41), we have

gD � gD;max ¼
WeðhDÞ

w
þ Wwd0

c
ffiffiffi
a

p : ð42Þ

The gain in the kinetic energy (DK)max through the
relativistic turning acceleration process is therefore

DKð Þmax¼ m0c
2 gD;max � gE;min

� � � 2m0cWwd0ffiffiffi
a

p ; ð43Þ

where we have assumed that We(hE) � We(hD). Noting that
d0 is close to unity for small x0

2, we find that the maximum
energy gain does not depend appreciably on the wave
frequency, but does depend on the wave amplitude and the
curvature of the magnetic field. Assuming that the magnetic
field on the surface of the Earth is 32,000 nT, we rewrite
(43) in the convenient form

DKð Þmax¼
5:6� 104

L2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x20

q
Bw

B0

MeVð Þ ð44Þ

where x0
2 = w (WEQ � w) / wpe

2 .

4. Discussion

[20] From (2), the kinetic energy of an electron is 510�
(g � 1) keV. Relativistic electrons of a few hundred kilo-
electronvolts to a few megaelectronvolts have a substantial
range of the resonance velocity VR = (w � We / g) / k. When
g = We/w, we have VR = 0. Resonant electrons, satisfying the
second-order resonance condition, are efficiently acceler-
ated in the presence of coherent whistler mode waves
propagating away from the equator. Trapped particles, ini-
tially with a negative value of v||, are accelerated to a positive
value of v|| asVR changes as a function of the Lorentz factor g.
Throughout the turning process, the acceleration continues.
After the turning point, the acceleration rate increases, as

described by (34), until the particles are detrapped because of
the increased value of jSj. The trajectories of the relativistic
turning acceleration (RTA) particles are described by (32). At
the turning point h = h0, we find g =We/w, which corresponds
to the kinetic energyK(0) =m0 c

2 [We(h0) /w� 1]. Entrapping
of particles that pass through the turning point starts at the
energy KE = m0c

2 (gE,min � 1).
[21] The trapping can continue after the turning point up

to the distance hD where S = �1. Some particles are
detrapped at a shorter distance, depending on their locations
with respect to the stable equilibrium point given by the
second-order resonance condition. Throughout the resonant
trapping process, a given resonant particle remains in one
particular hemisphere and is accelerated in the manner
described by (15). The maximum energy that can be
reached is KD = m0 c2 (gD,max � 1). The energy range
DK = KD � KE is proportional to the wave amplitude, while
the midpoint of the energy range is determined by the wave
frequency. For a small-amplitude wave, the trapping takes
place only at a short distance from the equator (h0 � 0), for
which we find g0 = WEQ / w. The electron plasma frequency
does not affect the nature of the acceleration because it
barely modifies the value of x as prescribed by the condition
wpe 
 WEQ.
[22] At L = 4, whistler mode chorus waves typically occur

in the frequency range w = 0.2–0.5 We, which corresponds
to the turning point energy of 500 keV–2 MeV. With a
wave amplitude of 100 pT (corresponding to Bw / B0 = 2 �
10�4), the energy range DK is then 700 keV from (44). For
this amplitude, the frequency w = 7 kHz and the gyrofre-
quency WEQ = 14 kHz, electrons of energy 150 keV can be
trapped by the wave and accelerated to 850 keV.
[23] Figure 6 shows a parametric analysis of the RTA

process, by the test particle simulations, starting at a particle
position hE = 1000cWEQ

�1 = 3411 km. The required wave
amplitudes are 58, 75, 110, and 160 pT for w / WEQ = 0.5,
0.4, 0.3, and 0.2, respectively. The plasma frequency is
assumed to be constant: wpe / WEQ = 2.0. Waves with a
smaller frequency can accelerate particles in a higher energy
range by a larger energy gain. This requires, however, a
larger wave amplitude, as indicated by (43).
[24] Relativistic electrons in the Earth’s radiation belt can

undergo adiabatic motions, mirroring in both hemispheres.
At the mirror points their parallel velocities become zero
and their pitch angles reach 90�. Let us consider particles
with Lorentz factors g in the ranges 2–5, and let us assume
that the particles encounter whistler mode wave packets
with frequencies w = 0.2–0.5 WEQ. If the resonance condi-
tion g = We / w and the amplitude condition (21) are
satisfied, the particles will be trapped by the wave and
experience the second half of the RTA process (t > 0). The
process is demonstrated by the simulation presented in
Figure 5. In this case, most of the particles are trapped by
the incoming wave packet, unlike the previous case where
particles see the preexisting wave packet at the time of
resonance. Therefore for a wave packet with an amplitude
well above the threshold given by (21), most of the resonant
particles are accelerated at the wavefront where the trapping
wave potential engulfs most of the particles because of the
small value of S.
[25] The duration of each wave packet may be short,

especially for chorus waves showing a rapid frequency
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variation. However, RTA trajectories may well be attained
by many different wave packets at different times.
[26] In Figure 7 we illustrate the relativistic cyclotron

resonance condition and the w � k dispersion relation; we
show both the VR > 0 and VR < 0 cases. While we have only
presented our analysis for one hemisphere (with h > 0), the
RTA process also takes place for waves propagating in the
opposite direction. Thus, RTA takes place in both hemispheres
near the equator, as schematically illustrated in Figure 8.
[27] RTA is due to the nonlinear particle dynamics asso-

ciated with resonant wave trapping. From (15), the particles
are always accelerated while they stay on one side of the
equator. For a deceleration process to take place, the particles
have to encounter the waves propagating toward the equator.
Whistler mode chorus waves are generated at the equator
because of an injected population of electrons of energy

�10’s keV, with a strong temperature anisotropy (T? / T|| � 1).
Santolik et al. [2004] find that the direction of whistler
mode wave propagation is predominantly away from the
equator. A recent particle simulation also demonstrates that
whistler mode wave packets corresponding to chorus
emissions grow progressively and propagate away from
the equator [Katoh and Omura, 2007]. Therefore RTA is
eventually an irreversible process. On average, the energy
gain of trapped resonant electrons by RTA is much higher
than the energy loss experienced by the untrapped resonant
electrons. We conclude that RTA is a viable mechanism for
the generation of relativistic electrons in the Earth’s outer
radiation belt.
[28] The timescale of each RTA process is only of the

order of a second. If a sufficiently large temperature
anisotropy (T?/T|| � 1) is maintained by continuous

Figure 8. Schematic illustration of relativistic turning acceleration (RTA); gE is the value of the Lorentz
factor at an entrapping point, and gD is the value at a detrapping point.
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injection of high-energy particles into the inner magneto-
sphere, successive chorus emissions are generated. Then,
a series of effective RTA processes take place, resulting in a
rapid formation of a flux of relativistic electrons with a
timescale much shorter than that typically predicted by
quasi-linear diffusion theory. It can also be noted that
RTA becomes more effective for smaller L values, as shown
by (44). This could explain a short timescale, less than
60 min, of flux enhancement of relativistic electrons in the
inner (L < 3) magnetosphere in association with large
substorms during the main phase of a magnetic storm
reported by Nagai et al. [2006].
[29] RTA is a unique feature of the dipole magnetic field

geometry. The process should also be operative in the
magnetospheres of Saturn and Jupiter. We have presented
in expression (42) an estimate for the maximum energy
attainable by the RTA process. In a larger magnetosphere
with a smaller gradient a such as the Jovian magnetosphere,
the maximum energy attainable by RTA becomes much
higher. The wave amplitude is a critical value for controlling
the energy range of the accelerated electrons.

5. Conclusions

[30] In performing test particle simulations of whistler
mode wave particle interaction in a dipole magnetic field,
we have found a very effective acceleration of relativistic
electrons to take place near the equatorial plane in the Earth’s
inner magnetosphere. We refer to this process as relativistic
turning acceleration (RTA), illustrated schematically in
Figure 8. Since the relativistic effect is essential for the
cyclotron resonance reported here, we have derived the
second-order resonance condition in relativistic form. On
the basis of the first-order and second-order resonance
conditions, we have analyzed the acceleration process
theoretically and obtained the analytical trajectories of
resonant particles undergoing the RTA process. The analysis
yields the upper and lower thresholds of the kinetic energies
that can be affected and attained by RTA. The current
analysis assumes a wave packet with a duration of about
1 s and with constant frequency and constant amplitude.
Shorter pulses make the RTA process less effective because
of earlier detrapping, but some electrons are retrapped by
subsequent pulses and further accelerated. Extension to a
series of shorter wave packets with variable frequency and
amplitude such as chorus emissions is left as a future study.
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ABSTRACT

Electron acceleration mechanisms in high-Mach-number collisionless shocks propagating in a weakly magnetized
medium is investigated using a self-consistent two-dimensional particle-in-cell simulation. Simulation results show
that strong electrostatic waves are excited via the electron–ion electrostatic two-stream instability at the leading
edge of the shock transition region as in the case of earlier one-dimensional simulations. We observe strong
electron acceleration that is associated with the turbulent electrostatic waves in the shock transition region. The
electron energy spectrum in the shock transition region exhibits a clear power-law distribution with spectral index
of 2.0−2.5. By analyzing the trajectories of accelerated electrons, we find that the acceleration mechanism is very
similar to shock-surfing acceleration of ions. In contrast to the ion shock surfing, however, the energetic electrons
are reflected by electron-scale electrostatic fluctuations in the shock transition region and not by the ion-scale
cross-shock electrostatic potential. The reflected electrons are then accelerated by the convective electric field in
front of the shock. We conclude that the multidimensional effects as well as the self-consistent shock structure are
essential for the strong electron acceleration at high-Mach-number shocks.

Key words: acceleration of particles – cosmic rays – plasmas – shock waves

1. INTRODUCTION

It is generally believed that cosmic rays with energies up
to the knee (∼ 1015 eV) are produced at supernova remnant
(SNR) shocks. There is indeed direct evidence for shock ac-
celeration of cosmic-ray electrons to more than TeV energies
(e.g., Koyama et al. 1995). Recently, TeV gamma rays from
some shell-type SNRs have been detected by High Energy
Stereoscopic System (HESS), which implies the presence of
cosmic rays with ∼ 100 TeV energies (Aharonian et al. 2007).
Although it is still under active debate whether the primary par-
ticles emitting the gamma rays are either electrons or protons,
the morphological similarity between nonthermal X-ray emis-
sion and the gamma rays indicates that they are accelerated by
SNR shocks. Diffusive shock acceleration (DSA) is the most
widely accepted theory for the shock acceleration of nonther-
mal particles (e.g., Blandford & Eichler 1987). The DSA theory
assumes the presence of magnetohydrodynamic (MHD) turbu-
lence upstream of the shock. Energetic particles scattered by
MHD waves gain energy by diffusively crossing the shock front
back and forth many times. The central unresolved issue in DSA
theory is the well-known injection problem—since DSA is ef-
ficient only for particles having enough energy to be scattered
by MHD waves, injection from a thermal pool to nonthermal
energies by some other mechanism is required. This require-
ment is very stringent, particularly for electrons because of their
small Larmor radii. Therefore, strong preacceleration mechan-
ics are needed to explain the observed nonthermal emissions
from ultrarelativistic electrons in SNRs. Numerical studies us-
ing particle-in-cell (PIC) codes have been conducted to explore
the possibilities of direct electron energization at the vicinity
of the shock that may provide a seed population for DSA (e.g.,
Dieckmann et al. 2000; Shimada & Hoshino 2000; McClements
et al. 2001; Hoshino & Shimada 2002; Schmitz et al. 2002).
Amano & Hoshino (2007) have recently shown that a fraction

1 Now at Solar-Terrestrial Environment Laboratory, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan.

of electrons may efficiently be injected into the DSA process
at high-Mach-number quasi-perpendicular shocks. Their one-
dimensional (1D) PIC simulations demonstrated that nonther-
mal electrons are generated by two successive different accel-
eration mechanisms, namely, shock-surfing acceleration (SSA)
and shock drift acceleration (SDA). They proposed an elec-
tron injection model based on the 1D simulation results, which
can account for the observed injection efficiencies (e.g., Bamba
et al. 2003). However, the problem is that comprehensive the-
ory of SSA does not exist at present. Therefore, the effects of
multidimensionality on the injection efficiency were not taken
into account. Two- or three-dimensional self-consistent numer-
ical simulations of high-Mach-number shocks are needed to
evaluate the realistic injection efficiency.

It is well known that an important portion of dissipation at the
collisionless nonrelativistic shock is provided by the so-called
reflected ions. At the quasi-perpendicular shock with θBn > 45◦
(θBn is an angle between the shock normal and the upstream
magnetic field), the reflected ions gyrating in front of the shock
are accelerated by the convective electric field in the upstream
region, and then transmitted to the downstream. Early hybrid
simulation (kinetic ions and massless electrons) studies showed
that the direct energization of the reflected ions contributes
importantly to the downstream thermalization (e.g., Leroy
et al. 1982). However, it is generally considered that the ener-
gization of electrons at the collisionless shock is relatively weak.
Since Larmor radii of electrons are very small compared to the
scale length of macroscopic electromagnetic fields, they are
considered to suffer only adiabatic heating by the compressed
magnetic field at the shock. In contrast, the in situ observations
of the Earth’s bow shock demonstrated that this is not always
true (Gosling et al. 1989; Oka et al. 2006). Furthermore, radio
and X-ray observations strongly suggest that the nonthermal
electron acceleration is very efficient in young SNRs. Microin-
stabilities in the shock transition region probably play an impor-
tant role for the nonadiabatic energization of electrons. Recent
PIC simulations of quasi-perpendicular shocks have shown that
a variety of instabilities can be excited in the shock transition
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region due to the presence of the reflected ions (e.g., Shimada &
Hoshino 2000, 2004; Scholer et al. 2003; Matsukiyo & Scholer
2003, 2006; Muschietti & Lembège 2006). Among them, the
Buneman instability (Buneman 1958), which is the electrostatic
two-stream instability between cold electrons and ions, is the
most dominant mode at the high-Mach-number regime relevant
to SNRs. Hoshino & Shimada (2002) showed that the Buneman
instability plays a key role in the production of nonthermal elec-
trons via SSA. Strong electrostatic potential produced by the
nonlinear evolution of the instability can trap a fraction of elec-
trons; the trapped electrons moving with the wave potential can
see an inductive electric field arising from the relative velocity
between the wave and the background plasma. Therefore, they
can be accelerated in the transverse direction until they escape
from the potential. Nonlinear 1D PIC simulations demonstrated
that SSA can quickly accelerate electrons to mildly relativistic
energies (McClements et al. 2001; Hoshino & Shimada 2002).
Therefore, it is believed that SSA plays an important role for an
efficient electron injection. It is worth noting that the electron
energization by SSA relies on the assumption that the poten-
tial is uniform in the transverse direction, so that the electron
transport in the direction along the inductive electric field is
very efficient. However, it is well known that the Buneman in-
stability at oblique propagation has growth rates comparable to
the parallel propagation (Lampe et al. 1974). The assumption of
1D wave potential is, therefore, not appropriate to evaluate the
realistic efficiency of SSA. Ohira & Takahara (2007) recently
pointed out by performing two-dimensional (2D) electrostatic
PIC simulations that SSA may be inefficient in multidimen-
sions. Their conclusion was drawn from the observation that
they did not observe nonthermal tails in the final electron en-
ergy spectra. However, they used a homogeneous model of the
shock transition region in which the plasma consisted of three
components—the upstream electrons and ions, and the reflected
ion beam. We think the artifact introduced by their model should
be taken into account with great care.

Here, we report two-dimensional (2D) PIC simulation results
of a high Mach number, perpendicular shock propagating in a
weakly magnetized plasma. Note that several numerical studies
of collisionless shocks using 2D PIC codes can be found in the
literature (e.g., Forslund et al. 1984; Lembege & Savoini 1992).
However, these studies considered only moderate Mach num-
ber shocks relevant to the Earth’s bow shock. At higher Mach
number regime, we find strong electrostatic waves in the shock
transition region excited by the Buneman instability, as in the
case of 1D simulations. Efficient electron acceleration associ-
ated with the large-amplitude electrostatic waves is observed.
It is shown that the nonthermal electrons are produced by a
mechanism similar to SSA of ions (e.g., Zank et al. 1996;
Lee et al. 1996). We argue that the effects of multidimension-
ality and the self-consistent shock structure are essential for
the production of nonthermal electrons at high-Mach-number
shocks.

2. SIMULATION

2.1. Simulation Setup

We use a 2D electromagnetic PIC simulation code, in which
both electrons and ions are treated as kinetic macroparticles, to
study the dynamics of electrons and ions in a fully self-consistent
shock structure. A shock wave is excited by the so-called
injection method that is commonly used in 1D simulations.

Figure 1. Stacked profiles of compressional magnetic field component Bz,
averaged over the y-direction. The vertical axis is normalized to the inverse
of ion cyclotron frequency in the upstream.

A high-speed plasma consisting of electrons and ions is injected
from the boundary x = 0 of a 2D simulation box in the x−y plane
and travels toward the positive x-direction. The plasma carries
the uniform magnetic field perpendicular to the simulation box
(B0 ‖ ez). At the opposite boundary, particles are specularly
reflected by the wall. Then, a perpendicular shock forms due to
the interactions between the incoming and the reflected particles,
and it propagates in the negative x-direction. Therefore, the
simulation is done in the downstream rest frame. The periodic
boundary condition is imposed in the y-direction.

We use the following plasma parameters in the upstream:
βe = βi = 0.5 (βj ≡ 8πnTj/B

2), where n, Tj, and B are the
density, temperature, and magnetic field strength, respectively.
The ratio of the plasma frequency to the electron cyclotron
frequency is ωpe/Ωce = 10. A reduced ion to electron mass
ratio of mi/me = 25 is used. These lead to an upstream Alfvén
speed of vA/c = 0.02. We use a plasma injection four-velocity
of U0/c = 0.2. The Alfvén Mach number of the resulting
shock wave is MA � 14 in the shock rest frame. The grid
size of the simulation is taken to be equal to the electron
Debye length in the upstream. We use 4096 × 256 grid points
in the x- and y-direction, respectively. The physical size of
the simulation box is Lx � 204 c/ωpe and Ly � 12.8 c/ωpe.
Initially, each cell contains 40 particles of each species in the
upstream. Note that the injection velocity of U0/c = 0.2 is rather
high for simulations of realistic SNR shocks. We adopt this
value to reduce the computational costs. However, the dominant
instability in the present simulation is still the electrostatic mode
in contrast to an electromagnetic Weibel-like instability found
in relativistic shocks (e.g., Kato 2007). Hence, we think the
essential physics does not change due to the use of an artificially
high shock speed.

We use the following units unless otherwise stated: time,
distance, velocity, and energy will be given in units of the
inverse of the electron plasma frequency in the upstream ω−1

pe ,
the electron inertial length c/ωpe, the injection velocity U0, and
the upstream electron bulk energy ε0 = (γ0−1)mec

2 where γ0 =√
1 + (U0/c)2, respectively. The electric and magnetic fields are

normalized to the motional electric field E0 = U0B0/γ0c, and
the background magnetic field B0 in the upstream, respectively.
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Figure 2. Snapshot of electromagnetic fields at ωpet = 1000. From top to bottom, color images of Bz, Ey, and Ex are shown.

2.2. Shock Structure

We first discuss an overall structure of the simulated high-
Mach-number shock. Figure 1 shows the stacked magnetic
field profiles Bz averaged over the y-direction. In this fig-
ure, we can clearly see a shock wave propagating in the
negative x-direction. The average shock-propagation speed is
about ∼0.4U0, yielding a Mach number of MA ∼ 14 in the
shock rest frame. Note that the vertical axis is normalized to
the inverse of ion cyclotron frequency in the upstream Ω−1

ci
(Ωcit = 250 ωpet). The shock propagation is not stationary, but
shows slight variation in the shock structure. It is known that
quasi-perpendicular shocks with high Mach numbers simulated
by 1D PIC codes typically show nonstationary behavior called
cyclic self-reformation, which occurs on a characteristic
timescale of 1–2 Ω−1

ci . However, the observed shock front shows
less time variability than usually observed in 1D, suggesting
that an efficient plasma thermalization is suppressing the non-
stationary behavior (Scholer & Matsukiyo 2004; Shimada &
Hoshino 2005).

The snapshot of the electric and magnetic fields at ωpet =
1000 is shown in Figure 2. The leading edge of the shock
transition region is located at around x/c/ωpe � 100. We can see
predominantly electrostatic fluctuations at 100 � x/c/ωpe �
110 in both Ex and Ey panels. These waves are excited via
the Buneman instability caused by the interactions between the
upstream electrons and the reflected ions. It should be noted
that the wavefronts of these electrostatic waves are oblique to
the shock normal, which is in sharp contrast to 1D. Furthermore,
the waves are not one-dimensional, having finite extent along the
wavefront. The excitation of multidimensional wave structure
by the Buneman instability is consistent with the linear theory
and nonlinear 2D PIC simulations in a periodic simulation box
(Lampe et al. 1974).

The reason why we observe the oblique wavefronts can be
easily understood by considering the Larmor motion of the
reflected ions. Figure 3 displays the snapshot of the phase space
of both electrons and ions, as well as the y-averaged magnetic
field. The reflected ions can be easily identified in the top two
panels showing the phase-space plots of ions in (x, ui,x) and
(x, ui,y). Since the reflected ions are accelerated in the positive

y-direction, they have a large bulk velocity not only in the x,
but also in the y-direction at the leading edge of the shock
x/c/ωpe ∼ 100. The waves excited by the Buneman instability
propagate mostly parallel to the beam direction. Therefore,
it is not surprising that we observe the oblique wavefronts.
To be more precise, the instability excites a wide range of
oblique modes and the observed spatial profile (wavefront) is a
superposition of waves with different wave vectors. However,
we observe the oblique wavefronts propagating parallel to the
beam probably because (1) the wave power peaks at the parallel
propagation, and (2) the wave propagation is symmetric with
respect to the beam. We have actually confirmed that the
superposed spatial profile propagates almost perpendicular to
the wavefronts (parallel to the beam). It is worth noting that
this behavior agrees very well with that observed in periodic
simulations of the Buneman instability in 2D.

Looking at the electron phase-space plots (x, ue,x), (x, ue,y)
that are shown below the ions, we can find strong electron
energization at the leading edge of the shock transition region
x/c/ωpe ∼ 100. It is clear that the energization of electrons
is associated with the strong electrostatic waves excited by
the Buneman instability as had been studied by 1D codes. As
we see below, however, the energization of electrons in 2D
occurs in a somewhat different manner, which is due to the
different properties of the strong electrostatic turbulence in the
foot region.

2.3. Energy Spectrum

The electron energy spectra shown in Figure 3 are integrated
over every 12.5c/ωpe interval to obtain Figure 4, showing the
averaged energy spectra around the shock transition region. One
can clearly find power-law energy spectra within the shock tran-
sition region. The observed spectral slopes are ∼2.0−2.5. The
slope slightly steepens upon increasing the penetration into the
shock. The downstream spectrum is essentially unchanged from
the spectrum observed at the overshoot 125 � x/c/ωpe � 137.5
(dash-dotted line). The steeper spectral indices observed in the
deeper shock transition region suggest that the nonthermal elec-
trons are mostly produced at the leading edge of the shock
transition region. It is worth noting that a high-energy hump
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Figure 3. Snapshot of particle phase-space plots and compressional magnetic
field profile averaged over the y-direction. Color represents the logarithm of the
particle count in each bin. Note that the vertical scale of the electron energy
spectrum (the second panel from the bottom) is shown on a logarithmic scale.

Figure 4. Energy spectra of electrons around the shock transition region at
ωpet = 1000. Each line shows a spectrum averaged over 75 � x/c/ωpe � 87.5
(thick solid), 87.5 � x/c/ωpe � 100 (solid), 100 � x/c/ωpe � 112.5
(dashed), 112.5 � x/c/ωpe � 125 (dotted), and 125 � x/c/ωpe � 137.5
(dash-dotted).

is observed in the distribution right before the shock transition
region 87.5 � x/c/ωpe � 100 (solid line). This hump corre-
sponds to energetic electrons that are once reflected and are
gyrating in front of the shock.

Figure 5. Time history of an accelerated electron: energy (left) and the first
adiabatic invariant (right).

Figure 6. Electron trajectory and electric fields Ex (left) and Ey (right),
respectively.

2.4. Particle Acceleration

In order to discuss particle acceleration mechanism in more
detail, individual trajectories of energetic electrons are analyzed.
Figure 5 shows the time history of energy and the first adiabatic
invariant of a typical accelerated electron. Here the first adiabatic
invariant is defined as μ ≡ u2

⊥
/

2B, and is normalized to its
upstream value μ0 = U 2

0

/
2B0. We use the downstream rest

frame as a reference frame to define the adiabatic invariant. The
particle’s position x is also plotted in Figure 6 as a function
of time. The color shows the components of the electric field
Ex (left) and Ey (right). Note that the electric fields shown
in the figure are measured at y = yp for each time step—
Ex,y = Ex,y(x, yp, t), where yp represents the particle’s position
y. Thus, one may consider that the particle sees the time variation
of a 1D shock structure. The particle trajectory in the x−y
plane is shown in Figure 7. The symbols are plotted every
ωpeΔt = 10 interval during the strong electron energization
ωpet = 1000−1140.

The low-energy electron that is initially located in the far
upstream region begins to interact with the shock at ωpet �
1040. It sees large-amplitude waves that have both Ex and
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Figure 7. Electron trajectory in the x−y plane. Symbols are plotted every
ωpeΔt = 10 interval from ωpet = 1000, during which the electron suffers the
strong energization.

Ey components during ωpet � 1040−1090, and is gradually
heated. Because of the compressed magnetic field as well as
the change in the convective electric field, the guiding center
velocity slows down in the shock transition region. Hence, the
particle trajectory is strongly deflected at ωpet � 1090. After
that, the particle is convected toward the negative x-direction
and is finally ejected into the upstream at ωpet � 1110. At
this time, the electron energy already increases by a factor
of ∼ 20. During the stay in the upstream region, it sees the
constant upstream convective electric field. Hence, the particle
is accelerated in the negative y-direction during its half gyration.
When it returns back to the shock ωpet � 1140, the energy is
increased by a factor of ∼ 40 from its initial value. During this
acceleration phase, the particle’s first adiabatic invariant also
increases by a factor of ∼ 40. Note that, since the first adiabatic
invariant is defined in the downstream frame (not in the guiding
center frame), it oscillates with the electron cyclotron period. In
addition, its temporal average should also change as the particle
passes through the shock, even when the particle motion is
strictly adiabatic. However, this change is only of the order of
unity in the normalized unit, while the particle’s first adiabatic
invariant increases by more than an order of magnitude. Thus,
it is obvious that the acceleration is a nonadiabatic process.
After ωpet ∼ 1150, the particle energy further increases, but
only adiabatically, due to the compressed magnetic field at the
shock.

The particle acceleration process shown above is considered
to be a combination of two mechanisms: one is the energization
in the shock transition region, and the other is the acceleration
in the upstream region (see Figure 8). We think that the former
acceleration mechanism may be understood as a stochastic ac-
celeration by large-amplitude electrostatic turbulence. Consider
an electron that encounters a large-amplitude electrostatic wave.
If the electron encounters the wave at a certain gyrophase such
that the particle velocity in the direction of the wave propaga-
tion is approximately equal to the phase velocity, it can travel (or
resonate) with the wave during a certain time interval. Since the
wave profile propagates with the speed of the reflected ion beam
(which differs from the background plasma flow speed), the

Figure 8. Schematic illustration of acceleration mechanism. Electrons are
accelerated in two steps: (1) they are accelerated by the stochastic electron
shock surfing in the shock transition region and preferentially transported to the
upstream region. (2) The accelerated electrons escaping into the upstream suffer
further acceleration by the constant motional electric field.

resonant particle can see an inductive electric field in the wave
rest frame. Therefore, electrons are accelerated in the trans-
verse direction that is parallel to the wavefronts. The mechanism
of particle acceleration is similar to SSA in 1D (McClements
et al. 2001; Hoshino & Shimada 2002); however, the differ-
ence is that the accelerated particles are not trapped in any
waves. Instead, they quickly move from one wave to another
in a stochastic manner, and are accelerated when they are in
resonance with the wave. Here we would emphasize two im-
portant characteristics of the electrostatic turbulence: (1) the
wavefronts are oblique to the shock normal, and (2) the turbu-
lent region has a finite extent along the shock normal. Since the
direction of electron acceleration is approximately anti-parallel
to the inductive electric field, the accelerated electrons are pref-
erentially transported in the upstream direction as schematically
shown in Figure 8. Furthermore, since the turbulent region has
a finite extent, the accelerated electrons can eventually escape
into the upstream of the shock front. It should be noted that the
electron reflection is not induced by a macroscopic field, such
as the magnetic field gradient and the cross-shock electrostatic
potential. Since the Larmor radii of electrons are very small,
deflection by magnetic field alone cannot explain the observed
reflection. Similarly, the shock potential cannot reflect the neg-
ative charge. Indeed, we do not find any reflected electrons
in 1D PIC simulations of perpendicular shocks (e.g., Hoshino
& Shimada 2002). The strong and multidimensional turbulent
electrostatic waves do play a role in the transport of the energetic
electrons. We also note that the electron reflection is not an ar-
tifact of the use of a small ion-to-electron mass ratio. Although
the scale length of the shock transition region is proportional
to the ion Larmor radius, the region of strong electrostatic tur-
bulence always appears at the leading edge of the shock and
the scale length of the region depends only weakly on the mass
ratio ∝ (mi/me)1/3 (Papadopoulos 1988). Therefore, it is rea-
sonable to expect that the electron reflection occurs in shocks
with realistic mass ratios.

The latter acceleration in the upstream can be easily under-
stood by analogy with SSA of ions. The ion shock surfing is
caused by the shock potential, which reflects positively charged
particles. A fraction of ions reflected by the shock potential
can be accelerated by the constant motional electric field dur-
ing the Larmor motion in the upstream. On the other hand, the
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accelerated electrons observed here are reflected by the micro-
scopic turbulent electrostatic waves. As a result, they suffer fur-
ther acceleration by the motional electric field in the upstream.
Because of this similarity, we consider the present electron-
acceleration process (including the former and the latter) as
SSA of electrons in multidimensions. The SSA in multidimen-
sions is different from that discussed in 1D in the sense that the
trapping by the large-amplitude waves is no longer important.
The new mechanism is more like the ion shock surfing, while
in this case the turbulent electrostatic waves play the role of the
reflecting wall. We think that the self-consistent shock structure
in multidimensions, that is, a finite extent of the turbulent region
along the shock normal as well as the oblique wavefronts, are
important ingredients of the strong electron acceleration.

Let us compare the energy gain estimated from the above
argument with the simulation results. The energy gain of
electrons from the motional electric field E can be estimated
as

Δε

1/2meV
2

0

= eEL

1/2meV
2

0

, (1)

where L and V0 are the distance the particle travels along the
electric field, and the upstream bulk velocity in the downstream
rest frame, respectively. Rewriting the electric field by using the
relative velocity difference between the background plasma and
the particle V as E = V B/c, we obtain

Δε

1/2meV
2

0

= 2

(
V

V0

) (
c

V0

)(
Ωce

ωpe

)(
L

c/ωpe

)
. (2)

For the estimate of the energy gain within the shock transition
region ε1, we use the drift velocity of the reflected ions in the
upstream frame V = Vr . Since the x and y components of
the reflected ions’ drift velocity measured in the rest frame of
the upstream electrons are Vr,x/V0 ∼ −2 and Vr,y/V0 ∼ 2,
we have Vr/V0 = 2

√
2. Substituting the measured penetration

distance of the particle L1/c/ωpe ∼ 5, we obtain

Δε1

1/2meV
2

0

= 2.8 ×
(

L1

c/ωpe

)
∼ 14. (3)

This estimate is smaller than the observed energy gain of ∼ 20
at ωpet � 1110, suggesting that the particle energy gain arises
not only from the motional electric field but also from the wave
electric field. The particle is actually accelerated by the large
positive Ex at ωpet � 1110 (see Figure 6). The sum of this
additional energy from the wave electric field and that estimated
from Equation (3) agrees well with the observed energy gain.
We note that the direct acceleration by the wave electric field
should not be expected in periodic simulation models of the
shock transition region that have commonly been used in the
literature. The difference obviously comes from the assumption
of the homogeneity made in the models: a spatial gradient of the
wave energy exists in a real shock transition region. Therefore,
the possibility for a particle to be accelerated by the wave electric
field at the edge of the shock front remains finite.

The second step of the acceleration in the upstream region
can also be estimated by assuming V = V0,

Δε2

1/2meV
2

0

=
(

L2

c/ωpe

)
∼ 20, (4)

where a measured distance of L2/c/ωpe ∼ 20 is used. This
energy gain is consistent with the simulation result.

We have seen that the energy gains of two acceleration phases
are comparable, thereby, both are important for nonthermal
particle acceleration. However, we think the former acceleration
within the shock transition region plays a more important role.
As a result of the first step, energetic electrons are preferentially
transported to the negative x-direction and eventually reflected
back to the upstream region, where they suffer a further
energization. Furthermore, the energy gain in the second step is
proportional to the Larmor radius of the preaccelerated electron
in the upstream, which is determined by the energy gain in the
first step.

3. CONCLUSIONS AND DISCUSSION

We have studied strong electron acceleration in a high-Mach-
number, perpendicular shock by using a 2D PIC simulation
code. We demonstrate that nonthermal electrons with spectral
indices of 2.0−2.5 are generated in the shock. The efficient
electron energization occurs at the leading edge of the shock
transition region through the interactions with large-amplitude
electrostatic waves produced by the Buneman instability. How-
ever, the electrostatic turbulence in 2D has considerably differ-
ent characteristics compared to that in 1D: the growth of many
oblique modes produces multidimensional potential structures.
In addition, the wavefronts of the electric fields are oblique to
the shock normal and are almost perpendicular to the reflected
ion beam. We show that these effects actually play a crucial
role in the electron acceleration. The electrostatic turbulence
in the shock transition region enhances anomalous transport of
energetic electrons toward the upstream and a fraction of elec-
trons are reflected back from the shock front. These reflected
electrons suffer a further acceleration by the upstream convec-
tive electric field. We call the acceleration mechanism as SSA;
however, the new mechanism is more like the classical shock
surfing of ions rather than that of electrons discussed previously
based on 1D simulations (McClements et al. 2001; Hoshino &
Shimada 2002).

It is clear that periodic models of the shock transition
region, often used to investigate the nonlinear development of
beam instabilities, are not appropriate to study the electron
acceleration process discussed here, because this requires a
spatial inhomogeneity inherent in the shock. We have also
performed 2D simulations by adopting a periodic simulation
model, which is similar to those used in the literature. We find
that the electron energization observed in the periodic model
is less efficient than that shown in the present paper. Note that
our simulation results are basically consistent with those found
by Ohira & Takahara (2007). Since the spatial inhomogeneity
plays an essential role for the electron acceleration mechanism,
it is natural that we find the significant differences between
the numerical simulations of the self-consistent shock and the
periodic model. On the other hand, Dieckmann et al. (2008)
modeled perpendicular shocks by colliding two plasma clouds.
They found almost planar electrostatic waves, which contradicts
the results of our simulations. The use of a strong magnetic field
(ωpe/Ωce = 5), or the short simulation time compared to the
ion cyclotron period in their simulations might be the reason for
this. In short, one should be careful in interpreting the results
obtained by adopting simplifying assumptions. We find that
the particle acceleration in the self-consistent shock structure
is actually much more efficient than in the periodic model. We
conclude that the SSA can play a role even in multidimensions
and will contribute importantly to the nonthermal production in
high-Mach-number shocks, although the mechanism is different
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from that previously discussed based on 1D PIC simulations.
We think that, however, the details of the mechanism are
not yet fully understood and several issues remain to be
answered.

An interesting question is: “What is the relative accelera-
tion efficiency between 1D and 2D?” We have also performed
a 1D simulation with the same parameters. However, we do
not find large-amplitude electrostatic waves at the leading
edge of the foot region—only less intense electrostatic waves,
which cause a weaker electron heating, are observed in the
deeper, shock transition region. Although the condition of the
Buneman instability is formally satisfied, the inhomogeneity
along the shock normal may prevent the wave growth because
the wavelength of the most unstable wave (∼ 2πV0/ωpe) is com-
parable to the convective Larmor radius of electrons (V0/Ωce).
We observe that the bulk of incoming electrons is merely de-
celerated at the leading edge of the foot region so as to cancel
the current produced by the reflected ions. This observation
may suggest that the threshold of the Buneman instability is
lower in 2D. The reason for this is that the y-component of
the relative drift can also contribute to the development of the
instability in 2D—since the system is homogeneous along this
direction, the prediction of linear theory will hold. Comparisons
with higher Mach numbers and/or weaker magnetic fields, in
which the Buneman instability is excited both in 1D and 2D, are
anyway needed to discuss the relative efficiency. Nevertheless,
if one invokes the 1D simulation results discussed in Amano &
Hoshino (2007), the observed power-law index of the electron
energy spectrum is ∼3−4. The harder spectral index in 2D may
suggest that the electron acceleration is even more efficient than
in 1D. A more detailed analysis of the differences between 1D
and 2D as well as the comparisons with the periodic model will
be reported elsewhere in future.

In the context of the electron injection into the DSA process,
the maximum attainable energy is also important. The efficient
electron injection in the quasi-perpendicular shock through
SSA followed by SDA requires that SSA should accelerate
electrons to energies of the order of the upstream bulk ion energy
(Amano & Hoshino 2007). Although the present simulation
results satisfy the requirement, the mass ratio dependence of
the maximum energy is not yet clear, and thus should be
investigated in more detail. More specifically, it is easy to
expect that the maximum velocity of accelerated electrons
depends on the phase velocity of the electrostatic waves,
which does not depend on the mass ratio. Hence, one might
think that increasing the mass ratio leads to relatively lower
maximum energies. However, this argument may not apply
when multiple electron reflections occur. In the present study,
we have shown the trajectory of an accelerated particle that
is reflected by the shock only once. So far, we do not find
any multiply reflected electrons. However, multiple reflections
may occur at shocks with different parameters. In the case
of the ion shock surfing, multiple reflections are believed to
provide an efficient mechanism for injecting low-energy pick-
up ions into Fermi acceleration (Zank et al. 1996). We think
that the same can also happen for electron acceleration. The
property of the turbulent region will probably be important
for the multiple reflections; namely, the wave amplitude and
the width of the turbulent region. Hoshino & Shimada (2002)
showed that the energy gain by their SSA in 1D is proportional
to the amplitude of wave electric field. Since the transport
of energetic electrons that plays a key role for the particle
acceleration is enhanced by electrostatic waves, the wave

amplitude will also be important for SSA in multidimensions.
Since the saturation level of the Buneman instability increases
with increase in the Mach number, the electron acceleration
through multiple reflections may occur at higher-Mach-number
shocks. In addition, we think the width of the turbulent region, in
which the Buneman instability provides the dominant electron
energization, is also important. The Buneman instability rapidly
thermalizes electrons until the temperature approaches the
upstream bulk energy, which occurs on an extremely short
scale length of the order of (mi/me)1/3V0/ωpe (Papadopoulos
1988). Thus, the use of the real mass ratio increases the width
of the turbulent region (normalized to the wavelength of the
instability) by a factor of ∼4. The dependence of the acceleration
efficiency on these quantities will be another subject of future
investigation. Large-scale numerical simulation studies as well
as theoretical modeling are needed to improve our understanding
of the strong electron acceleration process.

In the present study, we consider electron energization by
large-amplitude electrostatic waves excited by the Buneman
instability. However, other instabilities may also contribute to
nonadiabatic heating and acceleration of particles in the shock.
Since 1D PIC simulations consider only instabilities having
wavevectors parallel to the shock normal, the effects of plasma
waves propagating in other directions are completely neglected.
It is well known that the cross-field current flowing transverse
to the magnetosonic shock can be a source of free energy.
Such instabilities may play a dominant role at moderate-Mach-
number shocks such as planetary bow shocks in the heliosphere,
in which the excitation of the Buneman instability is prohibited
due to large electron thermal velocities. It has been pointed out
that the enhanced dissipation by microinstabilities can modify
the nonstationary behavior of the macroscopic shock structure
(Scholer & Matsukiyo 2004; Shimada & Hoshino 2005). We
also find some differences in the shock structure between 1D and
2D. For instance, we observe a less nonstationary shock in 2D,
and the maximum compressed magnetic field in the overshoot
region of B/B0 ∼ 8 observed in 2D is significantly reduced from
that in 1D B/B0 ∼ 13. We think that microinstabilities do play
a role in regulating the macroscopic shock structure. In addition,
we think the degree of freedom along the magnetic field is also
another important subject. Recently, Umeda et al. (2008) have
performed 2D PIC simulations of the perpendicular shock, and
demonstrated that the electron acceleration efficiency is reduced
when the background magnetic field lies in the simulation plane.
This is in clear contrast to the present results. We think the reason
for this discrepancy is that oblique wavefronts are produced in
our simulations because the reflected ion beam rotates in the
plane perpendicular to the magnetic field. Another related work
is the 2D simulations of the perpendicular shock by Hellinger
et al. (2007) using a somewhat stronger magnetic field strength,
which evidences the emission of oblique whistlers in the
shock transition region. According to the authors, these oblique
whistlers play the role of suppressing the self-reformation of the
shock front. Burgess (2006) reported that the larger-scale shock
surface fluctuations (rippling) enhance the efficiency of SDA
in the quasi-perpendicular shock. These effects should also be
taken into account when one considers realistic electron heating
and acceleration efficiencies.

Finally, we would like to point out that an understanding of
the injection process is important for the nonlinear coupling
between energetic particles and the shock. There are observa-
tional indications that the magnetic fields at astrophysical shocks
are significantly amplified by orders of magnitude from the
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typical interstellar value of a few μG (e.g., Bamba et al. 2005;
Uchiyama et al. 2007). It has been considered that the strong
amplification is due to the action by the cosmic rays (Bell 2004).
Although the applicability of the simplified theory is still con-
troversial, the nonlinear feedback due to the presence of cosmic
rays will be of great importance. It is indispensable to know the
number of injected particles as well as their energy density for
understanding the nonlinear interactions between the shock and
energetic particles. The microscopic dynamics in a thin, shock
transition region will have a nonnegligible impact on the global
shock evolution and the efficiency of particle acceleration to
cosmic ray energies.
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A new rapid energization process within a supernova shock transition region �STR� is reported by
utilizing numerical simulation. Although the scale of a STR as a main dissipation region is only
several hundreds of thousands of kilometers, several interesting structures are found relating to the
generation of a root of the energetic particles. The nonlinear evolution of plasma instabilities leads
to a dynamical change in the ion phase space distribution, which associates with change in the field
properties. As a result, different types of large-amplitude field structures appear. One is the leading
wave packet, and another is a series of magnetic solitary humps. Each field structure has a
microscopic scale �that is, the ion inertia length�. Through the multiple nonlinear scattering between
these large-amplitude field structures, electrons are accelerated directly. Within a STR, quick
thermalization realizes energy equipartition between the ion and electron; hot electrons play an
important role in keeping these large-amplitude field structures on the ion-acoustic mode. The hot
electron shows non-Maxwellian distribution and could be the seed of further nonthermal population.
The “shock system,” where fresh incoming and reflected ions are supplied constantly, play an
essential role in our result. With a perpendicular shock geometry, the maximum energy of the
electron is estimated by equating a width of the STR to a length of the Larmor radius of the
energetic electron. Under some realistic condition of MA=170 and �pe /�ce=120, maximum energy
is estimated to be �10 MeV at an instant only within the STR. © 2010 American Institute of
Physics. �doi:10.1063/1.3322828�

I. INTRODUCTION

Recently, the origin of the energetic electron related to
astrophysical shocks has been investigated more and more
from the point of view of the plasma kinetic processes.1–9

Within the theory of well-established classical diffusive
shock acceleration �DSA� mechanism,10,11 a shock wave
tends to be treated as a simple discontinuity. At a shock
wave, however, we can find that many kinds of plasma ki-
netics play a key role in the energy dissipation and genera-
tion of energetic particles. Correct treatment of the plasma
kinetic process around the shock may succeed to settle so-
called “injection problem” to DSA process �e.g., Refs.
12–14� as well as to capture a whole stage of DSA process
through nonlinear interaction between the shock structure
and energetic particles.15–18 Furthermore, not only as an as-
sistant role to DSA mechanism, investigation of the energy
release mechanism in terms of the plasma kinetics can also
be a powerful tool to search significant electron energization
process in much smaller spatial/time scales than that DSA
mechanism may need.

In this paper, we focus on a nonrelativistic ion-electron
supernova shock with the perpendicular geometry where the
shock normal is perpendicular to the direction of the back-
ground magnetic field �e.g., Ref. 19�. Particle-in-cell �PIC�
simulation has been carried out to investigate coupling dy-
namics among the ion, electron, and field in the shock tran-

sition region �STR�. The STR is the front side of the shock
wave corresponding to the region flow speed decreases
gradually from the upstream toward the shocked downstream
region. At the high Mach number shocks, part of the incom-
ing ions is always reflected at the shock front and moves into
the upstream region. In detail, the STR means here the re-
gion from the leading edge of the reflected ion to around the
end point of the first macroscopic ion gyration in a shocked
region. The upstream electrons are immediately decelerated
just after they meet with the reflected ion. The velocity dif-
ference between the decelerated electron and the incoming
ion is large enough to excite a series of microscale potentials
through a strong two-stream instability, which grows into a
packet of large-amplitude spatial-oscillating magnetic field at
the leading edge of the reflected ion �hereafter we call this
“leading packet”�. When the incoming ion begins to inter-
mingle with the reflected ion, two ion components together
make complex vortices in the velocity phase space; the elec-
tric and magnetic field structures change immediately. As a
result, just after this dynamical change, some components of
the leading packet are converted into magnetic solitary
humps almost standing in the electron bulk flow frame. The
electrons bouncing around between the leading packet and
the standing magnetic humps get energy rapidly by the first-
order Fermi type process. We define here the first-order
Fermi type acceleration as the acceleration of particles by a
shock with an extended transition layer, while the original
first-order Fermi mechanism �DSA� assumes an infinitesi-a�Electronic mail: nshimada@eps.s.u-tokyo.ac.jp.
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mally thin transition layer. Among magnetic humps, the elec-
trons are also bouncing around and sometimes getting energy
in a stochastic manner, which depends on mainly local mo-
tional electric field caused by a combination of magnetic
field of the humps and local bulk flow variation due to the
macroscopic ion gyromotion. Within the STR, strong ther-
malization occurs to attain energy equipartition between the
electron and ion. The hot electrons contribute to keep above
large-amplitude structures on the ion-acoustic mode. The
electron energization mechanisms stated above are quite dy-
namical process characteristic of a “shock system.”

In the next section we introduce the simulation setup.
Section III presents simulation results: Sec. III A, macro-
scopic overview of shock wave properties; Sec. III B, the
energy redistribution process in the STR; and Sec. III C, the
structure of the STR and characteristic field generation. In
Sec. III D we show electron energy spectra and discuss some
examples of electron trajectories in the nonlinear field evo-
lution. Section IV summarizes and discusses our results.

II. NUMERICAL SIMULATION SETUP

One-dimensional �1D� electromagnetic relativistic PIC
simulation is adopted in the present paper. The shock wave is
collisionless and formed by so-called piston method. A high-
speed plasma �velocity u0� consisting of the electron and ion
�its absolute charge value is equal to the electron� is injected
from the left boundary �x=0� and travels toward x�0 re-
gion. Initially, a uniform magnetic field Bz �strength B0� per-
pendicular to the flow direction ��z� is carried by the
plasma. The y direction is defined by the relation of each unit
vector, x�y=z. At the right boundary, the plasma flow and
all waves are reflected and accumulated to form a shock
wave propagating toward the left. The right boundary of the
simulation box is taken with enough distance from the left
boundary to allow free shock propagation without any
artificial downstream disturbances. The initial plasma param-
eters are as follows: u0 /c=0.096, electron and ion beta
�e=�i=0.1 �� j =8�Tj /B0

2, where Tj is the temperature for j
species, j=e for the electron, and j= i for the ion�,
Alfvén Mach number �MA�=174, magnetosonic Mach num-
ber �Ms�=159, frequency ratio of the electron plasma
oscillation to the electron cyclotron oscillation ��pe /�ce� is
120, and mass ratio M /m=100, where �ce=eB0 /mc and
�pe=�4�n0e2 /m so that �pe /�ce��n0 /B0. The quantities
n0, e, M, m, and c are respectively the upstream density, the
electric charge, the ion and electron mass, and the speed of
light. The electron plasma oscillation time �2��pe

−1�Tpe� is
divided into 115 numerical time steps. Each simulation cell
has 150 particles for each species of the electron and the ion.

We focus here to follow overall dynamics of shock
propagation as well as accurate electron dynamics under
some realistic plasma parameters, such as high Mach number
and the high frequency ratio of �pe /�ce, with statistically
enough particles. Under realistic mass ratio, we require up-
stream incoming plasma flow of �6000 km /s for above
setup condition of �pe /�ce=120 and MA=174, which is a
rather strong shock wave but not unrealistic �for example, at
RCW 86 shock speed is estimated to 6000	2800 km /s in

Ref. 20�. Although, our simulation has been carried out un-
der 1D and reduced mass ratio condition, results will be one
of the useful preparation steps toward complete elucidation
of the real supernova shock dynamics. About some two-
dimensional �2D� effect for the electron dynamics, although
in different parameter ranges, there are, for example, Amano
and Hoshino9 for nonrelativistic case and Kato21 and
Spitkovsky22 for relativistic case.

III. SIMULATION RESULTS

A. Overview of shock wave properties

Figure 1 shows a snapshot of a part of the simulation
box in which a shock wave is propagating toward the left.
From top, the electron momentum phase space density of x
and y directions �Pex and Pey�, ion momentum phase space
density of x and y directions �Pix and Piy�, electric field Ex,
and magnetic field Bz. These quantities are normalized, re-
spectively, by mu0 for the electron, Mu0 for the ion, by the
upstream motional electric field E0�u0B0 /c, and by the up-

FIG. 1. �Color online� The structure of a high Mach number shock wave.
From top, the electron momentum of x and y components �Pex and Pey�, the
ion momentum of x and y components �Pix and Piy�, the electric field �Ex�,
and the magnetic field �Bz�. The contour shows ten logarithmic distributions
of the particle number. The electron and ion momenta are normalized by
mu0 and Mu0, respectively; the electric and magnetic fields are normalized
by the upstream motional electric field E0�u0B0 /c and upstream magnetic
field B0, respectively. The horizontal axis is normalized by u0 /�ci. Several
arrows �a�–�e� are referred to in Fig. 8. The normalized simulation time for
the figure is 7.1.
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stream magnetic field B0. The spatial unit for the horizontal
axis is u0 /�ci ��LSTR�, which is a characteristic scale of the
STR, where �ci=eB0 /Mc is the ion cyclotron frequency.
Some arrows labeled �a�–�e� will be referred to discuss the
electron energy spectra in Sec. III D and Fig. 8. The Ex pro-
file shows large and intense fluctuation generated by micro-
scopic plasma instabilities especially around x=0.8�1.2
�see Sec. III C in detail�.

Since magnetic field profile looks unfamiliar compared
with a classical shock profile, in Fig. 2, smoothing profiles
�use right tics� are drawn over raw-data profiles �use left tics�
with time interval �0.1�ci

−1. The middle panel is a snapshot
at the same time in Fig. 1. The time duration from bottom to
a top panel corresponds to about 1.4TSTR ��LSTR /us, charac-
teristic STR passage time�, where us=1.5u0 is an
average incoming flow speed in the shock frame, i.e.,
shock speed. The normalization scales LSTR and TSTR corres-

pond to 115.2c /�pi and 800�pi
−1, respectively, where

�pi=�4�n0e2 /M is the ion plasma frequency. Smoothed pro-
files with low-resolution are obtained by spatial average over
5c /�pi with each drawing point shifting at an interval of
c /�pi. Smoothed profiles help to identify familiar shock
structure with amplified downstream field about three times
as large as upstream magnetic field as expected from
Rankine–Hugoniot �RH� relation �in our 1D case, compres-
sion ratio is three�. As a result of the strong dissipation
�thermalization� process as shown in the next subsection, in a
low-resolution view, the field profiles and particle distribu-
tions �not shown� show little qualitative variation during
their propagation.23,24 We can discuss properties appear in
Fig. 1 �normalized simulation time is 7.1� as a typical state
of the shock wave. Figures 3–6, 8, and 9 are the same time
with Fig. 1, and Figs. 7, 10, and 11 include data from
t=7.1–7.7.

B. Rapid energy redistribution

Rapid and large velocity spread of the electron is seen at
just the entrance of the STR �x=0.8�1.0� in Fig. 1. In
Fig. 3 the quantity of the electron thermalization is shown
as the effective temperature, Te, with solid lines compared
to the shock flow energy Mus

2 �top: linear scale� and to
the initial temperature Te0=Ti0�T0 �bottom: log-scale�.
The effective temperature is obtained by calculating
	f�p�
m�V−V�2dp /	f�p�dp, where f is a distribution func-
tion with p=
mV, 
 is the Lorentz factor, V is the particle
velocity, and V is the averaged particle velocity. The ion
temperature �Ti� calculated in the same way is also plotted
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with dotted lines in Fig. 3. The local enhancement in the Ti at
x�0.85 comes from non-Maxwellian behavior with super-
position of the incoming and the reflected ion components.
When Ti enhancement appears due to the ion reflection, Te

rises up above Ti ��104Te0� within a scale of 0.1LSTR �lead-
ing edge of a classical foot region�. In the past, a simulation
of mildly relativistic low Mach number shocks �MA�2� un-
der low frequency ratio condition ��pe /�ci�1� shows quick
electron energization, which may realize energy equipartition
between ions and electrons �e.g., Ref. 25�. To our knowledge,
however, such strong electron thermalization observed in the
present simulation �Te�Ti� has not attained in any other
nonrelativistic lower Mach number shock wave simulations.
The remarkable abrupt increase in Te indicated by an arrow
at x�0.92 corresponds to the position of an onset of the
dynamical change caused by the nonlinear saturation of the
plasma instability �see next subsection�. This means that the
nonlinear saturation process plays an important role in the
rapid energy equipartition between ions and electrons. The
local hump of Te�Ti around x=1.5�1.9 is produced inter-
mittently by a temporary variation in the macroscopic cross-
shock potential structure. In Fig. 4, profiles of Ex �middle,
normalized by E0� and the cross-shock potential �bottom,
normalized by Mus

2 /2e� are shown after smoothed over ion-

scale �25c /�pi for Ex and 5c /�pi for the potential�. Overall
variation in Ex is brought by the polarization between the
bulk electron and bulk gyrating ion. The bulk electron is
overshooting the bulk ion motion. In the top panel of Fig. 4,
bulk flow variations in the ion �solid� and the electron
�dashed� are shown with the electron excess amplified ten
times �dotted�. Several arrows indicate directions overshoot-
ing electrons converge to or diverge to, which causes Ex

variation and resultant cross-shock potential. The cross-
shock potential is one of the fundamental shock structures26

and also a critical quantity in terms of the electron injection
efficiency in DSA process.14,27 Time-averaged cross-shock
potential is about 0.3–0.4Mus

2 /2e in our case and consistent
to the value used by Amano and Hoshino.14

Figure 5 illustrates a spatial variation in the energy den-
sity distribution �percent in a log-scale� among the �a� par-
ticles, �b� magnetic field Bz, and �c� electric field Ex. In panel
�a�, the ion energy is drawn by dotted line, and the electron
energy is by solid line. The electron energy is calculated by
�
−1�mc2 �for ion energy, m is replaced by M�. Each quan-
tity is normalized by the total energy of all components.
Initially, the energy density ratio is about 99% for the ion and
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about 1.0% for the electron. Almost half of the energy ini-
tially carried by the incoming ion is converted quite rapidly
into the electrons within a scale of �0.1LSTR. The maximum
energies of Bz and Ex are only of the order of �1% and
�0.1%, respectively. Although, the energy carried by the
fields is much less than the particle energy, the fields are
indispensable especially to the electron energization process
as shown below.

C. Structure of the STR

Figure 6 shows an enlargement picture of the entrance of
the STR �x=0.8�1.15� with Pix, Ex, the electric current of
y-component Jy �in an online color version, the total current
is black line and the electron current is red line�, and Bz,
from top to bottom. This region can be, roughly speaking,
divided into two regions by the vertical line at x=0.92. Fol-
lowing the change in the ion phase space distribution, other
physical quantities also show clear qualitative change around
this line. The left region �we call here “region I”� is where
we can easily distinguish the incoming ion �positive velocity
component� from the reflected ion �negative velocity compo-
nent� in the Pix panel. In the region behind region I �we call
here “region II”�, the mixing between the incoming and the
reflected ion population progresses rapidly in the phase
space. Let us point out some conspicuous structures seen in
these regions: the leading packet of the magnetic field �re-
gion I� and following magnetic solitary humps with large-
amplitude electric field oscillation �region II�. In region I, the
amplitude of the magnetic field oscillation reaches ten times

as large as the averaged value obtained from the RH relation,
and in region II, the amplitude of the electric field oscillation
has over 100 times as large as upstream motional electric
field �E0�. In region I, the nonlinear evolution of the two-
stream instability between the decelerated hot electron and
the incoming ion28 causes some fluctuation on the ion-
acoustic mode. As a result, a series of electrostatic potentials
is generated, which is seen as a modulation of the incoming
ion as well as the electric field oscillation. Some electrons
are trapped around separatrix of these potentials and, conse-
quently, dragged toward the +y direction due to motional
electric field. Untrapped electrons in nonseparatrix region
tend to drift toward the −y direction under the influence of
local E�B drift. As a result, a series of clear electric current
filaments is formed by the trapped and untrapped electrons
�spiky variation from negative to positive in the Jy panel�.
Since the partial derivatives along y and z vanish in our 1D
geometry and, in the Ampere’s circuital law, the Jy term is
more dominant here than the displacement current term
�Ey /�t, the relation reduces to −
�Bz /�x
�Jy, which facili-
tates the spatial modulation of Bz in the leading packet. A
series of resultant negative-positive structures of the mag-
netic field indicates the possibility of the magnetic reconnec-
tion when we carry out 2D or three-dimensional �3D� simu-
lations. The leading packet propagates toward upstream with
a velocity nearly equal to the shock speed, while each wavy
component of a large-amplitude magnetic field drifts toward
the downstream in the shock frame.

FIG. 6. �Color online� The enlargement picture of Fig. 1, an entrance of the
STR. From top, ion phase space density �Pix�, Ex, electric current Jy of the
electron �the lower line� and total �the upper line�, and Bz. Smoothed profiles
�Jy and Ex� are obtained by averaged over c /�pe, with each drawing point
shifted at an interval of c /6�pe. The vertical line indicates boundary be-
tween the regions I and II. The time in the figure is the same as that in
Fig. 1.

FIG. 7. �Color online� Trajectories of large-amplitude electric field �Ex� in
the x-time phase space. The relative amplitude of Ex is shown by the contour
bar. Time is normalized by TSTR. The origin of the time in the figure is the
same as that in Fig. 1.
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After the electron is heated rapidly and the ion compo-
nents begin to be diffusive in region I, another instability
between the incoming and reflected ions �ion-ion instability
hereafter� evolves. In region II, mixing between the incom-
ing and the reflected ion components becomes almost com-
plete. The trapped electrons in region I are detrapped here,
and clear Jy filaments and negative Bz disappear in region II.
During this process, some components in the leading packet
are modulated into the magnetic humps. A possible cause of
the magnetic hump formation is evolution and saturation of
the ion-ion instability, not general ion-ion “stream” instabil-
ity �e.g., Wu et al.29 in 1D and Ohira and Takahara30 in 2D�.
This ion-ion instability looks nonlinear direct coupling be-
tween the incoming and reflected ion modulation, which is
supported by the hot electron on the ion-acoustic mode. The
linear analysis shows two-way unstable mode �correspond-
ing to the incoming and reflected ion� with the wavelength
�2c /�pi, which is a typical scale of the magnetic humps
with rather large growth rate of 20�ci–30�ci �see the
Appendix�. Once the magnetic hump structures are formed,
they survive over a scale of �LSTR in the downstream re-

gion. Some analytical study about the magnetic humps �mag-
netosonic solitons�, although under much smaller amplitude
condition, is reported by Pokhotelov et al.31

The Pix panel in Fig. 6 shows that a series of ion phase
holes is generated by the ion-ion instability in region II. In
Fig. 7, trajectories of the ion phase holes are shown as the
propagation of accompanying Ex in an x-time phase space.
The two-way complex propagation of the ion phase holes
affects electron energization process in a stochastic way.
These two-way streaming of the ion phase holes can survive
Landau damping because the phase speed of the ion
phase holes is much smaller than the thermal speed of the hot
electron.

In spite of such a high Mach number shock, Buneman
instability between the incoming electron and the reflected
ion previously reported �e.g., Ref. 1� does not have a strong
effect on the electron energization here in comparison with
other instabilities. The Buneman instability, however, plays
an important role to decelerate electrons and makes velocity
difference from the incoming ion population at the leading
edge of the STR.

When plasma � is changed to a larger value, for ex-
ample, �1.0, we confirm that a structure of the STR is al-
most identical to ��0.1 case here �not shown�. The STR
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structure depends strongly on the separation in the velocity
phase space between the incoming and the reflected ion com-
ponents and on their thermal width because that affects the
way of the free energy release via evolution of the plasma
kinetic instabilities. At a high Mach number regime treated
here, the velocity separation is large enough to trigger strong
nonlinear evolution of the two-stream instability, whenever �
may be 0.1�1.

D. Electron energization process

As seen in Fig. 5�a�, the electron energy density becomes
comparable to the ion energy density instantaneously. How
much energy is attained by the most energetic electron at the
STR? Figure 8 shows spatial evolution of the electron energy
spectra around the STR: at just the entrance of the STR ��a�:
x=0.85–0.95�, around the ramp region ��b�: x=0.95–1.1�,
around the magnetic overshoot region ��c�: x=1.1–1.3�,
around the magnetic undershoot region ��d�: x=1.3–1.6�,
and its downstream region ��e�: x=1.6–1.9�. These regions
correspond to the arrows from �a� to �e� in the top of Fig. 1.
In Figs. 8�A� and 8�C� the energy is normalized by the in-
jection ion flow energy in the downstream frame �Mu0

2 /2�.
The panel �B� shows spectra in terms of 
. The spectrum
becomes harder as it goes deeper in the STR. It is surprising
that some electrons gain energy more than several times of
the incoming ion energy just within the entrance of the STR.

The most energetic electrons gain energy about 1.5 times
larger than the kinetic energy gain due to the ion specular
reflection at the shock front. Each spectrum shows strong
thermalization and a little enhancement in energetic electron
tails. In order to compare thermal population to the Maxwell-
ian, we show the energy spectrum at �d� with a correspond-
ing Maxwellian of the same effective temperature of the re-
gion x=1.3–1.6 in panel �C�. Although we do not find a clear
nonthermal tail, some excess is confirmed in higher energy
region compared to the Maxwellian.

In Fig. 9, the electron number distributions of different
energy ranges are shown from x=0.7 to x=1.9. The top panel
shows a number of electrons with energy range of 1.5�

�1.7 �solid� and of 
�2.2 �dashed�. The middle panel
shows a population of 
�1.1. For reference, the smoothed
density profile �normalized by the upstream value� is drawn
in the bottom panel. Note that y-axis of the top panel is a
log-scale. The bulk electron distribution of 
�1.1 does not
entirely follow the shock-compressed density profile. To
keep the shock-compressed density, more energetic electrons
are needed to appear behind x�0.9. The lowest energy elec-
trons �
�1.1� show a little but clear increase with a peak at
the leading packet. More energetic electrons in the top panel
show exponential rise and keep on their flux in the down-
stream side. The width of the rising scale is comparable to
the Larmor radius �rL� of the energetic electrons �rL=0.2 for

=2.2 electrons and rL=0.11�0.14 for 
=1.5�1.7 elec-

FIG. 10. �Color online� An example of the electron orbit around the en-
trance of the STR on the time-stacked profiles of the magnetic field Bz

�right�. The strength of Bz is shown by the contour. The left panel shows the
electron energy variation. The origin of the time in the figure is the same as
that in Fig. 1.

FIG. 11. �Color online� An example of the electron orbit and energy varia-
tion in the downstream side. The format is the same as that in Fig. 10. Two
arrows in the right panel indicate the regions where the electron shows
unmagnetized behavior. The origin of the time in the figure is the same as
that in Fig. 1.
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trons�. The energetic particles are confined tightly in the STR
because the magnetic field has the perpendicular geometry to
the shock normal direction. In our simulation, contrary to
expectation from DSA mechanism, the energetic electrons
are not hovering around over the upstream and downstream
regions.

Next, electron trajectories are investigated. Almost all
particles experience both of acceleration and deceleration in
a long time duration. We focus here acceleration pattern and
pick up two trajectories typical in the leading edge of the
STR �Fig. 10� and its downstream region �Fig. 11�. In the
right panel of Fig. 10, the electron trajectory is drawn over
time-stacked magnetic field �Bz� profile. The strength of Bz is
showed by contour bar. A background thermal electron in-
jected into the front of the STR gains energy due to the
trapping by the leading packet �t=0.0–0.066� as well as due
to bouncing motion between the leading packet and magnetic
hump �t�0.066� up to 
�3 �about 200 times as large as the
initial energy�. The kinetic energy gain is brought nonadia-
batically. The leading packet is propagating toward upstream
as a whole structure �an array of stripes from the lower-right
to the upper-left in Fig. 10�, but each large-amplitude wavy
structure is propagating toward downstream �each stripe is
toward the upper-right�. On the other hand, a series of mag-
netic humps is almost standing in the electron bulk flow. As
a result, the large-amplitude wavy structure is propagating
toward the humps. A electron is confined and gains energy
through multiple nonlinear interaction with these converging
large-amplitude Bz structure similar to the first-order Fermi
type acceleration mechanism.

Figure 11 shows another electron orbit among a series of
the magnetic humps in the same format with Fig. 10. The
energization process here is rather mild and stochastic. We
confirm that the kinetic energy gain is also brought in a
nonadiabatic manner. A rather energetic electron has a
large Larmor radius; the effect of the fields cannot be sym-
metric for a round-trip of the electron gyromotion so that
stochastic energy change is brought about. In Fig. 11, the
electron shows unmagnetized behavior around the time
t=0.05–0.06 and t=0.1–0.15 �indicated by arrows in the
right panel� corresponding to the turning point of the gyro-
motion. The gyro-orbit in a Bz�0 field has a quite small
curvature so that the electron is going along y-direction for a
while. The magnetic mirror force of the humps also keeps
the electron in the Bz�0 region in this case. After detrapped
from Bz�0 region and magnetized, the electron gains some
energy due to the motional electric field like so-called
“pick-up ion” process. After that, the electron is bouncing
between humps and gains energy gradually up to 
�4. The
nonlinear interaction with these standing magnetic humps
does not, however, always bring energy gain. It depends not
only on the local variation in the electric fields Ex �see the
middle panel of Fig. 4� but also dominantly on the accumu-
lation of the local Ey variation caused by the bulk flow and
Bz variation. Around the region shown in Fig. 11, there is still
a positive and negative bulk flow ��u� variation due to the
macroscopic ion gyromotion as shown in the top of Fig. 4.
The variation in Bz �seen as amplitude variation of the mag-
netic humps� is connected with the bulk flow variation. The

gyromotion of the energetic electrons can be synchronous
with the motional electric field Ey =−e�	u�Bz along the
y-direction. As a result, there is sometimes net energy gain
through a round-trip of the gyration.

IV. SUMMARY AND DISCUSSION

The numerical simulation of a collisionless shock wave
is reported under high Mach number and high frequency
ratio condition �MA=174 and �pe /�ce=120� similar to shock
waves generated by the strong blast wave of supernovae. We
focus on the electron dynamics through the nonlinear
particle-field coupling process. We found that the first rapid
electron acceleration occurs in the thin shock front region.
Nonlinear evolution of the plasma instabilities between the
ions and electrons and following the ion-ion instability
causes strong particle energization. At the moment of the
nonlinear saturation of the instability, strong mixing occurs
between the incoming and reflected ion component in the
velocity phase space as well as some considerable change in
the field structures, for example, from the magnetic leading
packet to the magnetic solitary hump. The leading packet
consists of a series of large-amplitude negative-positive mag-
netic fields. �When a 2D or 3D simulation is carried out, we
can expect an occurrence of the magnetic reconnection there.
It may bring about more interesting electron-field dynamics.�
Since each component of the leading packet and the mag-
netic hump are converging, some electrons scattered and
bouncing between these two structures gain energy rapidly
by the first-order Fermi type process. Some electrons around
magnetic humps also gain energy in a rather stochastic man-
ner. In the magnetic hump region, there is still nonzero bulk
flow variation due to the ion gyromotion. The electrons gain
energy not only due to the local Ex resulted from nonlinear
instability evolution but also due to the motional electric
field Ey accompanied by the magnetic hump Bz and bulk
flow. Depending on the gyrophase, an energetic electron
sometimes gains energy when its gyromotion couples with
the Ey variation of the ion-scale.

It is surprising that the electron energy density arises
rapidly at just the entrance of the STR and becomes compa-
rable to the ion energy density. This energy equipartition is
pushed by the nonlinear saturation process of the plasma
instability. The so-called injection problem in DSA mecha-
nism may be settled if our result remains still true under the
realistic dimension and mass ratio condition. We showed that
in our simulation, the energetic electrons are confined within
a STR while they are interacting with the fields and gaining
energy so that we can estimate the maximum energy 
max by
equating the electron Larmor radius and characteristic scale
of the STR,

mc2

eB
�
max

2 − 1 �
1

2

0u0

�ci
, �1�

where 0 is incoming flow Lorentz factor. Using u0

=2 /3VAMA, the above equation results in
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max ��1 +
1

9

M

m
��pe

�ce
�−2

MA
20

2. �2�

When we adopt above equation to the shock wave case in
this paper, we have 
max�5, which is consistent to our result
of 
max�4. With realistic mass ratio M /m=1836, 
max can
reach up to 21 �corresponding to �10 MeV�. Under a larger
mass ratio condition, the STR becomes wider in terms of the
scale of electron dynamics, and the ion inertia becomes rela-
tively larger. Since the ion inertia plays an important role to
amplify the fields discussed in the current paper, we can
expect more electron energization. In fact, some periodic
simulations in Ref. 28 show that when the mass ratio is
larger up to the realistic mass ratio, the electric field sup-
ported by the ion inertia becomes more important in the elec-
tron energization process.

Recent observation shows shocked temperature Te�Ti

for strong shocks �e.g., Refs. 32–36�. Contrary to the obser-
vation, our simulation result shows Te�Ti. One reason for
that is a scale difference. Our simulation scale is only about
several LSTR much smaller than observation can resolve,
where LSTR�u0 /�ci�4.6�105 km �for interstellar
density of 0.1 cm−3�, �1.5�105 km �for 1.0 cm−3� using
�pe /�ci=120 condition. The temperature far outside of the
STR is unfortunately beyond the scope of the paper. Another
reason is a shock configuration treated here, namely, the 1D
and perpendicular shock system, which is a rather strong
restriction. For example, 1D simulation tends to overheat
electrons compared to the 2D simulations.9,37 Although
strong thermalization indeed occurs in our simulation, the
hot electrons shows non-Maxwellian distribution, and the
nonthermal part grows as leaving off the STR. The hot elec-
trons cannot only be a seed of the future nonthermal popu-
lation but can also contribute to further acceleration by keep-
ing the field structures within a scale �LSTR.

Unlike the classical DSA where the electrons are hover-
ing around shocked and unshocked regions due to scattering
by large scale magnetohydrodynamic waves, the electrons in
our simulation experience multiple nonlinear interaction
even within one gyromotion with the large-amplitude field
structures, which generated through the nonlinear evolution
of the plasma instabilities. These nonlinear transportations
may lead a breakout of the classical diffusion model. Re-
cently, without the classical diffusion model, Malkov and
Diamond38 also discussed particle acceleration process under
multiple nonlinear interactions among a train of magnetic
structure “shocklets” of c /�pi scale in the confined region of
the STR �shock precursor�. As a generator of the structure
shocklets, nonlinear evolution of the plasma instability is
also considered between cosmic ray flow and shock incident
flow. Not only for our rather lower energetic regime but also
for higher energetic regime, such microscopic coherent struc-
tures due to the nonlinear evolution of the plasma instabili-
ties confined in the STR are expected to play a key role in
the particle acceleration process.
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APPENDIX: LINEAR ANALYSIS OF THE PLASMA
INSTABILITY

In order to find linear growth modes of the time scale
larger than the electron gyration time, we examine the stan-
dard plasma dispersion relation under the magnetized elec-
tron and unmagnetized ion condition. As seen in the STR,
two ion components of the incoming ions and reflected ions
are adopted. We assume that 45% of the incoming ion is
reflected at the shock front �the reflection ratio �r is 0.45�.
The relative drift velocity between the two ion components is
assumed as 0.5u0��u0d�. The net electric current is canceled
by the total flows of the two ions and electron components.
As an initial temperature condition, we take 1�103T0 for the
incoming ions and 3�103T0 for the reflected ions. The mag-
netic field is assumed to be 3B0.

When considering waves perpendicular to the magnetic
field, the plasma dielectric tensor ��k ,�� is reduced to have
the forms

�xx = 1 + 
n

�pe
2

�2

n2

�
In exp�− ��

�

n�ce − �
+

�pi0
2

�2 �i0Z��i0�

+
�pir

2

�2 �irZ��ir� ,

�yy = 1 + 
n

�pe
2

�2 In exp�− ��
�

n�ce − �
,

�xy = i
n

�pe
2

�2 n�In� − In�exp�− ��
�

n�ce − �
,

where k and � are the wave number and wave frequency
with the Doppler shift included. The wave frequency in the
rest frame ��r� is defined by �r=�+ku0d�1−2�r�. �pe, �pi0,
and �pir are the plasma frequencies for the electron, incom-
ing ion, and reflected ion, respectively. In and In� are the
modified Bessel function of nth order with the argument
�=ve

2k2 /2�ce
2 and its derivative. We take the summation for

n from �10 to 10 here. Z is the plasma dispersion function
with the argument �i0= ��−ku0d� /kvi0 for the incoming ion
component and �ir= ��+ku0d� /kvir for the reflected ion com-
ponent, where vi0, vir, and ve are respectively the incoming,
reflected, and electron thermal velocities. Using the above
dielectric tensor, the dispersion relation is

�xx��yy − � ck

�
�2� + �xy

2 = 0. �A1�

Figure 12 shows some of the solutions of Eq. �A1�. The
top panels include the real part of �, and the bottom panels
include the imaginary part of � ��
, growth rate� versus
wavelength �. Panels �a� and �b� belong to the incoming ion
because their phase velocity is in the same direction as the
incoming ion. Panels �c� and �d� belong to the reflected ion
with the same reason. Their harmonics in other wave number
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ranges is not shown. � and � are normalized by the plasma
frequency of the upstream ion �pi and its inertia c /�pi,
respectively. The electron temperature Te is set up to
2�103T0 �dotted�, 4�103T0 �long-dotted�, 8�103T0

�dashed�, and 1�104T0 �solid�. As the electron temperature
rises, the growth rate increases with its peak moving a little
toward a smaller �. The solution does not have a strong
dependence on the ion temperature, but smaller ion tempera-
ture results in larger growth rate. The wavelength �2c /�pi

�comparable to the normalized width �x�0.01� around the
peak of the growth rate corresponds to the width of the mag-
netic hump stated in Sec. III C. Coupling between such lin-
ear growth modes in the incoming and reflected ion compo-
nent can be some cause of the magnetic hump generation.
However, since strong nonlinearity is observed in the simu-

lation, especially in region II, we cannot separate clearly the
linear growth from other nonlinear plasma actions.

1N. Shimada and M. Hoshino, Astrophys. J. 543, L67 �2000�.
2K. G. McClements, M. E. Dieckmann, A. Ynnerman, S. C. Chapman, and
R. O. Dendy, Phys. Rev. Lett. 87, 255002 �2001�.

3M. Hoshino and N. Shimada, Astrophys. J. 572, 880 �2002�.
4M. E. Dieckmann, B. Eliasson, A. Stathopoulos, and A. Ynnerman, Phys.
Rev. Lett. 92, 065006 �2004�.

5B. Lembege, J. Giacalone, M. Scholer, T. Hada, M. Hoshino, V.
Krasnoselskikh, H. Kucharek, P. Savoini, and T. Terasawa, Space Sci. Rev.
110, 161 �2004�.

6M. E. Dieckmann, P. K. Shukla, and L. O. C. Drury, Astrophys. J. 675,
586 �2008�.

7S. Matsukiyo and M. Scholer, J. Geophys. 111, A06 �2006�.
8R. A. Treumann and C. H. Jaroschek, Astron. Astrophys. Rev.,
arXiv:0806.4046v1 �astro-ph�.

9T. Amano and M. Hoshino, Astrophys. J. 690, 244 �2009�.
10A. R. Bell, Mon. Not. R. Astron. Soc. 225, 615 �1987�.
11R. Blandford and D. Eichler, Phys. Rep. 154, 1 �1987�.
12A. Levinson, Mon. Not. R. Astron. Soc. 278, 1018 �1996�.
13A. A. Bamba, R. Yamazaki, M. Ueno, and K. Koyama, Astrophys. J. 589,

827 �2003�.
14T. Amano and M. Hoshino, Astrophys. J. 661, 190 �2007�.
15E. G. Berezhko and D. C. Ellison, Astrophys. J. 526, 385 �1999�.
16A. R. Bell, Mon. Not. R. Astron. Soc. 353, 550 �2004�.
17V. N. Zirakashvili and V. S. Ptuskin, Astrophys. J. 678, 939 �2008�.
18D. Caprioli, P. Blasi, E. Amato, and M. Vietri, Mon. Not. R. Astron. Soc.

395, 895 �2009�.
19R. A. Treumann and C. H. Jaroschek, Astron. Astrophys. Rev.,

arXiv:0805.2181v1 �astro-ph�.
20E. A. Helder, J. Vink, G. Bassa, A. Bamba, J. A. M. Bleeker, S. Funk, P.

Ghavamian, K. J. van der Heyden, F. Verbunt, and R. Yamazaki, Science
325, 719 �2009�.

21T. N. Kato, Astrophys. J. 668, 974 �2007�.
22A. Spitkovsky, Astrophys. J. 673, L39 �2008�.
23N. Shimada and M. Hoshino, J. Geophys. 110, A02105, doi:10.1029/

2004JA010596 �2005�.
24M. Scholer and S. Matsukiyo, Ann. Geophys. 22, 2345 �2004�.
25N. Bessho and Y. Ohsawa, Phys. Plasmas 6, 3076 �1999�.
26M. M. Leroy, Phys. Fluids 26, 2742 �1983�.
27M. G. Baring and E. J. Summerlin, Astrophys. Space Sci. 307, 165

�2007�.
28N. Shimada and M. Hoshino, Phys. Plasmas 11, 1840 �2004�.
29C. S. Wu, D. Winske, Y. M. Zhou, S. T. Tsai, P. Rodriguez, M. Tanaka, K.

Papadopoulos, K. Akimoto, C. S. Lin, M. M. Leroy, and C. C. Goodrich,
Space Sci. Rev. 37, 63 �1984�.

30Y. Ohira and F. Takahara, Astrophys. J. 688, 320 �2008�.
31O. A. Pokhotelov, M. A. Balikhin, O. G. Onishchenko, and S. N. Walker,

Planet. Space Sci. 55, 2310 �2007�.
32C. E. Rakowski, Adv. Space Res. 35, 1017 �2005�.
33P. Ghavamian, J. M. Laming, and C. E. Rakowski, Astrophys. J. 654, L69

�2007�.
34K. Heng and R. McCray, Astrophys. J. 654, 923 �2007�.
35M. van Adelsberg, K. Heng, R. McCray, and J. C. Raymond, Astrophys. J.

689, 1089 �2008�.
36K. Heng, Publ. Astron. Soc. Aust., arXiv:0908.4080v4 �astro-ph.GA�.
37T. Umeda, M. Yamao, and R. Yamazaki, Astrophys. J. 695, 574 �2009�.
38M. A. Malkov and P. H. Diamond, Astrophys. J. 692, 1571 �2009�.

0.28

0.29

0.3

0.31

0.32

0.33

0.34

0.35

0.36

0.37

1 1.5 2 2.5 3

ω
/ω

pi

λ/(c/ωpi)

(a)

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

1 1.5 2 2.5 3

γ/
ω

pi

λ/(c/ωpi)

(b)

-0.28

-0.27

-0.26

-0.25

-0.24

-0.23

-0.22

-0.21

-0.2

1.5 2 2.5 3 3.5
λ/(c/ωpi)

(c)

Te=10000T0
8000T0
4000T0
2000T0

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

1.5 2 2.5 3 3.5
λ/(c/ωpi)

(d)

FIG. 12. The dispersion relation � vs � �wave number� ��a� and �c�� and
growth rate 
 vs � ��b� and �d�� of the peculiar mode in the regime of the
ion-ion interaction on the incoming ion ��a� and �b�� and on the reflected ion
��c� and �d��. � and � are normalized by the plasma frequency of the up-
stream ion �pi and its inertia c /�pi, respectively.
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Electron acceleration via magnetic island coalescence 
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ABSTRACT 

Electron acceleration via fast magnetic island coalescence that happens as quick magnetic reconnection triggering 
(QMRT) proceeds has been studied. We have carried out a three-dimensional full kinetic simulation of the Harris 
current sheet with a large enough simulation run for two magnetic islands coalescence. Due to the strong inductive 
electric field associated with the non-linear evolution of the lower-hybrid-drift instability and the magnetic island 
coalescence process observed in the non-linear stage of the collisionless tearing mode, electrons are significantly 
accelerated at around the neutral sheet and the subsequent X-line. The accelerated meandering electrons generated by 
the non-linear evolution of the lower-hybrid-drift instability are resulted in QMRT, and QMRT leads to fast 
magnetic island coalescence. As a whole, the reconnection triggering and its transition to large-scale structure work 
as an effective electron accelerator. 

INTRODUCTION 

Numbers of observations have shown existence of energetic particles in space, so that particle acceleration 
processes is an interesting topic in space plasma physics. In the Earth’s magnetotail case, emergence of MeV range 
electrons associated with magnetospheric substorms has been known since 1970s, the production process of such 
high energy electrons has been thought to be related to magnetotail reconnection (Terasawa and Nishida, 1976) 
Recently, Øieroset et al. (2002) and Imada et al. (2007) reported detailed observations of energetic electrons in the 
magnetotail, and their results clearly show that energetic electrons appear around the magnetic reconnection sites. 

Since typical electrostatic potential in the magnetotail is ~100 kV, direct acceleration through the cross-tail 
potential is insufficient for the observed electron production, and more efficient acceleration process is necessary. In 
the context of magnetic reconnection, several processes and their combinations are proposed to explain the observed 
energetic electrons. There are basically four physical elements: (1) the meandering/Speiser motion around the X-line 
(Speiser, 1965), (2) pre-accelerated electrons around the X-line further accelerated by non-adiabatic acceleration in 
the magnetic field pileup region (Büchner and Zelenyi, 1989), (3) Hoshino (2005) demonstrated that surfing 
acceleration could generate high energy electrons under strongly driven reconnection, (4) Drake et al. (2006) 
proposed that electrons can gain kinetic energy by reflecting from the ends of the contracting magnetic islands. 
However, the reality of the electron acceleration process via magnetic reconnection still remains an open question. 

In this paper, we point out another important physical element for electron acceleration associated with 
magnetic reconnection. Carrying out a full kinetic simulation, we found that magnetic island coalescence can play an 
important role for the electron acceleration. After precursor analytical studies of magnetic island coalescence 
(Zelenyi et al., 1988, 1990), magnetic island coalescence process as the tearing mode proceeds has been paid less 
attention. Due to the strong induction electric field associated with tearing magnetic islands coalescence, electrons are 
directly accelerated at around the X-line. Since the generated inductive electric field during the coalescence is quite 
strong, the acceleration efficiency becomes high. We discuss the efficiency of this acceleration process. 

SIMULATION RESULTS 

First of all, 3D simulation results are presented to show rapid magnetic coalescence subsequent to quick 
magnetic reconnection triggering.  We carried out a 3D electromagnetic full kinetic simulation of an ion-scale current 
sheet. As the initial condition, we make use of the Harris current sheet for simplicity; Bx(z)=B0tanh(z/D), 

15



Shinohara et al., “Electron acceleration via magnetic island coalescence” (2009) 367

nCS(z)=NCS/cosh2(z/D), Jy(z)=enCS(Ui+Ue), and Ui/Ue=-Ti,CS/Te,CS. D represents the thickness of the current sheet, 
which we set D=0.5�i  (�i=c/�pi, the ion inertia length). The mass ration is taken to be mi/me=400, electron thermal 
velocity is ve/c=1/3 (c is the light velocity), and �pe/�e=1.0.  (�pe and �e are the plasma frequency and the electron 

cyclotron frequency, respectively.)  The simulation box 
size in the x direction, Lx, is taken as Lx=24D that 
corresponds to twice of the fastest growing tearing 
wavelength and Ly almost corresponds to the lower-
hybrid-drift wavelength.  Periodic boundary conditions 
are imposed in the x and y directions, while the 
conducting walls are set at the z boundaries, z=±4D.  
The number of grids is Nx × Ny × Nz = 768 × 32 × 512 
(corresponding to Lx × Ly × Lz = 12�I × 0.32�I × 8�i), 
and ~109 particles for both electrons and ions are used 
in the calculation.  It should be noted that no initial 
field perturbation is added to the initial condition.  In 
the present case, the ion-electron temperature ratio is 
taken to be Ti,CS/Te,CS=8 so that the ions carry most of 
the cross-field current. Stationary cold background 
plasma is distributed outside the current sheet; 
nBK(z)=NBK tanh2(z/D), NBK/NCS=0.1, and 
Te,BK=Ti,BK=Te,CS. 

As reported in Shinohara and Fujimoto (2005), 
the quick magnetic reconnection triggering is possible 
in this initial setup. Figure 1a shows the temporal 

 
 
Fig. 1 (a) Temporal development of �Bz (z=0) Fourier modes. Snapshots of the current density, Jy, contours 
obtained at (b) T=4 (mode 2 growing), (c) T=10 (on the way of merging), and (d) T=16�i

-1. 

 
Fig.2 Electron energy spectra 
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development of �Bz (z=0) Fourier modes. The fastest growing mode of the tearing instability, mode 2 (blue line), 
starts to grow at T~1�i

-1 due to the strong modification of the current sheet structure by the non-linear effects of the 
lower-hybrid-drift instability. Mode 2 almost saturates at T~8�i

-1, and at this time, two magnetic islands are 
produced. The characteristics of the system evolution are almost the same as the previous results of the Lx=12D case. 
(Shinohara and Fujimoto, 2005) After the mode 2 saturation, magnetic island coalescence process can be seen during 
T=8~16�i

-1. As shown in Figure 1a, mode 1 (red line) gradually grows and becomes the dominant mode at T~10�i
-1. 

Figures 1b-d present snapshots of the current density, Jy, contours obtained at T=4 (mode 2 growing), 10 (on the way 
of merging), and 16�i

-1. Figure 1d clearly shows that the magnetic island coalescence is completed at T~16�i
-1. 

Tanaka et al. (2005) pointed out that the same spatial size of a magnetic island can be produced by another initial 
condition of the D=1 case. However, the evolution time scale of the present case (T~16�i

-1) is much faster than that 
of the D=1 case (T~45�i

-1). Moreover, the amount of magnetic flux contained in the large island is found to differ by 
~10. This difference of magnetic flux suggests the difference of the energy release efficiency. 

Figure 2 shows the electron energy spectra integrated over the whole simulation box. During T=2~4�i
-1, 

electron energization can be seen, and it is mostly due to the nonlinear evolution of the lower hybrid drift instability 
and the quick magnetic reconnection triggering process. (Shinohara and Fujimoto, 2005) However, the most 
prominent result here is that energetic electrons can be efficiently produced during the magnetic island coalescence. 
Figure 2 shows that the electron energy spectrum becomes harder as the progress of the magnetic island coalescence, 
T=8~16�i

-1. 

 
 
Fig. 3 Positions of all the energetic electrons whose energy �-1 > 2 at T=16 �i

-1 but �-1 < 0.6 at T=12 �i
-1 are 

plotted. The electrons are sampled at (a) T=12, (b) 13, (c) 14, and (d) 16 �i
-1. 

 
 

Fig. 4 Position of all the electrons of �-1 > 2 at T=16 �i
-1. The format is the same as Fig 3. 
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To clarify where and how electrons are accelerated during the magnetic island coalescence, electron trajectories 
are examined. In Figure 3, positions of all the energetic electrons whose energy��-1 > 2 at T=16 �i

-1 but �-1 < 0.6 at 
T=12 �i

-1 are plotted. (� is the relativistic factor.) Each electron position is colored by its energy. The electrons are 
sampled at T=12, 13, 14, and 16 �i

-1 representing the acceleration associated with the magnetic island coalescence. 
At T=12 �i

-1, all the plotted electrons have not been accelerated (�-1 < 0.6), and Figure 3a clearly shows that all the 
electrons are located in the upstream of the separatrix. As the magnetic island coalescence goes on, electrons move 
toward the X-line and the accelerated electrons emerge in the downstream of the X-line. (Figure 3b, 3c) At final, as 
shown in Figure 3d, the accelerated electrons are injected into the same magnetic flux tube. The result suggests that 
electrons are accelerated just around the X-line within the limited time period, T=12-16 �i

-1. Figure 4 shows the 
position of all the electrons of �-1 > 2 at T=16 �i

-1 (without the condition �-1 < 0.6 at T=12 �i
-1). Comparing Figure 

4 with Figure 3d, it suggests that the consequent energetic electrons are divided into two components: (1) Electrons 
which are pre-energized by the tearing instability mediated by the quick magnetic reconnection triggering. This 
component is distributed in the core part of the magnetic island. (2) Electrons which are accelerated during the 
magnetic island coalescence. This component exists in a magnetic flux tube of the outer part of the magnetic island. 
Since the former part is well-energized before T=12 �i

-1, the acceleration of the latter part is much efficient. 
To fully check the acceleration process, trajectories of typical higher energy electrons with �-1 > 2 are plotted in 

Figure 5. Figure 5 presents accelerated electron trajectories obtained during T=12-16 �i
-1. Since electron data are 

sampled intermittent timing, the trajectory lines are not continuous. Figure 5a shows the trajectories in the x and 
Energy space. It clearly shows that all the electrons are quickly accelerated from �-1 < 0.5 to �-1 > 2 at around 
x/D=7.8 where is the X-line. The trajectories in the real x-z space are presented in Figure 5b. It confirms that the 
initial acceleration occurs right at the X-line. To emphasize the time period, the trajectories for T=13.00~13.33 �i

-1 
are red-colored. It suggests that the acceleration takes place within short period. Figure 5a also shows that, after 
electrons are accelerated up to �-1 > 2 at the X-line, they experience further acceleration in the magnetic field pileup 
region similarly to previous results (e.g. Hoshino, 2005). The acceleration mechanism for this stage can be the non-
adiabatic acceleration in the magnetic field pileup region for electrons with �~1, where �2 is the ratio of the magnetic 

 
 

Fig. 5 Accelerated electron trajectories obtained during T=12-16 �i
-1 (a) in the x-energy and (b) in the x-z 

space. The red-colored lines indicate the interval T=13.00-13.33 �i
-1. 
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Fig. 6 Time evolution of (a) the maximum |Bz| in the z=0 plane, and (b) the reconnection electric field. 
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field curvature and the Larmor radius (Büchner and Zelenyi, 1989). As shown in Figure 3c and 3d, the magnetic flux 
loop that contains energetic electrons is really contracted. Thus, the acceleration process proposed by Drake et al. 
(2006) may contribute to the acceleration. These results suggest that the acceleration at the X-line works as the 
injector for the acceleration in the magnetic field pileup region and in the magnetic flux loop. 

Figure 6 shows the time evolution of the magnetic field and the reconnection electric field. At T~4�i
-1, a jump 

of |B z (z=0)|max and enhancement of the reconnection electric field are seen, and they are the signatures of the quick 
magnetic reconnection triggering. (Shinohara and Fujimoto, 2005)  Corresponding to the magnetic island coalescence, 
T=12~16�i

-1, a relatively large jump of |B z (z=0)|max and the emergence of the strong reconnection electric field are 
observed. The observed reconnection rate during the magnetic island coalescence reaches (Erec/VAB0) ~0.4 which is 
much larger rate than those of the single island cases. It should be noted that such a high reconnection rate is possible 
without any driven process. Although the magnetic island coalescence is the transient process, it can achieve high 
reconnection rate, and the enhanced reconnection electric field efficiently accelerate electrons right at the X-line. 

DISCUSSION 

As described above, the key process of the electron acceleration associated with the magnetic island coalescence 
is the acceleration at the X-line by the enhanced reconnection electric field. Since our simulation imposes the periodic 
boundary condition in the y direction, electrons can continuously feel the reconnection electric field until they are 
ejected from the X-line region. However, in reality, electrons can be accelerated within the limited space. Assuming 
that electrons are accelerated along the straight orbit with the reconnection electric field, we can estimate how long 
distance in the y direction is necessary to produce energetic electrons. The equation of the electron motion is 
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Substituting the simulation parameters and results, VA/c=0.05, mi/me=400, and cEy/VAB0~0.4, we get 

� �  � )3(8~1 2/12 Ti�	�  
Thus, for the �=2 electron, it takes ��T ~0.2 �i

-1 for the acceleration. This time scale is consistent with the simulation 
result so that the assumption for the acceleration process looks good enough. The electron energy gain is 
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From (5), 1000 �i is required for the production of the �=2 electron. With the magnetotail parameter, 1000 �i is 
equivalent to ~ 40 Re (�i ~ 250 km). Therefore, even with the large reconnection rate ~0.4, the spatial scale of the 
magnetotail is smaller for the production of the �=2 electron. However, this estimation is only focused on the 
acceleration right at the X-line. With the combination of the acceleration in the magnetic field pileup region, we can 
expect the production of higher energy electrons through the magnetic island coalescence. 

Since the present study is limited only for the two magnetic island merging case, how the electron acceleration 
efficiency increases in the case of multiple magnetic island coalescence cases should be studied in the near future. If 
more number of magnetic island coalescence is taken into account, the temporal and spatial scale length of the 
enhanced X-line region becomes longer as the size of the coalescence island size evolves larger. We expect that larger 
multi-island coalescence can more effectively contribute to the production of the energetic electrons even if the time 
interval producing the energetic particles demonstrated in this paper is short. 
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SUMMARY AND CONCLUSIONS 

Performing a three-dimensional full kinetic simulation of the Harris current sheet, the magnetic island 
coalescence has been studied.  We found non-thermal electrons are efficiently generated during magnetic island 
coalescence. The electron acceleration is mainly due to the meandering/Speiser motion right at the X-line and the 
grad B/curvature drift acceleration in the magnetic field pileup region. Large inductive electric field (up to 40% 
reconnection rate) generated during the magnetic island coalescence plays an essential role for the observed 
acceleration. 
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Magnetic Reconnection by a Self-Retreating X Line
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Particle-in-cell simulations of collisionless magnetic reconnection are performed to study asymmetric

reconnection in which an outflow is blocked by a hard wall while leaving sufficiently large room for the

outflow of the opposite direction. This condition leads to a slow, roughly constant motion of the diffusion

region away from the wall, the so-called ‘‘X-line retreat.’’ The typical retreat speed is �0:1 times the

Alfvén speed. At the diffusion region, ion flow pattern shows strong asymmetry and the ion stagnation

point and the X line are not collocated. A surprise, however, is that the reconnection rate remains the same

unaffected by the retreat motion.

DOI: 10.1103/PhysRevLett.101.205004 PACS numbers: 52.35.Vd, 52.65.Rr, 94.30.cp

Magnetic reconnection triggers many explosive phe-
nomena in laboratory and astrophysical plasma. Impor-
tance lies in the diffusion region where the MHD breaks
down and the kinetic scale comes in. It is a scientific
challenge to understand the structure of the diffusion re-
gion and its role in controlling the reconnection rate.
Owing to the growing power of computer capabilities,
full particle simulations has become popular these days.
It is now clear that the out-of-plane current remains local-
ized and the reconnection rate remains fast while electrons
form a high-velocity jet that extends large distances down-
stream from the X line [1–4]. The region with the localized
current is termed ‘‘inner diffusion region’’ whereas the rest
of the diffusion region including the elongated electron
current layer is termed ‘‘outer diffusion region.’’ In gen-
eral, simulations generate magnetic reconnection that is
symmetric in both inflow and outflow directions.

Actual magnetic reconnection, however, occurs in a
more complicated situation. During a magnetic reconnec-
tion in Earth’s magnetotail, an earthward outflow soon
collides with the dipole field while the tailward outflow
is directed to the interplanetary space. As for the solar
flares that take place above the area of emerging fluxrope,
the upward outflow eventually merges into the solar wind
while the downward outflow collides with the magnetic
obstacle in the lower part of the corona. In these cases,
magnetic reconnection may not be symmetric about the X
line.

In this Letter, we investigate the consequences of block-
ing one side of the outflow. A hard wall is set up just ahead
of an outflow while leaving a sufficiently large room for the
outflow of the opposite direction. As a result, reconnected
magnetic fields are piled-up against the wall. By the time
the pile-up region reaches the diffusion region, the X line
starts to move away from the wall (‘‘X-line retreat’’).
Under such a strong influence of the boundary condition,
the structure of the diffusion region is modulated. In the
past, the X-line motion was considered by an analytical

treatment [5], MHD simulations [6], and a full particle
simulation [7], although these work did not shed light on
the modulated structure of the diffusion region. This Letter
will be the first to report the structure of the diffusion
region in a self-consistent simulation of asymmetric out-
flow reconnection.
We utilized the two dimensional, particle-in-cell code

[8,9]. The initial condition consists of a Harris current
sheet. The antiparallel magnetic field and the density are
given by By ¼ B0 tanh½ðx� Lx=2Þ=D� and Ncs ¼
N0=cosh

2½ðx� Lx=2Þ=D�, respectively, where B0 is the
magnetic field at the inflow boundary, D is the half-
thickness of the current sheet, N0 is the density at the
current sheet center, and Lx and Ly are the domain size

in x̂ and ŷ direction, respectively. D is chosen to be 1:5�i

where �i is the ion inertial length. The inflow, background
plasma is represented by NB ¼ NB0f1� 1=cosh2½ðx�
Lx=2Þ=D�g where NB0 ¼ 0:2N0. The pressure imbalance
by the nonuniform density is not important to the results
presented below. The electron-to-ion temperature ratio is
set to be Te=Ti ¼ 1=5 for both the current sheet and the
background. The frequency ratio !pe=�ce ¼ 1:5 where

!pe and �ce are the electron plasma frequency and the

electron cyclotron frequency, respectively. The conducting
walls are used at x ¼ 0 and x ¼ Lx and symmetric bound-
ary conditions were used at y ¼ 0 and y ¼ Ly. At the

symmetric boundary, particles are specularly reflected
whereas fields are given by @Bn=@n ¼ 0, Bt ¼ 0,
@Et=@n ¼ 0, and En ¼ 0, where E and B are the electric
field and the magnetic field vectors and the subscripts n and
t denote the normal and tangential components, respec-
tively. Reconnection is initiated at the distance H from the
bottom (y ¼ 0) wall with a small magnetic island given by
the vector potential Az ¼ �A0 expf�½ðx� Lx=2Þ2 þ ðy�
HÞ2�=ð2�2

i Þg where A0 ¼ 0:1B0�i. Ly is chosen to be large

enough to simulate effectively the free boundary condition
of the reality.
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Five simulation runs are performed to study the depen-
dence on the initial distanceH. The values ofH along with
the other initial values are compiled in Table I. The initial
X line is at the center of the domain for Run 4, and thus, it
is a nonretreating case. Run 5 is an additional case intended
to study the dependence on the ion to electron mass ratio
� � mi=me. In all runs, we used average of 64 particles in
each grid cell. At the center of the current sheet, 276
particles per cell represents the unit density N0.

Upper panels of Fig. 1 show snapshots of electron out-
of-plane current for Run 1. It is evident that as magnetic
reconnection proceeds, a downward flow is blocked by the
bottom wall and creates the pile-up region which expands
in time and eventually pushes the diffusion region upward.
The upward flow, on the other hand, continues to grow in
length until its leading edge reaches the upper wall. The
choice of Ly is not sensitive to the results presented in this

Letter, and thus any effect from the upper wall is not
important. The diffusion region is also elongated, and the
final length of the electron current sheet becomes as long as
�50�i.

The black curve in Fig. 1(d) shows the X-line position
defined by the Bx reversal point, Bx ¼ 0. A distinct retreat
process starts at �cit� 85. The X line moves away from
the wall monotonically. Although a jump appears at�cit�
145 due to a magnetic island generated by a secondary
tearing instability, the X-line motion continues even after
the upward outflow reaches the upper wall. The approxi-
mate time of the outflow collision with the wall is �cit�
180.

Figure 1(e) shows various flow speeds. While the up-
ward ion flow becomes super-Alfvénic and continues to
increase until the time of collision with the wall, the down-
ward ion flow reaches �0:3vA at �cit� 80 when it is
blocked by the bottom wall (marked by the arrow). The
downward flow speed soon decreases and is followed by
the upward motion of the X line. In contrast, the retreat
speed and the ion flow speed at the X line are roughly
constant at the same value �0:1vA, although disturbances
appear at �cit� 145 due to a secondary tearing.

A striking feature can be found around the diffusion
region. Figure 2 shows an enlarged view of the diffusion
region for Run 1 at �cit� 115 when the upward electron

speed is saturated. In this figure, data are accumulated over
one gyro period. Coordinates are shifted so that the X line
comes to the origin. This simulation, along with others
with different H, reveals that the ion and electron stagna-
tion points are not collocated with the X line. As the pile-up
region expands, the lower half of the outer diffusion region
is modulated, and ion flows are deflected. As a result, the
ion stagnation point is shifted downward about the distance
of �i from the X line (marked by the blue horizontal
arrow). This separation between the stagnation point and
the X line is almost constant in time as shown in Fig. 1(d).
The shift of the ion stagnation point leads to an upward ion
flow at the X line, resulting in a slow, rising motion of the X
line. While there is a high speed ion flow in the upper half
of the diffusion region (the curve labeled ‘‘I’’ in the bottom
panel), the typical value of the upward ion flow at the X
line was �0:1vA (‘‘II’’). The deflection can be recognized

TABLE I. Initial parameters and results of each run. Lengths
are normalized by the ion inertial length �i, times are by the
inverse ion cyclotron frequency ��1

ci and speeds are by the ion
Alfvén speed vA. � is the grid size. See text for details.

Lx Ly H � �i=� tcol tret vp

Run 1 76.8 204.8 12.8 25 20 80 83 0.3

Run 2 76.8 204.8 25.6 25 20 90 98 0.5

Run 3 102.4 204.8 51.2 25 20 110 140 1.0

Run 4 102.4 204.8 102.4 25 20 120 � � � � � �
Run 5 170.7 341.3 25.6 9 12 90 98 0.5

FIG. 1 (color online). Overview of the retreating X line for
Run 1: (a)–(c) normal electron current Jez. (d) positions of the X
line and the stagnation points. (e) the X line retreat speed,
upward and downward maximum flow speeds for ions and
electrons, and the flow speeds at the X line for ions and electrons.
A stagnation point is defined by the flow reversal point.
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as the double peak feature in the cut of the downward
outflow (‘‘III’’).

In contrast to ions, electrons do not show strong deflec-
tion and exhibit well-developed outflow jets both upward
and downward, although the downward jet is limited in
length. The typical length of the downward electron jet is
�5�i and remains constant throughout the run. The maxi-
mum value of the electron flow speed, however, is quite
fast and reaches 0:65vAe, as can be seen in the left panel.
This is almost the same as the maximum speed of the
upward electron jet. We have found that all retreating cases
show nearly the same maximum speed of the downward
electron jet, i.e., 0:7vAe. The length of the jet, on the other
hand, becomes slightly larger for larger H. For Run 3, the
length reached �10�i.

We further examined the out-of-plane component of the
generalized Ohm’s law along x ¼ 0 as shown in the right
panel of Fig. 2 [4]. It is expressed as

Ez ¼ �mevey

e

@vez

@y
þ 1

c
veyBx � 1

ne
r � � (1)

where ve is the electron bulk velocity, � ¼ pexzx̂þ peyzŷ

is the flux of z-directed electron momentum in the recon-
nection plane (not including convection of momentum)
with pe the electron pressure tensor. The observed electric
field (solid dark curve) is balanced by the sum (dashed

curve) of the electron inertia, the Lorentz force, and the
divergence of the momentum flux. Note that the time
variation term is negligible and is not considered here.
As is the case for nonmoving, symmetric reconnection
reported previously [4], the major contribution to the inner
diffusion comes from the pressure term. The upward outer
diffusion region is also similar to the symmetric case. On
the other hand, the downward outer diffusion region is
highly modified. Steeper acceleration of vey and piled-up

Bx make the Lorentz term profile to be sharper. The inertia
term with the opposite sign is also enhanced because of
steeper gradient of vez in the short jet. The striking feature
is that both are enhanced in a balanced way such that Ez as
a whole shows the almost flat profile along the x-axis.
The above finding leads to the idea that the downward

outer diffusion region adjusts itself to buffer the effects of
the wall such that the reconnection electric field is deter-
mined irrespective of the asymmetric boundary condition.
This idea is inspected in Fig. 3 which shows the reconnec-
tion rate, ER, of all runs. ER is determined by averaging the
electric field over a small square region centered at the X
line. We have verified that taking the time derivative of the
total magnetic flux between the X line, and the bottom
center of the pile-up region yields identical profile as ER.
For Runs 1–3 and 5, the upward outflow jet reaches the
upper wall well after �cit� 160. For Run 4, both upward

FIG. 2 (color online). Enlarged view of the retreating X line for Run 1 obtained at �cit ¼ 115. The center panel shows the electron
flow in ŷ direction Vey (color code) as well as ion flow directions in the x� y plane (vectors). The left panel shows quantities Bx,

Vey=
ffiffiffiffi

�
p

, and Viy along x ¼ 0 whereas the right panel shows the electric field terms of the generalized Ohm’s law along x ¼ 0. The

bottom panel shows Viy cut along the horizontal lines in the color code. The purple and yellow arrows in the right panel show the outer

and inner diffusion regions (DR), respectively.
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and downward jets collide at around �cit� 120. It is
evident that retreating cases (Runs 1–3) show almost the
same profile as the nonretreating case (Run 4). Moreover,
the profile for Run 5 confirms the earlier result that ER does
not depend on � [10]. Relatively large fluctuations are due
to secondary islands whose appearance times are indicated
by the horizontal arrows. Also illustrated in Fig. 3 are the
timings of the jet collision with the wall as well as the
X-line retreat. It clearly shows that the rising motion of the
diffusion region is associated with the expansion of the
pile-up region rather than the peak ER.

To summarize, the retreat motion of the X line is con-
stant (�0:1vA). This speed does not depend on the initial
distance of the X line from the wall,H, except of course the
nonretreating case. The downward outflow region is
largely modulated by the asymmetry. The ion deflection
pattern depends on H and so is the length of the electron

downward jet. The outer diffusion region is not elongated
as in the case of symmetric reconnection. In terms of the
reconnection rate, however, it stays the same as the sym-
metric case thanks to the internal balance within the down-
ward outer diffusion region.
In addition to the initial distance from the wall, a de-

pendence on the mass ratio � should also be addressed.
What we have found here is the tendency for more mag-
netic islands to emerge with smaller �. These islands may
help maintain fast reconnection [1]. In fact, as shown in
Fig. 3, the� ¼ 9 case (Run 5) generated two large islands,
yet keeping the same reconnection rate as the other runs.
Another important aspect of the � dependence is the
separation between the ion stagnation point and the X
line, but we could not measure �xs for the � ¼ 9 case
because of the successive generation of the secondary
islands. The mass dependence of the size of the separation
will be studied in our future paper. Note the fact, however,
that the retreat speed was roughly equal to the ion flow
speed so that the X line and the stagnation will be collo-
cated in the X-line rest frame of reference.
Finally, it should be mentioned that the X-line speed can

be faster than the self-retreating speed of 0:1vA if, say, it is
blown by another dominant X line. Recent two-fluid simu-
lations show that its reconnection rate is reduced and
reconnection at the moving X line is eventually terminated.
Particle simulations for this kind of situations are also
needed.
This work was partially supported by the Grant-in-Aid

for Creative Scientific Research (17GS0208) from the
MEXT, Japan. M.O. was supported by JSPS.
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FIG. 3 (color online). Dependencies of reconnection rate on
the initial distance from the wall (upper panel) and the mass ratio
� (lower panel). The horizontal arrows show periods of second-
ary island appearances. The straight vertical arrows show the
approximate times of the collision of the downward jet tcol which
is defined by the peak in the profiles of the downward ion flow
speed (see, for example, the blue arrow in Fig. 1). The dashed
vertical arrows show the start times of the X-line retreat, tret. The
numbers annotated below each dashed arrow are the downward
ion flow maximum vp=vA. There is no vertical arrow for Run 4

because it is the nonretreating case.
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Impulsive chromospheric heating of two-ribbon flares
by the fast reconnection mechanism
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Chromospheric heating of two-ribbon flares is quantitatively studied for different values of R0, the
ratio of the chromospheric plasma density to the coronal one, on the basis of the spontaneous fast
reconnection model. In general, occurrence of impulsive chromospheric joule heating is delayed for
the larger R0 because of more Alfvén traveling time in the chromosphere. Once the chromospheric
heating occurs, the temperature becomes more than 30 times its initial value for the case of R0

=400 in a pair of layers of deep chromosphere, and the region of high temperature shifts upward and
becomes broader with time, since the chromospheric thin layer of joule heating shifts upward
according to a pileup of reconnected field lines in the flare loop; then, chromospheric evaporation
grows and extends outward, and its velocity becomes comparable with the coronal downflow
velocity inside the loop boundary. The impulsive chromospheric heating is caused by drastic
evolution of the flare current wedge, through which some part of the coronal sheet current suddenly
turns its direction to be concentrated into the chromospheric thin layer; simultaneously, a
magnetohydrodynamic �MHD� generator arises ahead of the flare loop top to provide a new current
circuit inside the large-scale flare current wedge. Hence, it is concluded that the powerful MHD
generator, sustained by the fast reconnection jet, drives the flare current wedge to evolve, leading to
the impulsive chromospheric heating. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2884715�

I. INTRODUCTION

It is well understood by observations that magnetic re-
connection is essential for solar flares.1 Theoretically, the fast
reconnection mechanism involving standing slow shocks
should be most responsible for flare phenomena, such as so-
lar flares and geomagnetic substorms. A possible fast recon-
nection configuration was first proposed by Petschek and ex-
tensively studied in two-dimensional �2D� steady
magnetohydrodynamic �MHD� flows,2 and it has been be-
lieved that external boundary conditions control the fast re-
connection configuration.3 However, it was shown that the
fast reconnection mechanism can be realized only when a
localized resistivity is applied.4 Hence, full agreement has
not yet been attained concerning the physical mechanism of
fast reconnection evolution, so that most of the previous the-
oretical studies on solar flares were based on 2D cartoon
models surmised from the Petschek model.5 However, actual
flares occur in three-dimensional �3D� situations, so that it is
essential to clarify such a 3D fast reconnection mechanism
that is applicable to complicated flare phenomena.

Any effective reconnection process must provide a dis-
sipation mechanism in the small X reconnection region of
electron inertial length, where E ·J�0 and hence E=�J ��
�0 is the effective resistivity�.6 The effective resistivity in
space �collisionless� plasmas may be provided by current-
driven microturbulences, often called “anomalous
resistivity;”7 in fact, current-driven anomalous resistivities
are detected in laboratory plasmas.8 Therefore, in studying

the fast reconnection mechanism theoretically, it is essential
to clarify the self-consistent interaction between the effective
resistivity in the small reconnection region and the ambient
global reconnection flow.

In this respect, we have proposed the spontaneous fast
reconnection model. First, the basic feature of a long current
sheet system was examined in detail, and it was demon-
strated for 2D MHD flows that, if there is no effective resis-
tivity, the current sheet, initiated by a small disturbance, be-
comes drastically thinner with time by nonlinear �pinch�
effects, leading to extremely large current density �in the
framework of MHD, the current density becomes infinitely
large�.9 On the basis of this characteristic of the current sheet
system, we have demonstrated for a wide variety of anoma-
lous resistivity models that once current-driven anomalous
resistivities are ignited, the fast reconnection mechanism can
be realized as an eventual solution of MHD by the nonlinear
instability due to positive feedback between anomalous re-
sistivities and reconnection flows.6,10 In general 3D situa-
tions, we find that the fast reconnection mechanism can be
realized only when the initial current sheet width is 3–4
times larger than its thickness, since the positive feedback
works only when this condition is satisfied.11,12

Recently, the 3D spontaneous fast reconnection model
has been successfully applied to geomagnetic substorms. For
instance, in situ satellite observations of the traveling com-
pression regions associated with large-scale plasmoids trav-
eling down the tail, known as definite signatures of
substorms,13 were first explained exactly both qualitatively
and quantitatively.14 With respect to auroral flares, the so-
called substorm current wedge is known as one of the mosta�Electronic mail: ugai@cosmos.ehime-u.ac.jp.
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fundamental long-standing questions, since it has been be-
lieved by observations that drastic current wedge evolution
gives rise to impulsive auroral electrojets. For this question,
we first demonstrated definitely that the magnetospheric cur-
rent wedge drastically evolves when the fast reconnection jet
collides with the magnetic loop.12,15

In addition to substorms, the fast reconnection model has
been successfully applied to a variety of solar flare
phenomena.16,17 In our recent paper �hereafter called Paper
1�, the 3D spontaneous fast reconnection model was applied
to two-ribbon flares, and the well-known morphological fea-
tures are generally explained.18 The main theme of the
present paper is to extend Paper 1 and study more quantita-
tively the physical mechanism of two-ribbon chromospheric
heating for different parameter values. In addition, our con-
cern is directed as clarifying the physical mechanism that
drives the so-called flare current wedge, through which a part
of the coronal sheet current suddenly turns its direction to be
concentrated into the chromospheric thin layer, giving rise to
drastic current intensification and to impulsive temperature
rise there.

II. SIMULATION MODELING

The present simulation model is quite similar to that of
Paper 1, and computations will be done for different param-
eter values of the chromospheric plasma density.

A. Basic equations

The compressible MHD equations are

D�/Dt = − � � · u, �Du/Dt = − �P + J � B ,

�B/�t − � � �u � B� = − � � ��J� ,

�1�
�De/Dt = − P � · u + �J2,

J = � � B/�0, � · B = 0,

where D /Dt�� /�t+u ·�; the gas law, P= �
−1��e, is as-
sumed �e is the internal energy per unit mass, and 
 is the
specific heat ratio with 
=5 /3 assumed here �an adiabatic
case��, as is Ohm’s law, E+u�B=�J �� may be an effec-
tive resistivity�. The basic equations �1� are transformed to a
conservation-law form, and the modified Lax–Wendroff
scheme is used for the numerical computation.

B. Initial-boundary conditions

An antiparallel magnetic field B= �Bx�y� ,0 ,0� is initially
assumed as Bx�y�=sin��y /2� for 0�y�1; Bx=1 for 1�y
�4; Bx=cos��y−4�� /1.2� for 4�y�4.6; Bx=0 for y�4.6;
also, Bx�y�=−Bx�−y� for y�0. Fluid velocity u= �0,0 ,0�,
and plasma pressure P�y� satisfies the pressure-balance
condition

P + Bx
2 = 1 + �0, �2�

where �0 is the ratio of the plasma pressure to the magnetic
pressure in the ambient magnetic field region 1�y�4, so

that P�y=0�=1+�0 initially �here, �0=0.15 is taken�. Also,
plasma density � initially satisfies

��x,y� = �R0 exp�− �x/0.4�4� + 1�P�y�/�1 + �0� , �3�

where R0 is taken to be much larger than unity, so that the
x=0 plane corresponds to the deep �lower� chromosphere,
and the middle chromosphere may be at x�0.4. Here, Bz

=0 is assumed initially because of the symmetry boundary
conditions, although a nonzero Bz may have some effects on
the dynamics.19

The normalization of quantities, based on the initial
quantities, is self-evident: Distances are normalized by the
current sheet half-thickness d0, B by Bx0, P by P0

=Bx0
2 / �2�0�; also, � by �i=��y=0� in the corona, u by

VAx0�=Bx0 /��0�i�, time t by d0 /VAx0. The Alfvén velocity in
the ambient magnetic field region �1�y�4� in the corona is
given by VAe=VAx0 /��e ��e=�0 / �1+�0��. The normalized
temperature is given by T= P /�, so that T0=1+�0 and T
=T0 / �R0+1� are the initial coronal and chromospheric tem-
peratures, respectively.

Here, the conventional symmetry boundary conditions
are assumed on the z=0, x=0, and y=0 planes. Hence, the
computational region can be restricted to the first quadrant
only and taken to be a rectangular box, 0�x�Lx, 0�y
�Ly, and 0�z�Lz; also, for simplicity, the symmetry
boundary condition is assumed on the outer boundary plane
x=Lx, and on the other boundary planes �y=Ly and z=Lz�,
the free boundary conditions are assumed.12,18

The effective resistivity for Ohm’s law �normalized by
�0d0VAx0� may be assumed to be18

�D�r,t� = kd�Vd�r,t� − VC� for Vd � VC,

�4�
=0 for Vd � VC,

where Vd�r , t�= 
J�r , t� /��r , t�
 is the relative electron-ion
drift velocity; or

�J�r,t� = kj�
J�r,t�
 − JC�2 for 
J
 � JC.

�5�
=0 for 
J
 � JC,

where VC and JC are the thresholds. Here, we may take the
resistivity model

� = �S + �D + �J, �6�

where �S=�C�T /T0�−1.5 is the Spitzer resistivity �T0=1+�0

is the initial coronal temperature�. In what follows, we take
kd=0.003 and VC=12 in Eq. �4�, kj =0.0001 and JC=3 in Eq.
�5�, and �C=0.0000001.18

In order to disturb the initial configuration, a localized
resistivity is assumed at x=Lx in the 3D form

��r� = �0 exp�− ��x − Lx�/kx�2 − �
y
/ky�3 − �
z
/kz�3� , �7�

which causes magnetic reconnection as a disturbance. Here,
we take kx=ky =0.8 and kz=5 with �0=0.02. This disturbance
equation �7� is imposed only in the initial time range 0� t
�4, and the resistivity model equation �6� is assumed for
t�4.
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The parameters for the numerical computations are taken
to be Lx=10, Ly =9.6, and Lz=9.8, with the mesh sizes, �x
=0.04, �y=0.015, and �z=0.1.

III. RESULTS

Computations have been done for the cases of R0=0, 49,
100, and 400 in Eq. �3� with the other conditions being quite
the same. The qualitative features of the resulting chromo-
spheric heating are found to be generally similar, and the
basic morphological features were already reported for R0

=100 in Paper 1; also, the results for R0=49 are found to be
quite similar to those for R0=100, except that the impulsive
chromospheric heating occurs at a somewhat earlier time for
R0=49. Hence, in what follows, the results for R0=400 will
mainly be shown, which may quantitatively be compared
with those for R0=100, so that detailed structures of chromo-
spheric heating will be clarified.

A. General remarks

In the present flare model, all the distinct plasma pro-
cesses result from the fast reconnection mechanism proceed-
ing in the corona, where magnetic reconnection grows at x
=Lx=10, and the resulting fast reconnection jet collides with
the magnetic loop.18 Hence, in understanding the compli-
cated physical processes, it is fundamental to show, first of
all, how the fast reconnection mechanism in the corona
causes the Alfvénic jet and the large-scale magnetic loop
structure. We find that the basic fast reconnection evolution
in the corona �x�1� is not significantly influenced by the
chromosphere, so that the resulting fast reconnection jet and
magnetic loop structure in the corona is found to be gener-
ally consistent with the one already reported in our previous
papers on the 2D and 3D dynamics of the magnetic loop for
R0=0,20 whereas the dynamics in the chromosphere �0�x
�0.4� may strongly depend on R0.

Figure 1 shows for R0=400 the profiles of the fast re-
connection jet ux along the x axis �y=z=0� at different times.
In the initial phase of the fast reconnection evolution �t
=36�, the jet begins to grow from near the X reconnection

region �x=10�, and then it is quickly accelerated to the
Alfvén velocity VAe�2.7, measured in the ambient magnetic
field region, because of the strong motor �J�B� force in the
standing slow shock layer associated with the fast reconnec-
tion mechanism. The chromospheric plasma in x�0.4 can
hardly move because of the large plasma density.

In the similar manner, Fig. 2 shows for R0=400 the pro-
files of the reconnected field component By along the x axis.
The reconnected field lines have been carried by the recon-
nection jet toward the chromosphere, giving rise to a large-
scale magnetic loop. The position, where the By field has the
peak value, first shifts to the negative x direction, and then it
shifts to the positive x direction for t�44, since then the
magnetic loop is expanding outward. In this case, the basic
structure of the magnetic loop and the fast reconnection jet,
involving slow and fast shocks, is established at t=44.

It may be instructive for later discussion to definitely
identify the characteristic regions associated with the result-
ing magnetic loop structure. Hence, Fig. 3 typically shows

FIG. 1. Profiles of the reconnection ouflow velocity ux along the x axis at
different times for the case of R0=400.

FIG. 2. Profiles of the reconnected field component By along the x axis at
different times for the case of R0=400.

FIG. 3. Typical profiles of the fast reconnection jet ux and the reconnected
field component By along the x axis at time T=44 for the case of R0=100,
where Xf and Xl indicate, respectively, the location of the fast shock and that
of the magnetic loop center.
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for R0=100 the profiles of ux and By along the x axis, where
Xf indicates the location of the fast shock and Xl the location
of the magnetic loop center. As was previously shown in
detail, the supersonic reconnection jet for x�Xf in the high-
� region becomes subsonic across the shock by enhancing
the plasma temperature.20 In accordance with the magnetic
loop expansion, the locations of Xl and Xf may move in the
positive x direction �Figs. 1 and 2�.

Figure 4 shows for R0=400 the magnetic field configu-
rations in the z=0 plane and the plasma pressure distribu-
tions in the x=0 plane at different times. At t=42, the fast
reconnection jet strongly compresses the magnetic loop top,
but the field lines in the lower chromosphere �x�0.4� are not
yet disturbed and are almost line-tied because of the large
plasma density, whereas for R0=100 the deep chromosphere
�x=0� is already disturbed distinctly at t=42;18 also, for R0

=0 it is disturbed at t=40.5.15 In the case of R0=400, the
plasma pressure P in the deep chromosphere �x=0� is impul-
sively enhanced at t=44, and as time progresses, the chro-
mospheric region of enhanced plasma pressure expands out-
ward, leading to flare loop expansion toward the corona.

B. Impulsive chromospheric heating

Here, let us examine quantitatively how the chromo-
spheric temperature is enhanced according to the drastic evo-
lution of the fast reconnection jet in the corona. First of all,
Fig. 5 shows for the cases of R0=100 and 400 the
y-directional profiles of the temperature T in the deep chro-
mosphere �x=z=0� as well as the plasma flow velocity ux,
measured at x=0.4�z=0� at times t=39 and 40, when the
lower chromosphere is not yet disturbed drastically. In this
time range, the temperature is directly enhanced by the down
flow �ux�0� of the coronal hot plasma heated by the recon-
nection process. Since the coronal plasma is of much lower

density, the resulting temperature rise is not so effective, de-
spite that the down flow velocity �ux�0� becomes consider-
ably larger at t=40 for R0=100.

The impulsive rise of chromospheric temperature may
occur when the chromospheric current density Jz, which ini-
tially flows in the negative z direction, drastically increases.18

Hence, Fig. 6�a� shows for R0=400 the profiles of Jz along
the y axis �z=x=0� and indicates that Jz�0 is remarkably
enhanced at t=46 in the loop footpoint layer of reconnected
field lines �Fig. 4�, causing the anomalous resistivity �J,
whereas before t=44 Jz�0 does not significantly increase in
the x=0 plane. Figure 6�b� shows the y-directional profiles of
the resulting joule heating �J2 at x=0.4 as well as at x
=0�z=0�. At t=44, joule heating does not yet occur effec-
tively in the deep chromosphere �x=0�, whereas it occurs in
the middle chromosphere �x=0.4�. It may hence be stated
that for R0=400 the joule heating occurs effectively for t
�44 in the chromosphere �0�x�0.4�; then, the thin layer
of joule heating shifts upward with time.

Figure 7 shows for R0=100 and 400 the temperature
profiles along the y axis �x=z=0� at different times. At t
=40 for R0=100 or at t=42 for R0=400, the temperature
increases only by the downflow of coronal hot plasma �Fig.
5�. In both cases, as soon as the chromospheric joule heating
is impulsively triggered �Fig. 6�, the temperature is remark-
ably enhanced in the location of joule heating, so that the
layer of high temperature shifts upward and becomes broader
with time. These results demonstrate that the impulsive rise
of chromospheric temperature is caused immediately by the
drastic chromospheric joule heating that occurs when the
chromospheric current density Jz�0 is notably enhanced.

In order to see the overall flare loop structure, Fig. 8
shows the resulting temperature distribution at t=50 for R0

=400. In the corona, the temperature is distinctly enhanced
in the X reconnection region �x�10� and the fast reconnec-
tion jet region, where plasma density is remarkably
rarefied;20 also, it is notably enhanced along the magnetic
loop boundary and ahead of the loop top. In the deep chro-
mosphere �x=0�, where the initial temperature T=1.15 /401,
T increases in the shape of two-ribbons in view of the sym-
metry boundary conditions, and it becomes more than 30

FIG. 4. �Color online� Magnetic field configurations in the z=0 plane and
contour lines of plasma pressure P in the x=0 plane for R0=400 at different
times.

FIG. 5. Profiles in the x direction of the temperature T, measured at x
=0�z=0�, and the downflow velocity ux�0 measured at x=0.4�z=0� �left�
for R0=100 and �right� for R0=400.
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times its initial value. The resulting temperature rise of the
overall flare loop is qualitatively consistent with that for R0

=100.18

C. Chromospheric evaporation

The chromospheric temperature rise certainly leads to an
increase in plasma pressure, so that the chromospheric
plasma of high density may erupt into the corona by the
resulting pressure-gradient force. Figure 9 shows for R0

=400 the plasma flow vectors and the distributions of joule
heating �J2 at times t=46 and 50. Inside the loop boundary,
there are two distinct plasma flows: One is the coronal down-
flow toward the loop footpoint, which is mostly caused by
the slow shock standing along the loop boundary,20 and the
other is the so-called chromospheric evaporation. As the
magnetic loop expands outward, the chromospheric evapora-
tion also extends outward into the corona.

In order to see quantitatively the chromospheric evapo-
ration, Fig. 10 shows for R0=400 the y-directional profiles of
the flow velocities across the loop boundary, measured at x
=1.6�z=0� just above the chromosphere at different times. In
this figure, ux�0�uy �0� indicates the chromospheric evapo-
ration, and ux�0�uy �0� the coronal downflow �Fig. 9�,
whereas above the loop boundary there is no significant flow

�ux�0�. At t=48, the chromospheric evaporation velocity
becomes comparable with the coronal downflow velocity,
and as time progresses the layer of chromospheric evapora-
tion shifts in the positive y direction, which results from the
flare loop expansion �Fig. 9�.

FIG. 6. Profiles in the y direction of �a� the current density Jz, measured at
x=0�z=0�, and �b� the joule heating �J2, measured at x=0 and x=0.4�z
=0�, for R0=400.

FIG. 7. Profiles of the temperature T along the y axis at different times for
the cases R0=100 and R0=400.

FIG. 8. �Color online� Temperature distribution for R0=400 at t=50 with
the contour interval of 0.015 in the x=0 plane and that of 0.8 for x�0.
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D. MHD generator and current wedge evolution

In Paper 1, we demonstrated that the extreme increase in
the current density in the chromospheric two-ribbon layers is
caused by drastic evolution of the flare current wedge.18

When the fast reconnection jet collides with the magnetic

loop, the current wedge suddenly evolves, so that the coronal
sheet current, flowing in the negative z direction, turns its
direction to be concentrated in the loop footpoint layer of
reconnected field lines in the deep chromosphere, leading to
a large-scale redistribution of the overall current system.12,15

In fact, the region, where the 3D fast reconnection process
proceeds, is limited in a finite z-directional extent, in 
z

�ZR say, so that the initial sheet current may drastically
change its profile in 
z
�ZR.

An important question may be how such a vital current
wedge evolution can be realized by the fast reconnection
dynamics proceeding in 
z
�ZR. In this respect, we sug-
gested in Paper 1 that a MHD generator may work ahead of
the magnetic loop, which could play a crucial role in driving
the current wedge to evolve. In order to examine this idea,
Fig. 11 shows the profiles of Ez ,Jz and E ·J�=EzJz� along the
x axis across the magnetic loop top �Fig. 2� for R0=400 and
indicates that there is a region where Jz���By /�x� becomes
positive and E ·J is negative around x=2 at t=44 or around
x=2.5 at t=46 �the extent of this region is indicated by XG,
which is located inside Xl�x�Xf ahead of the loop top
�Figs. 2 and 3��. In the region XG, E�−u�B, and E ·J
�u · �J�B�, so that E ·J�0 indicates a MHD generator,
which is provided and sustained by the fast reconnection jet
ahead of the loop.

In order to examine the current circuit that is connected
FIG. 10. Profiles in the y direction of ux at times t=46, 48, and 50, and uy

at t=48, measured at x=1.6�z=0� for R0=400.

FIG. 9. �Color online� Plasma flow vectors and distributions of joule heating
�J2 for R0=400 in the x=0, y=0, and z=0 planes.

FIG. 11. Profiles of Jz ,Ez and E ·J at times t=44 and 46 along the x axis for
R0=400, where XG indicates the extent where E ·J�0.
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to the generator, Fig. 12�a� shows for R0=400 the current
flow lines, defined as the lines drawn along the current den-
sity vectors,15 that pass through the generator region XG at
t=46. This figure indicates that a new current circuit, C1 say,
is suddenly set up inside the magnetic loop to connect the
MHD generator ahead of the loop top to the loop boundary
above the chromospheric loop footpoint, where effective
joule dissipation occurs �Fig. 9�. Also, Fig. 12�b� shows the
flare current wedge that has evolved simultaneously, so that
the coronal sheet current turns its direction toward the loop
footpoint in the deep chromosphere to strongly intensify the
current density Jz�0 in the x=0 plane �Fig. 6�.

In order to see the current circuit C1 more generally, Fig.
13�a� shows for R0=100 that the current circuit C1 in fact
builds up, through which the MHD generator is connected to
the flare loop boundary immediately above the chromo-
spheric loop footpoint; also, Fig. 13�b� shows that the flare
current wedge has simultaneously evolved. Hence, we again
see that the flare current wedge evolves in accordance with
the current circuit C1 that evolves inside the large-scale flare
current wedge. Since any distinct plasma process should be
caused by the reconnection dynamics in 
z
�ZR, we may

conclude that the powerful MHD generator ahead of the loop
top plays a dominant role in driving �or inducing� the flare
current wedge to evolve drastically, leading to impulsive
heating in the deep chromosphere.

IV. SUMMARY AND DISCUSSION

In Paper 1, morphological features of two-ribbon flares
were examined. The present paper extends it and quantita-
tively studies the chromospheric two-ribbon heating for dif-
ferent values of the initial chromospheric density, R0. In gen-
eral, for R0�1, the chromospheric plasma cannot move
easily, so that magnetic field lines may be almost line-tied in
the deep chromosphere. For the case of larger R0, it takes
more time for the impulsive heating to take place in the deep
chromosphere �x=0�. This may indicate that the drastic in-
crease in the current density due to distinct changes in
magnetic fields in the lower chromosphere is delayed for
larger R0.

The chromospheric joule heating impulsively occurs
when the current density is suddenly enhanced in the thin
layer of the chromospheric loop footpoint around the sepa-
ratrix of reconnected field lines. Accordingly, the tempera-

FIG. 12. �Color online� �a� Current flow lines, denoted by C1, that pass
through the generator region XG at t=46 for R0=400, and in �b� the current
wedge �CW� that is formed at t=46 is also shown.

FIG. 13. �Color online� �a� Current flow lines, denoted by C1, that pass
through the generator region XG at t=44 for R0=100, and in �b� the current
wedge �CW� that is formed at t=44 is also shown.
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ture is simultaneously enhanced in the layer of deep chromo-
sphere �x=0�, and the chromospheric layer of enhanced
temperature shifts upward and becomes broader with time,
since the separatrix moves upward in accordance with pileup
of the reconnected field lines inside the flare loop. For the
case of R0=400, the enhanced temperature becomes more
than 30 times its initial value in the deep chromosphere,
whereas the temperature rise due to downflows of coronal
hot plasma is not so effective.

The impulsive chromospheric heating results in plasma
pressure increase, so that the chromospheric plasma of high
density eventually erupts outward into the corona, giving rise
to the chromospheric evaporation. Hence, inside the flare
loop boundary, there are two distinct plasma flows in the
inverse directions: One is the downflow of coronal hot
plasma toward the loop footpoint, and the other is the chro-
mospheric evaporation. As the loop expands outward, the
chromospheric evaporation also extends in the corona, and
the evaporation velocity becomes comparable with the coro-
nal downflow velocity.

The impulsive intensification of the chromospheric cur-
rent density results immediately from the flare current wedge
evolution, by which some part of the coronal sheet current,
flowing into the fast reconnection region in 
z
�ZR, suddenly
turns its direction to be concentrated into the chromospheric
thin layer. At the same time, there appears a region, XG,
ahead of the flare loop top, where a MHD generator, E ·J
�u · �J�B��0, works; accordingly, such a current circuit,
C1, is suddenly set up that connects the MHD generator to
the dissipation region of loop boundary above the chromo-
spheric footpoint. Since any distinct plasma process should
be driven by the reconnection dynamics in 
z
�ZR, we may
conclude that the powerful MHD generator ahead of the loop
top drives �or induces� the flare current wedge to evolve
drastically. This situation was already illustrated in Fig. 6 of
Paper 1, but that figure was not complete, so that it is re-
drawn in Fig. 14 on the basis of the present results �Figs. 12
and 13�.

The drastic current wedge evolution occurs when the fast
reconnection jet collides with the flare loop and the magnetic
fields in the loop are strongly sheared, leading to field-
aligned currents due to the resulting sheared fields Bz inside
the flare loop.15 In terms of MHD waves, large-amplitude
Alfvén waves may be triggered by the collision of the fast
reconnection jet with the flare loop top and propagate along
the loop toward the chromosphere. Hence, until the Alfvén
waves arrive at the footpoint of the deep chromosphere, dis-
tinct joule heating cannot be caused there. Since the Alfvén
velocity is proportional to �−1/2, the Alfvén traveling time in
the chromosphere becomes longer for the larger R0, so that
we understand the fact that the start of the impulsive chro-
mospheric heating is delayed for the larger values of R0.

Finally, it may be instructive to discuss the previous the-
oretical models. The observed two ribbons have been consid-
ered to be consequences of heat flow along the magnetic
field line, which was examined by 2D MHD simulations on
the basis of the spontaneous fast reconnection model.21 How-
ever, it is difficult to exactly obtain the heat conduction co-
efficient along the complicated loop field lines for coronal

plasmas, and the initial current sheet cannot be in static equi-
librium in the presence of heat conduction. Hence, any heat
conduction is not assumed in the present model, which
should be considered for a more realistic model. In view of
helicity conservation, the present model is simple, and the
magnetic helicity is conserved for the region extended to the
negative z direction because of the symmetry boundary con-
ditions. In fact, an occurrence of fast reconnection mecha-
nism may significantly be limited in a local region of corona
where a current sheet of sufficiently large size is formed,
leading to drastic coronal heating �Fig. 8�. Hence, the fast
reconnection mechanism could provide nanoflares and may
hence play an important role in effective coronal heating.22
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The evolution of fast reconnection in a three-dimensional current
sheet system
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By showing the details of the numerical procedure, global dynamics of the current sheet system is
systematically studied by three-dimensional magnetohydrodynamic simulations in the parameter
range where the numerical resistivity is much smaller than the physical resistivity. In the absence of
resistivity, initiated by a reconnection disturbance, current sheet thinning drastically occurs because
of the sheet pinch, leading to extreme increase in current density around the X neutral point. For the
uniform resistivity model, the drastic current increase is suppressed by the magnetic diffusion
�reconnection�, but the reconnection jet cannot be accelerated effectively, so that any fast
reconnection mechanism cannot evolve; for the smaller resistivity, the current density at the X point
becomes larger. Once current-driven anomalous resistivities build up, both the reconnection flow
and the anomalous resistivity simultaneously grow to enhance each other, eventually giving rise to
the Alfvénic fast reconnection jet. However, if the current sheet width is smaller than three times its
thickness, the fast reconnection mechanism cannot be realized even in the presence of anomalous
resistivity. Hence, only when a thin current sheet of sufficiently large scale is formed in space
plasmas, the fast reconnection mechanism is likely to evolve drastically, leading to distinct plasma
processes responsible for flares and substorms. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2969737�

I. INTRODUCTION

It is well understood by observations that magnetic re-
connection is essential for solar flares1 and geomagnetic
substorms.2 Theoretically, the fast reconnection mechanism
involving standing slow shocks should be most responsible
for flare phenomena because of the resulting Alfvénic fast
reconnection jet. A possible fast reconnection configuration
was first proposed by Petschek and extensively studied in
two-dimensional �2D� steady magnetohydrodynamic �MHD�
flows,3 and it has been believed that external boundary con-
ditions control the fast reconnection configuration, so that
most of the theoretical studies have been directed to looking
for the fast reconnection mechanisms that can be realized
without any significant influence of the effective resistivity.4

In general, any effective reconnection process must pro-
vide a dissipation mechanism in the small X reconnection
�diffusion� region, where E ·J�0 and hence E=�J ���0 is
the effective resistivity�.5 The effective resistivity in space
�collisionless� plasmas may be provided by current-driven
microturbulences, often called “anomalous resistivity;”6 in
fact, current-driven anomalous resistivities are detected in
laboratory plasmas.7 Therefore, in studying the fast recon-
nection mechanism theoretically, it is essential to clarify the
self-consistent interaction between the effective resistivity in
the small reconnection region and the ambient global recon-
nection flow.

Recently, various reconnection modeling groups system-
atically examined the 2D reconnection evolutions in a cur-
rent sheet system.8 In their simulations, artificial dissipation
terms were not shown, and for particle simulations it seems

that the mesh numbers were too small to resolve exactly the
electron dynamics in the X reconnection region of electron
inertial length for a realistic mass ratio. They argued that the
Hall effects played a crucial role in attaining the fast recon-
nection rate almost independently of dissipation mecha-
nisms. However, the importance of the dissipation mecha-
nism around the X neutral point can be understood from the
following simple consideration. In the conventional 2D sym-
metric steady situation, employed by the theoretical
studies,3,4 the generalized Ohm’s law becomes E=�J at the
X point, where the Hall term vanishes. For a fast reconnec-
tion rate E�0.01VAB0, we obtain J�0.01�RmJ0, where
J0=B0 / ��0d� �d is the current sheet �diffusion region�
thickness�. If only the classical resistivity is considered,
Rm�1010 and J�108J0, so that if we take d�107 m the
diffusion region thickness becomes below 10 cm, which can
never be realized. Hence, the fast reconnection rate cannot be
sustained by classical resistivities; in other words, for any
fast reconnection mechanism responsible for substorms and
flares, it is necessary to consider current-driven anomalous
resistivities.

It was shown for the first time that the fast reconnection
mechanism can be realized as an eventual solution when a
localized resistivity is applied,9 so that we have proposed the
spontaneous fast reconnection model. First, it was demon-
strated for 2D MHD flows that, if there is no effective resis-
tivity, the current sheet, initiated by a small reconnection
disturbance, becomes drastically thinner by nonlinear �pinch�
effects, leading to extremely large current density in the X
region.10 On the basis of these results, we have demonstrated
for a wide variety of resistivity models and parameters that
once current-driven anomalous resistivities are ignited, the
fast reconnection mechanism can be realized as an eventuala�Electronic mail: ugai@cosmos.ehime-u.ac.jp.
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solution of MHD equations by the nonlinear instability due
to positive feedback between anomalous resistivities and re-
connection flows.10,11 In general three-dimensional �3D� situ-
ations, we argue that the fast reconnection mechanism can be
realized when the current sheet width is sufficiently larger
than its thickness.12,13

The spontaneous fast reconnection model has been suc-
cessfully applied to geomagnetic substorms14 and solar
flares.15 For instance, traveling compression regions �TCR�,
known as a clear signature of substorms,16 provide the most
definite evidence that the fast reconnection mechanism is
realized according to substorm onset, and the 3D spontane-
ous fast reconnection model exactly explains the in situ TCR
signatures both qualitatively and quantitatively.17 Also, it is
demonstrated that the magnetospheric current wedge, known
as a long-standing question for substorms, can be drastically
formed when the fast reconnection jet collides with the di-
pole field �magnetic loop�.13,18 Recently, the current wedge
evolution is applied to two-ribbon flares, and it is demon-
strated that most of the morphological features of two-ribbon
flares can be explained by this fast reconnection model; in
particular, the generator effect ahead of the loop top plays an
important role in the two-ribbon heating.19

However, it seems that the spontaneous fast reconnection
model is not fully understood; in particular, the physical
meaning of the nonlinear instability �positive feedback�,
which is the key to the spontaneous fast reconnection evolu-
tion in a current sheet system, seems to not be exactly rec-
ognized. This may be because it has been demonstrated by
simulations, so that it is difficult for anyone to readily obtain
the same results; in fact, some details of the numerical pro-
cedure were often in the black box. Hence, in this paper we
first show all the details of our numerical procedure, and the
major effects of numerical dissipation terms involved are
clarified. Then, we systematically examine the 3D global dy-
namics of long current sheet system, and the subsequent fast
reconnection evolution is studied by 3D MHD simulations;
in fact, the key physics of the fast reconnection dynamics
cannot be exactly understood without seeing the details of
the numerical procedure.

II. SIMULATION MODELING

The simulation model is taken to be quite similar to that
of our previous papers; in particular, the initial magnetic field
profile and the boundary conditions are quite the same as our
recent studies on the magnetic loop dynamics in a closed
system.18,19

A. Basic equations

The compressible MHD equations are

D�/Dt = − � � · u, �Du/Dt = − �P + J � B ,

�B/�t − � � �u � B� = − � � ��J� ,

�1�
�De/Dt = − P � · u + �J2,

J = � � B/�0, � · B = 0,

where D /Dt�� /�t+u ·�; the gas law, P= �
−1��e, is as-
sumed �e is the internal energy per unit mass, and 
 is the
specific heat ratio with 
=5 /3 assumed here �an adiabatic
case��, as is Ohm’s law, E+u�B=�J �� may be an effec-
tive resistivity�.

B. Initial-boundary conditions

An antiparallel magnetic field B= �Bx�y� ,0 ,0� is initially
assumed as Bx�y�=sin��y /2� for 0�y�1; Bx=1 for
1�y�4; Bx=cos��y−4�� /1.2� for 4�y�4.6; Bx=0 for
y�4.6; also, Bx�y�=−Bx�−y� for y�0. Fluid velocity
u= �0,0 ,0� and plasma pressure P�y� satisfies the pressure-
balance condition,

P + Bx
2 = 1 + �0, �2�

where �0 is the ratio of the plasma pressure to the magnetic
pressure in the ambient magnetic field region 1�y�4, so
that P�y=0�=1+�0 initially �here, �0=0.15 is taken�. Also,
plasma density � initially satisfies

� = P/�1 + �0� . �3�

Here, Bz=0 is assumed initially because of the symmetry
boundary conditions, although a nonzero Bz may have some
effects on the dynamics.20

The normalization of quantities, based on the
initial quantities, is self-evident: Distances are normalized
by the current sheet half-thickness d0, B by Bx0, P
by P0=Bx0

2 / �2�0�; also, � by �i=��y=0�, u by

VAx0�=Bx0 /��0�i�, time t by d0 /VAx0. The Alfvén velocity in
the ambient magnetic field region �1�y�4� is given by
VAe=VAx0 /��e�2.7 ��e=�0 / �1+�0��, and the normalized
temperature is given by T= P /�=1+�0.

Here, the conventional symmetry boundary conditions
are assumed on the z=0, x=0, and y=0 planes. Hence, the
computational region can be restricted to the first quadrant
only and taken to be a rectangular box, 0�x�Lx,
0�y�Ly, and 0�z�Lz; also, for simplicity, the symmetry
boundary condition is assumed on the outer boundary plane
x=Lx. On the other boundary planes �y=Ly and z=Lz�, the
free boundary conditions are assumed.9

The effective resistivity for the Ohm’s law �normalized
by �0d0VAx0� may be provided by current-driven anomalous
resistivities in space plasmas. Here, we consider the follow-
ing two anomalous resistivity models, �D and �J:

5,11

�D�r,t� = kd�Vd�r,t� − VC� for Vd � VC,

=0 for Vd � VC, �4�

where Vd�r , t�= 
J�r , t� /��r , t�
 is the relative electron-ion
drift velocity; also,

�J�r,t� = kj�
J�r,t�
 − JC� for 
J
 � JC,

=0 for 
J
 � JC, �5�

where VC and JC are the thresholds.
In order to disturb the initial configuration, a localized

resistivity is assumed at x=Lx in the 3D form
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��r� = �0 exp�− ��x − Lx�/kx�2 − �
y
/ky�3 − �
z
/kz�3� , �6�

which may provide a seed of magnetic reconnection. Here,
we take �0=0.02 and kx=ky =0.8 with different values of kz.
This reconnection disturbance is imposed only in the initial
time range 0� t�4, and the resistivity models will be as-
sumed for t�4.

III. NUMERICAL PROCEDURE

Here, let us show in some detail how the full MHD
equations �1� is numerically solved. The numerical procedure
involved is rather simple and almost the same as the one
taken in our earliest papers.9–11 The basic equations �1� are
transformed to the conservation form

�U/�t + �F/�x + �G/�y + �H/�z = 0, �7�

where U= �� ,�u ,B ,�� �� is the total energy density� describe
the MHD physical quantities, and F, G, and H are functions
of U.9 Hence, what MHD equations �1� state is that each of
the physical quantities U be conserved.

Let Ui,j,k
n denote U�x= i�x ,y= j�y ,z=k�z� at time

t=n�t ��x, �y, and �z are the mesh sizes, and �t is the time
step�; then, the two-step Lax–Wendroff scheme first provides
the auxiliary values at time t= �2n+1��t by

Ui,j,k
2n+1 = Ui,j,k

2n − ��t/2�x��Fi+1,j,k
2n − Fi−1,j,k

2n �

− ��t/2�y��Gi,j+1,k
2n − Gi,j−1,k

2n �

− ��t/2�z��Hi,j,k+1
2n − Hi,j,k−1

2n � , �8�

where Ui,j,k
2n = �Ui+1,j,k

2n +Ui−1,j,k
2n +Ui,j+1,k

2n +Ui,j−1,k
2n +Ui,j,k+1

2n

+Ui,j,k−1
2n � /6, and Fi,j,k

2n means F�Ui,j,k
2n �, and so forth. Then, the

physical values at t= �2n+2��t are finally obtained by

Ui,j,k
2n+2 = Ui,j,k

2n − ��t/�x��Fi+1,j,k
2n+1 − Fi−1,j,k

2n+1 � − ��t/�y�

��Gi,j+1,k
2n+1 − Gi,j−1,k

2n+1 � − ��t/�z��Hi,j,k+1
2n+1 − Hi,j,k−1

2n+1 � .

�9�

These are the original two-step Lax–Wendroff scheme,
which assures that the physical quantities are precisely con-
served numerically.21 Then, the numerical stability condi-
tions are given by

�
u
 + c��t/� � 1/�2 �10�

for the hyperbolic terms, where � is the minimum value of
the spatial mesh sizes, and u and c are the characteristic flow
velocity and wave speed, respectively; for the parabolic
terms

��2�t�/�2��2 � 1/4, �11�

where � is the �maximum� resistivity.
For smooth flows, the original Lax–Wendroff scheme is

excellent, but for shocks involved in the fast reconnection
mechanism it becomes numerically unstable. Hence, in order
to stabilize the numerical computation, the following two
artificial terms are added to the original scheme.22 First, the
following smoothing term is considered instead of Ui,j,k

2n in
Eq. �9�:

�1 − ��Ui,j,k
2n + �/12�Ui+1,j+1,k

2n + Ui−1,j+1,k
2n + Ui+1,j−1,k

2n

+ Ui−1,j−1,k
2n + Ui+1,j,k+1

2n + Ui−1,j,k+1
2n + Ui+1,j,k−1

2n

+ Ui−1,j,k−1
2n + Ui,j+1,k+1

2n + Ui,j−1,k+1
2n + Ui,j+1,k−1

2n

+ Ui,j−1,k−1
2n � , �12�

where � is the smoothing coefficient.23 Also, we take the
artificial viscosity terms,21

��t/2�x��0x�Qx�0xU� + ��t/2�y��0y�Qy�0yU�

+ ��t/2�z��0z�Qz�0zU� , �13�

where for any f�x ,y ,z�, 2�0xf = f�x+�x ,y ,z�− f�x−�x ,y ,z�,
and similarly for �0y and �0z. Also, Qx, Qy, and Qz are given
by

�Qx�i+1,j,k = �0
�ux�i+2,j,k − �ux�i,j,k
 ,

�Qy�i,j+1,k = �0
�uy�i,j+2,k − �uy�i,j,k
 , �14�

�Qz�i,j,k+1 = �0
�uz�i,j,k+2 − �uz�i,j,k
 ,

where �0 is the viscosity coefficient. This viscosity term,
with U interpreted as U2n, is simply added to the right-hand
side of Eq. �9� when the physical variables are computed at
the second step. Note that these numerical terms do not vio-
late the conservation of quantities.

All of our 2D and 3D MHD reconnection simulations
have taken this simple numerical scheme with the uniform
mesh sizes. In what follows, the basic effects of the numeri-
cal �artificial� terms �� and �0� on the dynamics of the cur-
rent sheet system will be shown definitely. For the present
fast reconnection process, the artificial viscosity �Eq. �13��
must be effective only at slow shock layers, where the cur-
rent density becomes distinctly large, so that the viscosity
coefficient �0 may be modified as

�0 = � exp�− ��
J
 − JN�/3�2� for 
J
 � JN,

=� for 
J
 � JN. �15�

Here, we take the uniform mesh sizes �x=0.04,
�y=0.015, and �z=0.1 or �z=0.05; also, the time step
�t=0.001 is taken. These numerical parameters, which are
quite similar to the ones taken in our previous simulations,
are fixed throughout the present study. Also, the computa-
tional domain is taken to be Lx=10, Ly =9.6, and Lz=9.8 for
�z=0.1 or 4.9 for �z=0.05.

IV. RESULTS

In the 2D situation, initiated by the reconnection distur-
bance �6�, drastic current sheet thinning eventually occurs
indefinitely if there is no effective dissipation mechanism
��=0�.10 Here, the global dynamics of the current sheet sys-
tem is systematically studied in the general 3D situation. In
general, the distinct current sheet thinning will be impeded
by some dissipation mechanism �physical or numerical�.
Hence, first of all, in order to examine the effects of numeri-
cal dissipations, the current sheet dynamics with zero physi-
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cal resistivity ��=0� is examined for kz=5 in Eq. �6�; then,
the self-consistent coupling with the physical resistivity is
demonstrated in detail.

A. Zero resistivity

When �=0, initiated by the reconnection disturbance
�6�, the current sheet thinning occurs as follows.10 The initial
reconnection causes the By field component along the x axis,
so that the resulting motor �JzBy� force tends to eject the
plasma from near the X reconnection region, and the result-
ing plasma outflow leads to a decrease in the plasma pressure
there; accordingly, the ambient magnetized plasma is sucked
into the X reconnection region, and the resulting plasma in-
flow �uy� causes the current sheet thinning locally, giving rise
to enhancement of the current density near the X region �the
effective current sheet thickness dc may be dc�1 / 
Jz
�. The
increase in Jz in turn tends to enhance the JzBy force and
further accelerate the outflow velocity ux, so that the current
sheet thinning drastically occur by the nonlinear sheet pinch
effect.10

Figure 1 shows for different numerical parameters
�� and �� the temporal behaviors of the current density Jz at
the X neutral point �x=10, y=0, z=0� and those of the out-
flow velocity ux measured at �x=6, y=0, z=0� with �=0 for
the case of kz=5 in Eq. �6�. The current sheet thinning occurs
effectively for time t�7, and for the cases of ��=0, �=0�
and ��=0, �=3�JN=0��, numerical fluctuations suddenly oc-
cur when 
Jz
�12, leading to numerical instabilities, so that
further computations cannot be done; on the other hand, for
the cases of �=0.004 and �=0.01, the drastic increase in Jz

is eventually suppressed.
We find that � provides an effective “numerical resistiv-

ity,” whereas � as well as the numerical dissipation involved
in the original scheme provides no significant numerical re-
sistivity. Hence, the growth of the outflow velocity ux for
�=0 results mainly from the initial reconnection disturbance
�6�, whereas for �=0.004 and �=0.01 some numerical re-
connection may further accelerate ux; however, the accelera-
tion by the numerical resistivity is quite small, since the re-

sulting outflow velocity ux is not significantly influenced by
the numerical terms �Fig. 1�. The larger � gives the larger
numerical resistivity and leads to the slower growth of the
sheet pinch. Note that � makes quantities be smoothed out
and is hence useful to stabilize the numerical computations,
whereas it tends to exclude �or mask� distinct processes in-
volving significant spatial changes; also, when 
Jz
�12, the
numerical resolution of the X reconnection region becomes
rather poor for the present mesh sizes.

B. Uniform resistivity model

Most of the conventional theoretical studies have consid-
ered that magnetic reconnection should not be influenced by
the effective resistivity form, so that the uniform resistivity
model has often been employed. Here, let us examine how
the local sheet pinch, initiated by the disturbance, is influ-
enced by the uniform resistivity model. Here, a uniform re-
sistivity is assumed after the disturbance with kz=5 in Eq. �6�
is removed, so that magnetic reconnection proceeds immedi-
ately for time t�4. Since the physical dissipation may sup-
press the drastic sheet pinch, we can take �=�=0 here.

Figure 2 shows the temporal behaviors of Jz at the X

FIG. 1. Temporal behaviors of Jz at x=10�y=z=0� and ux at x=6�y=z=0�
for different values of � and � for the case of �=0.

FIG. 2. Temporal behaviors of Jz and Ez=�Jz at x=10�y=z=0� for different
magnitudes of the uniform resistivity � ��=�=0�. In �a� of the upper panel,
the temporal behavior of Jz for the case of �=0 and �=0.01��=0� is shown
for comparison.
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point �x=Lx=10, y=z=0� as well as those of the electric field
Ez=�Jz for different resistivity magnitudes. For each case,
the local sheet pinch grows for t�7, but the increase in Jz is
eventually impeded by the finite resistivity. The reconnection
rate, given by 
Ez
, indicates that any drastic reconnection
cannot occur. We find that after Jz has the peak value resis-
tive tearing occurs, but the tearing is very weak. Figure 3
shows the resulting magnetic field and plasma flow configu-
rations for �=0.001, which indicates that the fast reconnec-
tion mechanism cannot evolve in any way; in particular, the
outflow velocity cannot be accelerated effectively without
any standing slow shock.

In general, the temporal changes in the current density Jz

at the X point are determined by the two physical factors.
One is the reconnection flow associated with the initial dis-
turbance in 0� t�4 and with the subsequent reconnection
occurring for 4� t, which tends to enhance Jz as already
stated. The other is the magnetic diffusion due to the finite
effective resistivity, which of course tends to reduce Jz.
When the convection effect due to the reconnection flow is
stronger than the magnetic diffusion 
�Jz
, Jz should grow.
Hence, as shown in Fig. 2, Jz grows more rapidly for the
smaller resistivity �. Obviously, for the uniform resistivity
model, the reconnection rate 
Ez
= 
�Jz
 does not grow, since
the reconnection flow velocities cannot be accelerated
effectively.11

In space plasmas, Spitzer resistivity is more realistic, but
as already shown, this resistivity becomes reduced at the X
point by the reconnection process because of the notable
temperature increase, so that the associated reconnection pro-
cess becomes less effective than that of the uniform resistiv-
ity model.5,11 Hence, initiated by the reconnection distur-
bance, current density should be remarkably enhanced
around the X neutral point for the extremely small classical
resistivity. In such situations, current-driven anomalous resis-
tivities are likely to be caused in space plasmas.6 Then, slow
shocks could build up, and the numerical dissipation terms
are required. Hence, before going further, let us estimate the
numerical resistivity involved, so that Fig. 2 indicates that

the numerical resistivity for �=0.01 corresponds to the uni-
form physical resistivity with a magnitude between 0.0003
and 0.0005.

C. Anomalous resistivity model �J

Here, let us assume the current-driven anomalous resis-
tivity model �J with kj =0.005 in Eq. �5� for the initial dis-
turbance with kz=5. In this case, the resistivity is zero until
the threshold JC is exceeded, so that the current density Jz

increases for t�7 �Fig. 1�. Once the anomalous resistivity �J

builds up, magnetic reconnection grows by the self-
consistent interaction between the anomalous resistivity and
the reconnection flow. Here, let us consider the rather small
threshold value JC=4, since the current density may be no-
tably enhanced and precise numerical computations could
not be expected when 
Jz
�12 �Fig. 1�.

Figure 4 shows the temporal variations of Ez=�JJz and
Jz at the neutral point �x=10, y=z=0� for different values of
� and �. In this case, the threshold JC=4 is exceeded at
t�10, when the reconnection rate 
Ez
 begins to increase
with increasing Jz �hence �J�; eventually, it has the peak
value at t�30. Figure 5 shows the temporal behaviors of the
outflow velocities ux, measured at �x=5, y=0, z=0� and
�x=6, y=0, z=0� on the x axis, and indicates that according
to the occurrence of magnetic reconnection at x=10 the out-
flow velocity is drastically accelerated to the Alfvén velocity

FIG. 3. �Color online� Magnetic field and plasma flow configuration at
t=30 for the uniform resistivity model with �=0.001. All the similar figures
that will appear will be shown in this manner with the same velocity scale
and the same view angle.

FIG. 4. Temporal behaviors of Jz and Ez=�JJzat x=10�y=z=0� for different
magnitudes of � and � for the resistivity model �J with JC=4 and kj

=0.005.
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�VAe�2.7� in the ambient magnetic field region. The growth
of the anomalous resistivity and that of the reconnection out-
flow velocity are influenced very little by � or �, although
for the cases ��=0.006, �=0� and ��=0.01, �=0� numerical
instabilities occur for t�30.

In 7� t�10, the increase in current density is consistent
with the sheet pinch with zero resistivity �Fig. 1�. After the
anomalous resistivity builds up at t�10, the resistivity
grows locally around the X point �at x=10�, so that magnetic
reconnection effectively occurs to accelerate the plasma out-
flow velocity from near the X point, which in turn allows the
ambient magnetized plasma to be sucked into the X point so
as to enhance the current density. In general, the resistivity
increase should reduce the current density; nevertheless, the
anomalous resistivity can grow in the evolutionary stage
10� t�30, which is because the growth of the reconnection
flows by the localized anomalous resistivity is so powerful.
An essential point is that both the anomalous resistivity and
the reconnection flow grow simultaneously to enhance each
other as a positive feedback, so that this process can be con-
sidered to be a “nonlinear instability.”

During the time range 10� t�30 slow shocks build up
and extend outward from near the X point �x=10�. At the
slow shock layer, current density �hence �J� becomes notably
large, so that the slow shock layer, attached to the reconnec-

tion �diffusion� region, becomes wider and the diffusion re-
gion becomes longer; hence, resistive tearing is likely to oc-
cur in the long diffusion region. In fact, the tearing suddenly
occurs at t�30, and the initial X point at x=10 becomes an
O-type neutral point with the X point being shifted in the x
direction. Figure 6 shows the profiles of �JJz along the x axis
for the case of �=0.01 and �=7�JN=0�, which indicates that
the anomalous resistivity �J, first enhanced around x=10 at
t=30, moves in the x direction, and at t=39 it is distinctly
localized around the new X point at x�8.

Figure 7 shows the resulting magnetic field and plasma
flow configurations at t=38, which indicates that the X point,
initially located at x=10, has shifted to x�8, where the
anomalous resistivity �J is locally enhanced �Fig. 6�; on the
other hand, an O-type neutral point is formed at x=10 be-
cause of the tearing at t�30. For this resistivity model, any
extremely thin slow shock layer cannot be sustained because
of the enhanced resistivity there, and resistive tearing is
likely to take place; hence, the fast reconnection process be-
comes strongly time-dependent or bursty.

FIG. 5. Temporal behaviors of ux at x=5�y=z=0� and x=6�y=z=0� for
different magnitudes of � and � for the resistivity model �J with JC=4 and
kj =0.005.

FIG. 6. Profiles of �JJz along the x axis at different times for the case of
�=0.01 and �=7�JN=0� for the resistivity model �J with JC=4 and
kj =0.005.

FIG. 7. �Color online� Magnetic field and plasma flow configuration at
t=38 for the case of �=0.01 and �=7�JN=0� for the resistivity model �J

with JC=4 and kj =0.005.
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D. Anomalous resistivity model �D

Next, let us consider another anomalous resistivity
model �D with the threshold VC=12 and kd=0.003 in Eq. �4�.
Most of our previous studies have taken this resistivity
model to demonstrate the fast reconnection mechanism. As
before, kz=5 is taken for the initial disturbance Eq. �6�, and
Fig. 8 shows the temporal behaviors of Ez=�DJz and Jz at
x=10�y=z=0� for different values of � and �. Although the
time when the threshold VC=12 is exceeded is somewhat
influenced by � �Fig. 1�, the basic dynamics of the fast re-
connection evolution is not significantly influenced. When
�D builds up at t�18, the self-consistent interaction between
the reconnection flow and the anomalous resistivity gives
rise to the effective growth of the global reconnection flow,
so that the reconnection rate Ez drastically grows at t�30,
until the nonlinear saturation phase is attained at t�35.

In this case, after �D is caused, the current density Jz

decreases unlike the case for the resistivity model �J; never-
theless, the reconnection rate 
�DJz
 is remarkably enhanced.
This is because the plasma density � is extremely rarefied at
the X point �at x=10� because of the rapid growth of the
reconnection flows. Figure 9 shows the temporal behaviors
of the reconnection outflow velocity ux, which indicates that
the reconnection outflow velocity rapidly grows to attain the
Alfvén velocity VAe�2.7 and that the resulting fast recon-

nection jet is little influenced by � or �. Since the anomalous
resistivity and the reconnection flow drastically grow simul-
taneously to enhance each other, the fast reconnection evo-
lution has been considered to be a nonlinear instability.10,11

Figure 10 shows the resulting magnetic field and plasma
flow configuration for �=0.01 and �=7�JN=12�, which is
quite consistent with those already reported in our similar

FIG. 8. Temporal behaviors of Jz and Ez=�DJz at x=10�y=z=0� for differ-
ent magnitudes of � and � for the resistivity model �D with VC=12 and
kd=0.003.

FIG. 9. Temporal behaviors of ux at x=5�y=z=0� and x=6�y=z=0� for
different magnitudes of � and � for the resistivity model �D with VC=12
and kd=0.003.

FIG. 10. �Color online� Magnetic field and plasma flow configuration at
t=42 for the case of �=0.01 and �=7�JN=12� for the resistivity model �D

with VC=12 and kd=0.003.
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studies. In fact, our previous studies for the resistivity model
�D have been shown mostly for �=0.01 and �=7; for in-
stance, our latest papers on two-ribbon flares took �=0.01
and �=7�JN=6�.19 As already demonstrated, it is the result-
ing Alfvénic fast reconnection jet that is most responsible for
distinct plasma processes observed in flares and substorms.
Unlike the case of the resistivity model �J, the fast recon-
nection mechanism becomes almost quasisteady with very
thin slow shock layers, although tearing is eventually caused
in the diffusion region for this case, too.

E. Dependence on kz

Finally, let us show the reconnection evolutions for
the cases of kz=2 and 3 for the initial disturbance �6� with
the anomalous resistivity model �D. Here, we take
�z=0.05�Lz=4.9� and the threshold VC=4 and kd=0.003
in Eq. �4�. Figure 11 shows the temporal behaviors of
Ez=�DJz at x=10 for the cases kz=2 and 3, where we assume
�=0.01 and �=7 �JN=0 or 6�; also, Fig. 12 shows those of
the resulting reconnection ouflow velocity ux. As can be
seen, the reconnection dynamics is little influenced by the
numerical viscosity term. In each case, the threshold VC=4 is
exceeded at t�10, when the reconnection process, coupled
to the anomalous resistivity, builds up. For the case of
kz=2, the reconnection rate or the reconnection flow cannot
grow effectively. This is because the plasma inflow uz nota-
bly grows into the X point to prevent the effective growth of
the inflow uy of the ambient magnetized plasma.13 For the
case of kz=3, both the reconnection rate and the outflow
velocity grows considerably, but the enhanced reconnection
rate is soon reduced; in particular, ux is decelerated before it
attains the Alfvén velocity VAe.

Figure 13 shows the resulting magnetic field and plasma
flow configurations for kz=2 and 3 at time t=35, when both
the reconnection rate and the outflow velocity have the peak
values for kz=3. For kz=2, no significant magnetic reconnec-
tion takes place, since the ambient magnetized plasma cannot
collapse into the X reconnection region. On the other hand,
for kz=3, the reconnection process becomes somewhat im-

pulsive and causes the magnetic field dipolarization �or mag-
netic loop� in a very narrow channel, but the fast reconnec-
tion mechanism cannot be realized. Hence, it may be said
that when the z-directional width of the current sheet is
smaller than three times its y-directional current sheet thick-
ness, the Alfvénic fast reconnection jet cannot be caused.

V. SUMMARY AND DISCUSSION

In the present paper, all the details of the numerical pro-
cedure are shown, and the explicit numerical dissipation
terms involved in our MHD simulations are checked in de-
tail. Then, we systematically examine the global dynamics of
long current sheet system by 3D MHD simulations in the
range of the simulation parameters where the numerical re-
sistivity involved, estimated to be at most 0.0005, is much
smaller than the physical resistivity; hence, the reconnection
processes are little influenced by the numerical dissipation
terms in this parameter range. We then find as in the 2D
situation that, initiated by a reconnection disturbance, the
current sheet becomes drastically thin by the pinch effect,
leading to extreme increase in the current density around the
X reconnection region in the absence of effective resistivity.
For the uniform resistivity model, the local current increase
�sheet pinch� is suppressed by the magnetic diffusion, and

FIG. 11. Temporal behaviors of Ez=�DJz at x=10�y=z=0� for the cases of
kz=2 and 3 for different values of � and � with the resistivity model �D with
VC=4 and kd=0.003.

FIG. 12. Temporal behaviors of ux at x=5�y=z=0� and x=6�y=z=0� for the
cases of kz=2 and 3 for different magnitudes of � and � with the resistivity
model �D with VC=4 and kd=0.003.
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the current density at the X point becomes larger for the
smaller resistivity, but the fast reconnection mechanism can
never be realized, since the reconnection jet cannot be accel-
erated effectively.

When the current density is extremely enhanced locally
in the X reconnection region, current-driven microturbu-
lences are likely to be caused, leading to anomalous
resistivities.6 Once the anomalous resistivity �J �Eq. �5�� is
ignited, both the reconnection flow and the anomalous resis-
tivity simultaneously grow to enhance each other, which is
hence considered to be a nonlinear instability; accordingly,
the fast reconnection mechanism involving slow shocks is
eventually set up, leading to the Alfvénic fast reconnection
jet. For this resistivity model, the shock layer, attached to the
X reconnection �diffusion� region, cannot become thin be-
cause of the enhanced resistivity, so that the diffusion region
becomes longer and resistive tearing soon occurs. Hence, the
fast reconnection process for this anomalous resistivity
model becomes strongly time-dependent or bursty.

For the anomalous resistivity model �D �Eq. �4�� too,
once �D is ignited, the reconnection flow drastically grows to
enhance �D, since the plasma density is extremely rarefied in
the X reconnection �diffusion� region; accordingly, the fast
reconnection mechanism is established quasisteadily, al-
though resistive tearing may eventually occur in the diffusion
region. The fast reconnection evolution can be considered to
be a nonlinear instability because of the simultaneous growth
of the reconnection flow and the anomalous resistivity. This

resistivity model has been taken by most of our previous
papers, and the 3D Alfvénic fast reconnection jet was applied
to distinct phenomena observed in flares and substorms.

When the z-directional length kz �normalized by d0� of
the initial disturbance �6� is small, the fast reconnection evo-
lution becomes difficult even for the resistivity model �D.
For the case of kz=2, �D can be triggered, but any effective
reconnection cannot take place, since the ambient magne-
tized plasma cannot collapse into the X point. For kz=3, the
reconnection rate first grows considerably but soon becomes
reduced before the reconnection jet is accelerated to the
Alfvén velocity, so that any fast reconnection mechanism
cannot be realized, although the reconnection process is
somewhat impulsive. Since the large kz cannot be taken if the
current sheet width is small, it may be said that when the
z-directional width of the initial current sheet is smaller than
three times its y-directional thickness, the fast reconnection
mechanism cannot be realized.

Most of simulation studies on magnetic reconnection
have assumed a large-scale long current sheet. As shown
here, if a seed of reconnection is imposed, notable current
sheet thinning occurs, and the drastic current density increase
can be suppressed by physical and/or numerical dissipation
mechanisms. Hence, it is essential to carefully check the ef-
fects of numerical dissipations on the reconnection process,
since numerical resistivities, which may become distinct in
the regions of large current density, sometimes behave as
current-driven anomalous resistivities, leading to �artificial�
fast reconnection. For MHD simulations, physical dissipa-
tions are explicitly given, so that it is rather easy to estimate
the numerical dissipations, whereas for particle simulations it
may be quite difficult to identify the physical dissipation
mechanism �effective resistivity� in the small X reconnection
region of electron inertial length.

We have shown that if a thin current sheet of sufficiently
large scale is formed in space plasmas, the fast reconnection
mechanism may be likely to build up; in fact, the major
well-known �MHD� features of substorms and flares can be
relevantly explained by the spontaneous fast reconnection
model.13–15,17–19 However, MHD studies cannot treat the de-
tails of microphysics, so that we have simply assumed that
when the sheet pinch drastically grows so that the current
sheet thickness is of the ion �or even electron� inertial length,
current-driven anomalous resistivities should be caused. Al-
though we have demonstrated that such an effective resistiv-
ity that is driven by strong currents is most responsible for
the fast reconnection evolution, details of the dissipation
mechanism �or the effective resistivity� at the X neutral point
should be studied by precise particle simulations.
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ABSTRACT

Three-dimensional instability of the spontaneous fast magnetic reconnection is studied with magnetohydrodynamics
(MHD) simulation, where the two-dimensional model of the spontaneous fast magnetic reconnection is destabilized
in three dimensions. In two-dimensional models, every plasma condition is assumed to be uniform in the sheet
current direction. In that case, it is well known that the two-dimensional fast magnetic reconnection can be caused
by current-driven anomalous resistivity, when an initial resistive disturbance is locally put in a one-dimensional
current sheet. In this paper, it is studied whether the two-dimensional fast magnetic reconnection can be destabilized
or not when the initial resistive disturbance is three dimensional, i.e., that which has weak fluctuations in the sheet
current direction. According to our study, the two-dimensional fast magnetic reconnection is developed to the
three-dimensional intermittent fast magnetic reconnection which is strongly localized in the sheet current direction.
The resulting fast magnetic reconnection repeats to randomly eject three-dimensional magnetic loops which are
very similar to the intermittent downflows observed in solar flares. In fact, in some observations of solar flares,
the current sheet seems to be approximately one dimensional, but the fast magnetic reconnection is strongly
localized in the sheet current direction, i.e., fully three dimensional. In addition, the observed plasma downflows
as snake-like curves. It is shown that those observed features are consistent with our numerical MHD study.

Key words: MHD – Sun: flares

Online-only material: color figures

1. INTRODUCTION

Fast magnetic reconnection provides a physical mechanism,
by which magnetic energy is explosively converted into plasma
kinetic and thermal energies. This mechanism has hence been
considered to play a crucial role in solar flares and geomagnetic
substorms. When the magnetic reconnection process includes
slow shocks extending from the magnetic diffusion region,
the reconnection process becomes significantly active, giving
rise to high-speed plasma jets and the ejection of large-scale
magnetic loops. Ugai (1991), Ugai & Shimizu (1996), and Ugai
et al. (2005) numerically revealed that the two-dimensional
fast magnetic reconnection can be established by a kind of
the current-driven anomalous resistivity embedded in a one-
dimensional current sheet, where a pair of slow shocks, high-
speed plasma jets, and large-scale plasma loops, i.e., plasmoids,
have been observed. Recently, some similar two-dimensional
MHD studies were reported (Schumacher et al. 2000, Shibata &
Tanuma 2001). In addition, with the recent drastic development
of the computer performance, the MHD study of the fast
magnetic reconnection has been developed to three-dimensional
models (Linton & Priest 2003; Archontis et al. 2004, 2005;
Pontin & Craig 2005; Pontin et al. 2007).

On the other hand, according to the recent space satellite ob-
servations for solar flares, the plasma jets and magnetic loops
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4 Researcher, Research Center for Space and Cosmic Evolution, Ehime
University, Matsuyama City, Japan.
5 Professor, Research Center for Space and Cosmic Evolution, Ehime
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associated with the fast magnetic reconnection are often reported
(Shibata et al. 1995; Masuda et al. 1994; Shibata 1996; Tsuneta
1996; Yokoyama et al. 2001; Longcope et al. 2007; Innes et al.
2003; Asai et al. 2004a, 2004b; Magara & Shibata 2008).
In some of those observation reports, the three-dimensional
structure of a fast magnetic reconnection has been discussed.
McKenzie & Hudson (1999), McKenzie (2000), Innes et al.
(2003), and Asai et al. (2004a) reported that the appearance of a
large-scale arcade structure and intermittent plasma downflows
are simultaneously observed in solar flares and may be caused by
fast magnetic reconnection in the high altitude corona. Accord-
ing to their reports, the observed arcade structure is relatively
two dimensional but the plasma downflows observed on the top
of the arcade structure are strongly localized in space, i.e., fully
three dimensional. In addition, the ejection of the plasma down-
flows is intermittent. The appearance of the two-dimensional
arcade structure suggests that the current sheet on the top of the
arcade structure widely spreads in the sheet current direction
and the fast magnetic reconnection occurring there may be two
dimensional in a macroscopic view. However, the appearance of
the three-dimensional plasma downflows suggests that the fast
magnetic reconnection is strongly localized in the sheet current
direction, i.e., three dimensional. In fact, Innes et al. and Asai
et al. suggested that a fully three-dimensional fast magnetic
reconnection is intermittently repeated in a one-dimensional
current sheet. Also, Aschwanden (2002, Figure 18) proposed
a similar theoretical model to explain bi-directional oscillative
electron beams observed in solar flares. However, theoretically
and numerically, it is still unclear how the three-dimensional
fast magnetic reconnection occurs in a one-dimensional current
sheet.

There are some MHD studies for the large-scale arcade struc-
ture in solar flares; for instance, Archontis et al. (2004, 2005)
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numerically studied large-scale arcade structures observed in
solar flares. However, the three-dimensional localized plasma
downflows are not studied there. Also, Linton & Priest (2003),
Pontin & Craig (2005), and Pontin et al. (2007) reported three-
dimensional MHD studies for the fast magnetic reconnection.
In these studies, the initial conditions in the current sheet are
fully three dimensional in order to apply for the complicated
magnetic field configurations observed in solar flares. In this
case, the resulting fast magnetic reconnection directly becomes
fully three dimensional. At this point, these three-dimensional
studies cannot explain why the three-dimensional fast magnetic
reconnection occurs in the one-dimensional current sheet. In
other words, these three-dimensional studies are not regarded
as a direct extension of the previous two-dimensional studies.

As for the MHD study for the both of the observed two-
dimensional large-scale arcade structure and three-dimensional
localized plasma downflows, there is a “patchy” reconnection
model based on a fully three-dimensional and non-steady fast
magnetic reconnection on flux tubes, which was reported by
Linton & Longcope (2006). In this model, the one-dimensional
current sheet is destabilized by a fully three-dimensional resis-
tive disturbance strongly localized in the sheet current direc-
tion. Hence, the resulting fast magnetic reconnection is strongly
localized in the sheet current direction and directly becomes
three dimensional. Since they focused on the dynamics of post-
reconnection jets, it is still unclear why the fast magnetic recon-
nection itself is three dimensional and intermittent, as observed
in solar flares.

Only focusing on the intermittent plasma flows associated
with the fast magnetic reconnection, the secondary or multiple
fast magnetic reconnection models proposed by Ugai (1984),
Shibata & Tanuma (2001), and Schmacher & Kliem (1996) may
be applicable. However, since these studies are two dimensional,
the models are not directly applied for the observations of the
three-dimensional plasma downflows in solar flares.

In this paper, the two-dimensional fast magnetic reconnection
model proposed by Ugai is numerically developed to a three-
dimensional model. Note that the three-dimensional model
shown in this paper is based on current-driven anomalous
resistivity same as that of the three-dimensional model studied
by Ugai et al. (2005), but the initial resistive disturbance
is largely different. Because, in the studies done by Ugai,
the initial resistive disturbance to initiate the reconnection
process is strongly localized in the sheet current direction,
directly leading to the fully three-dimensional fast magnetic
reconnection. While the initial resistive disturbance employed
in this paper is approximately two dimensional but only includes
a weak three-dimensional non-uniformity (i.e., fluctuation) in
the sheet current direction. In this case, the resulting fast
magnetic reconnection is expected to be two dimensional,
but our MHD study shows that it results in a fully three-
dimensional fast magnetic reconnection. It means that the two-
dimensional fast magnetic reconnection is unstable for three-
dimensional resistive perturbations. In addition, the resulting
three-dimensional fast magnetic reconnection intermittently
occurs and the intermittent plasma downflows as snake-like
curves. In this paper, it is shown that the intermittency and snake-
like outflows are very similar to the intermittent and snake-like
plasma downflows observed in solar flares.

2. MHD SIMULATION SETUP

In the spontaneous fast reconnection model, the reconnection
process is initiated by a small resistive disturbance induced in the

current sheet. After the initial resistive disturbance is removed,
the fast magnetic reconnection is spontaneously developed by
a current-driven anomalous resistivity enhanced by a nonlinear
tearing instability. Hence, any externally driven mechanism is
not required to keep the reconnection process.

The compressible MHD equations are

Dρ/Dt = −ρ � · u, ρDu/Dt = − � P + J × B,
∂B/∂t − � × (u × B) = − � ×(ηJ),

ρDe/Dt = −P � · u + ηJ2,
J = � × B/μ0, � · B = 0,

(1)

where D/Dt ≡ ∂/∂t + u · �; the gas law, P = (γ − 1)ρe,
is assumed (e is the internal energy per unit mass and γ is the
specific heat ratio with γ = 5/3 assumed here), as is Ohm’s law,
E + u × B = ηJ (η is the resistivity). The basic Equations (1)
are transformed to a conservation-law form, and a two-step
Lax–Wendroff scheme is used for the numerical computation.

The initial current sheet system has a one-dimensional struc-
ture, i.e., the magnetic field B = [Bx(y), 0, 0] is assumed as
Bx(y) = sin(πy/2) for 0 < y < 1; Bx = 1 for 1 < y < Y1;
Bx = cos[(y − Y1)π/1.2] for Y1 < y < Y1 + 0.6); Bx = 0 for
y > Y1+0.6; also, Bx(y) = −Bx(−y) for y < 0. Here, Y1 = 5.0.
The plasma pressure P (y) initially satisfies the pressure-balance
condition

P + B2
x = 1 + β0, (2)

where β0 is the ratio of the plasma pressure to the magnetic
pressure in the magnetic field region 1 < y < Y1, where
β0 = 0.15 is taken. Fluid velocity u = (0, 0, 0) and plasma
density ρ = 1 are initially assumed. The normalization of
quantities is self-evident. Distances are normalized by d0, B
by Bx0, and P by B2

x0/(2μ0); also, ρ is normalized by ρ0, u by
VAx0(= Bx0/

√
μ0ρ0), time t by d0/VAx0, current density J by

Bx0/(μ0d0), and so forth.
For the boundary conditions of the computational region,

the symmetry boundary condition is assumed on the yz-plane
at x = 0, xz-plane at y = 0, and xy-plane at z = 0 and
Lz. The other boundaries are assumed to be the open (free)
boundary where all the quantities are determined by the states
of the inner region, so that the first derivatives of the quantities
in the direction normal to the boundaries vanish, except the
normal component of B, which is determined by the solenoidal
condition. Accordingly, the computational region is restricted to
the first quadrant only and taken to be a square box, 0 � x � Lx ,
0 � y � Ly and 0 � z � Lz. For the numerical conditions in
this paper, the computational region Lx = 44 and Ly = 9 are
taken with the mesh points Nx = 880 and Ny = 1000. In this
paper, the case of Lz = 20 and Nz = 100 is only studied. For
Lz > 10, the numerical results discussed below basically do not
change. While for Lz < 2, the three-dimensional fast magnetic
reconnection almost does not occur. In other words, in such a
case, the two-dimensional fast magnetic reconnection seems to
be stable for three-dimensional resistive perturbation.

The MHD simulation procedures are basically the same as
that of Ugai et al. (2005), except the three-dimensional setup of
the initial resistive disturbance. The initial resistive disturbance
shown below is put to initiate a local tearing instability in the
one-dimensional current sheet during 0 < T < 4:

η0 = 0.04 exp(−α1(x2 + y2))(1 + α2 cos(πz/Lz)), (3)

where α1 = α2 = 0.01. This disturbance works as a trigger for a
fast magnetic reconnection. For this initial resistive disturbance,
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(a)

(b)

Figure 1. (a) Magnetic field lines and plasma flow vector field at T = 40.
(b) Profiles of ux, By, and uz along the x-axis.

the magnetic Reynolds number is 25 at the origin. Because of
α2 = 0.01, this resistive disturbance is slightly fluctuated only
by 1%in the z-direction which is the sheet current direction. The
case of α2 = 0.0 exactly corresponds to the two-dimensional
fast magnetic reconnection (Ugai 1984). This z-directional
fluctuation works as a perturbation to three-dimensionally
destabilize the two-dimensional fast magnetic reconnection. At
this point, note that the initial resistive disturbance employed
by Ugai et al. (2005) used much larger α2 which was almost
equal to unity. Accordingly, in Ugai’s studies, the resulting
fast magnetic reconnection directly becomes three dimensional.
While the resulting fast magnetic reconnection shown in this
paper is expected to be approximately two dimensional, at least,
at the initial stage. In fact, the magnetic loop firstly ejected from
the reconnection region is two dimensional, as shown later in
Figure 1.

After T = 4, η0 is removed and, instead, the current-driven
anomalous resistivity shown below is set, which spontaneously
drives the fast magnetic reconnection:

η1 = 0.002(Vd − Vc) for Vd > Vc (4)

η1 = 0.0 for Vd < Vc, (5)

where Vd = |J |/ρ is the ion–electron drift velocity, and
Vc = 4.0 is set. The current density J is obtained from rot B
and is unity at the center of the initial current sheet, i.e., y = 0.

3. SIMULATION RESULTS

3.1. Overview of Simulation

As shown below, this simulation can be divided into three
stages in time. At the first stage (T < 50), two-dimensional fast

reconnection is caused. This directly results from that the initial
resistive disturbance is almost two dimensional. At the second
stage (50 < T < 80), the first three-dimensional fast recon-
nection starts. Then the three-dimensional fast reconnection is
intermittently caused at the third stage (80 < T ). It results in
the multiple three-dimensional fast reconnection which gener-
ates snake-like outflows similar to EUV observations in solar
flares.

3.2. The First Stage (Two-dimensional Fast Reconnection)

This simulation starts from the one-dimensional current sheet
which consists of x-directional anti-parallel magnetic field lines.
There is no plasma flow at time T = 0. Due to the initial
resistive disturbance given by Equation (3), a weak magnetic
reconnection starts on the z-axis which becomes an initial
magnetic neutral line. After the initial resistive disturbance is
removed at T = 4, the current-driven anomalous resistivity
given by Equations (4) and (5) is assumed. The magnetic
reconnection process is temporally stopped by Equation (5)
because the current sheet is thick at time T = 4. However, as the
plasma frozen in the reconnected field lines moves away from
the z-axis, due to the magnetic tension, the current sheet around
the z-axis becomes thinner and Equation (4) starts to work
instead of Equation (5). Then the fast magnetic reconnection
spontaneously starts to develop.

Figure 1(a) shows some reconnected magnetic field lines
traced from three x-directional straight lines on a plane of
y = 0 at time T = 40, which are respectively located on the x-
axis(z = 0), z = 0.5Lz and z = Lz. Here, Lz = 20 is set. Note
that non-reconnected magnetic field lines are not shown in this
figure, which exist in the upper region of these reconnected field
lines. Considering symmetry boundary conditions around the z-
axis, a magnetic neutral line is formed along the z-axis. Since
every magnetic field line is almost the same on each xy-plane of
the x-axis(z = 0), z = 0.5Lz and z = Lz, the reconnection
process is evidently two dimensional. It means that, at this
time, z-directional perturbation included in the initial resistive
disturbance, Equation (3), does not yet work. Considering the
symmetry boundary condition on the xz-plane at y = 0, a two-
dimensional magnetic loop is formed between x = 13 and 26.
Figure 1(b) shows profiles of By and ux along the x-axis, which
are respectively plotted as a solid line and a dash line. Also, uz
profile is shown as a dotted line and is constantly zero, because
of the symmetry boundary condition embedded on the xy-plane
at z = 0. The plasma flow speed ux plotted as a dash line
increases from zero at x = 0 and reaches the Alfvén speed VA
measured in the uniform magnetic field region, which is initially
unity. In this simulation, the Alfvén waves take T = 44 to pass
the distance of Lx = 44. Also, the reconnected field intensity By
plotted as a solid line is zero at x = 0 and takes slightly positive
values in 0 < x < 10, i.e., the Alfvénic reconnection jet region.
Beyond about x = 10, By rapidly increases. It is the beginning
of a two-dimensional magnetic loop. After By took a peak in
the magnetic loop, By slowly decreases to zero. These features
are the same as that of the two-dimensional studies reported in
Ugai & Shimizu (1996), Shimizu & Ugai (2003), and Ugai et al.
(2005).

3.3. The Second Stage (Single Three-dimensional Fast
Reconnection)

Figure 2(a) shows some magnetic field lines at time T = 66
with the same format as Figure 1(a). In this figure, By contour
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(a)

(b)

(c)

Figure 2. (a) Magnetic field lines, contour map of By field intensity and flow
velocity at T = 66. Magnetic field lines traced from three straight lines, i.e.,
z = 0, z = 0.5Lz, and z = Lz for y = 0. By contour map is shown only
for positive intensity. (b) x-directional profiles of By and ux along the x-axis.
(c) x-directional profiles of By and ux along a line of z = Lz and y = 0.

map and plasma flow vectors on the xz-plane at y = 0 are
also shown. The two-dimensional large magnetic loop observed
between x = 26 and x = 44(= Lx) corresponds to that of
Figure 1(a) and has propagated in the positive x-direction. The
magnetic field lines traced from the x-axis, i.e., z = 0, shows
another small magnetic loop between x = 3 and x = 8. While
magnetic field lines traced from z = 0.5Lz and z = Lz do not
show such a loop configuration between x = 3 and x = 8.
Also, a high By intensity region related to the small magnetic
loop can be observed between 3 < x < 8 and 0 < z < 10
on the By contour map of the xz-plane at y = 0. Hence, the
small magnetic loop is three dimensional, and it means that the
three-dimensional fast magnetic reconnection process started
there.

Figure 2(b) shows profiles along the x-axis with the same
format as Figure 1(b). The dash line, i.e., ux profile, takes a
loose peak at about x = 22, and also, the solid line, i.e., By
profile, takes a peak at x = 26. These peaks correspond to

Figure 3. Magnetic field lines and By (>0) contour map at T = 138.

the two-dimensional magnetic loop observed in Figure 1(b). In
addition, the dash line takes another positive peak around x = 4,
and the solid line takes a negative peak between x = 6 and
x = 7. This By variation, including the change from positive to
negative, means that the small three-dimensional magnetic loop
has closed field lines, as shown in Figure 2(a). In Figure 2(c),
which shows similar profiles at z = Lz, there is no negative
By region in 2 < x < 6, in contrast to Figure 2(b). It means
that the three-dimensional small magnetic loop is localized in
0 < z < 10 = 0.5Lz. In 0 < x < 3 in Figures 2(b) and
(c), another negative By region is observed. This narrow region
is also a two-dimensional magnetic loop formed along the z-
axis and consists of closed field lines, because of the symmetry
boundary condition around the z-axis. This small and long two-
dimensional magnetic loop rapidly grows after this time.

3.4. The Third Stage (Multiple Three-dimensional Fast
Reconnection)

Figure 3 shows some magnetic field lines and By contour
map on the xz-plane at time T = 138, with a similar format
to those of Figures 1(a) and 2(a). In contrast to Figure 2,
some strong By intensity regions are locally observed on the
By contour map. The appearance of these By intensity regions
means that the three-dimensional fast magnetic reconnection
process has locally occurred at some points, resulting in the
multiple formations of three-dimensional magnetic loops. The
two-dimensional magnetic loop observed in Figures 1 and 2 has
gone away out of x = Lx boundary. Another two-dimensional
magnetic loop has grown largely around the z-axis, which was
slightly observed in the vicinity of the z-axis in Figure 2(a).

In this section, it was shown that the initial z-directional
perturbation embedded in Equation (3) causes multiple three-
dimensional fast magnetic reconnection which is strongly local-
ized in the z-direction, i.e., the sheet current direction. As shown
in Figure 1, the first stage of the fast magnetic reconnection is
almost two dimensional. It means that Equation (3) almost two-
dimensionally worked and the initial z-directional perturbation
was very weak. However, at the second and third stages, the
fast magnetic reconnection was drastically developed in three
dimensions. It means that the two-dimensional fast magnetic
reconnection is unstable for a z-directional perturbation along
the magnetic neutral line. In fact, even when the z-directional
fluctuation intensity α2 in Equation (3) is reduced from 0.01, the
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Figure 4. By contour maps at time T = 130, 138, and, 161. Orange-colored regions indicate the positive By region. Solid contour lines indicate the negative By region.
Red lines are plotted by tracing test particles on the time-dependent flow vector field.

(A color version of this figure is available in the online journal.)

three-dimensional fast reconnection shown here occurs, as time
proceeds. In our previous study, it has been revealed that this
three-dimensional instability is resulted from a nonlinear de-
velopment of the three-dimensional fast magnetic reconnection
(Shimizu et al. 2009).

According to incompressible Fourier MHD simulations exe-
cuted by Dahlburg et al. (1992) and Dahlburg & Einaudi (2002),
it has been revealed that the one-dimensional current sheet can
be destabilized by the constant and uniform resistivity, lead-
ing to the three-dimensional tearing instability. With respect
to the three-dimensional instability of the reconnection pro-
cess in the one-dimensional current sheet, these studies seem
to be consistent with our studies shown here. However, in the
following section, it is shown that the three-dimensional fast
reconnection driven by the current-driven anomalous resistiv-
ity employed here causes the drastically multiple formations
of three-dimensional reconnection jets which is similar to the
intermittent and snake-like downflows observed in solar flares.

3.5. Snake-like Outflow Jets

In this section, let us focus on the outflow jets generated in the
multiple three-dimensional fast magnetic reconnection shown in
the previous section. Figures 4(a)–(c) show By contour maps on
the xz-plane, respectively, at time T = 130, 138, and 161.
In order to apply for a observation data of solar flare, these
figures have been rotated from Figures 1(a), 2(a), and 3(a); and
hence, the x-axis in these figures is vertically drawn. The upper
abscissa is the z-axis which is the magnetic neutral line and
the reconnection jets flow downward, i.e., toward the Sun. The
solid contour lines show the negative By regions, and the orange-
colored regions show the positive By regions. A two-dimensional
magnetic loop observed around the z-axis in Figure 3 is drawn
as a non-colored (white) band-shape region in 0 < x < 4 and
0 < z < 20, which is located in the upper region of these
figures. It means that this two-dimensional magnetic loop has
the negative By region. On the other hand, for x > 5, some
three-dimensional magnetic loops are observed as negative and
positive By contour islands, which are non-uniform in the z-

direction. Closed magnetic loops which consist of closed field
lines must have a pair of the negative and positive By contour
islands. While open magnetic loops only consist of a positive
contour island. Since these closed and open field lines are
complicatedly mixed, it is not so easy to distinguish them in
these figures. From Figures 4(a) to (c), most magnetic loops
tends to move in the positive x-direction, i.e., the downward
of these figures, with reconnection outflows. However, since
the multiple reconnection process simultaneously occurs on
more than two magnetic neutral lines, negative x-directional
(upward) reconnection outflows may be caused between these
neutral lines. At the same time, some magnetic loops appear or
disappear, i.e., collapse, and, sometimes, are broaden in the
x and z directions. In this simulation, initial magnetic field
lines to be reconnected are limited only in 1 < y < Y1,
and there is no magnetic field in y > Y1 + 0.6 at time
T = 0. Accordingly, as time proceeds, the field lines to be
reconnected gradually reduce, and eventually, disappear. Then,
the reconnection process terminates in T > 160.

In addition, in Figures 4(b) and (c), some snake-like red lines
are drawn. Also, in Figure 4(a), some of them are starting to
be drawn. These lines are plotted by tracing test particles on
the time-dependent plasma flow field (ux, uz) on the xz-plane
for y = 0. Because of the symmetry boundary condition of the
xz-plane at y = 0, since uy = 0 is always maintained on the
xz-plane, the test particles started from the xz-plane stay on
the xz-plane. The start point for tracing these test particles is
selected in strong positive By intensity regions, i.e., the orange-
colored region. Since most magnetic loops tend to move with
reconnected plasma downflows, these red lines of test particles
gradually extend in the positive x-direction, as observed from
Figures 4(a) to (c).

Figure 4(a) for T = 130 shows just after three test particles
started to be traced. These tracings of particles were started
at time T = 127, respectively, from (x, z) = (13.0, 13.0),
(13.0, 13.5), and (13.0, 14.0), in which By intensity is positive
and relatively higher than that of the ambient regions. In
Figure 4(b), for T = 138, those test particle trajectories are
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Figure 5. TRACE EUV image data (2002 April 21-XflareAR9906-01:49 and
−01:50).

(A color version of this figure is available in the online journal.)

continued to be traced. After this, some additional test particles
start from some new points where By intensity is positive and
relatively higher. Finally, in Figure 4(c) for T = 161, every
trajectory exhibits snake-like curves and is elongated in the
positive x-direction with the plasma downflows.

4. INTERMITTENT DOWNFLOWS IN TRACE EUV DATA

Figures 5(a) and (b) show the EUV image data of solar
flare which was obtained in TRACE satellite on 2002 April
21, respectively, at 01:48UT and 02:35UT. These observation
data have been reported by Innes et al. (2003). Also, Asai
et al. (2004a) reported similar observation data. As shown in
Figure 5(b), a large scale arcade structure appears, as the solar
flare develops. According to their reports, the fast magnetic
reconnection is considered to be occurring at the upper side
of this image frame. In the upper region of Figure 5(a), some
narrow snake-like and dark downflows are observed, which are
marked with label “A.” Figures 6(a) and (b) show the details of
the snake-like downflows, which are, respectively, at 01:49UT
and 01:50UT. The lower side of these figures corresponds to
sunward.

Some parallel downflows are observed in Figures 6(a) and (b),
which are marked with labels “A” and “B”. Label A corresponds
to that of Figure 5(a). These two downflows seem to collide and

Figure 6. TRACE EUV image data (2002 April 21-XflareAR9906-01:49 and
−01:50).

(A color version of this figure is available in the online journal.)

tend to avoid each other, resulting in the snake-like curves.
However, these downflows do not seem to intersect. It suggests
that the current sheet associated with the reconnection process is
only a flat sheet, and those snake-like downflows coexist on the
current sheet. In addition, in contrast to the large-scale arcade
structure, these downflows are strongly localized on the current
sheet and intermittently generated (Innes et al. 2003; Asai
et al. 2004a, 2004b). It suggests that the three-dimensional and
intermittent fast magnetic reconnection process is repeatedly
caused in a current sheet. These features of the snake-like and
intermittent downflows are similar to the test particle trajectories
shown in Figure 4(c).

5. DISCUSSIONS

Figure 7 shows the By contour map on the xz-plane and
plasma flow vectors in a narrow region of 10 < x < 33 and
10 < y < 15 at time T = 138. This narrow region corresponds
to a small square box in Figure 4(b). At this time, the snake-
like red lines drawn in Figure 4(b) pass this narrow region in
Figure 7. Let us focus on this narrow region. Some reconnected
magnetic field lines drawn around z = 11 and 13 show that
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Figure 7. By (> 0 and < 0) contour, some magnetic field lines, and flow vector
field around snake-like reconnection jets. T = 138 corresponds to the third stage
of this simulation, which is the intermittent and multiple three-dimensional
fast reconnection process. These traced magnetic field lines show multiple
formations of magnetic loops. Observing the flow vectors, these magnetic
loops have different propagation speeds. The x-directional flow vectors around
z = 12.5 and in x > 17 are slightly deflected to the negative z-direction. The
origin of the deflection seems that the fast speed flows collide with the preceding
slow speed flows. As a result, the outflow vector field shows snake-like changes.

two closed magnetic loops are, respectively, formed around
(x, z) = (17, 11) and (24, 13). The latter loop is much bigger
and thicker than the former loop.

More exactly, the inside of these magnetic loops has closed
magnetic field lines, but the outside has open field lines extended
to the positive x-direction. The open magnetic field lines tend to
push the magnetic loop in the positive x-direction, but the closed
field lines will try to stagnate there. As a result, the plasma flow
vectors for 12.5 < z < 15 disappear (decelerate) around x = 24
and again increase (accelerate) in x > 30. A similar flow vector
change can also be observed in another closed magnetic loop
located around 10 < x < 24 and z = 11, where ux temporally
disappears and the plasma flows stagnate.

Between these two magnetic loops, as x increases from 17
to 24, the z-directional component uz changes from slightly
positive values (uz > 0) to slightly negative values (uz < 0).
Accordingly, the x-directional flow vectors snake-likely change
there. Since every initial magnetic field line was exactly directed
to the x-direction, these non-zero uz values are resulted from
the interaction between those two three-dimensional magnetic
loops.

Figure 8 schematically shows the relations between the flow
vector field and field line configurations, to explain what is
occurring in Figure 7. Along more than two x-type magnetic
neutral lines, the three-dimensional fast magnetic reconnection
simultaneously occurs, and a magnetic loop is generated from
each neutral line. Then, two O-type magnetic neutral lines pen-
etrate each magnetic loop. Accordingly, those regions between
O-type and x-type neutral lines are filled with closed field lines.
Considering the magnetic tension, these closed field lines will
try to stay there. While if the magnetic loop has open magnetic
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open field lines 2
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X-neutral line 2

O-neutral line 1
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Z

O

Y

X

Figure 8. Formation mechanism of snake-like reconnection jets in the third stage
of this simulation. Because of the symmetry boundary condition on the z-axis,
the reconnected “open field lines 1 and 2” in the x > 0 region mainly become
positive x-directional outflows. However, “X-neutral lines 1 and 2” separated
from the z-axis can create “closed field lines 1 and 2” and, also, negative x-
directional outflows. Then, these positive and negative outflows collide around
“O-neutral lines 1 and 2”. Since these magnetic loops are strongly localized in
the z-direction, the x-directional outflows show snake-like deflection in positive
and negative z-directions to avoid the closed magnetic loops.

field lines, the magnetic tension will try to move the magnetic
loop in the positive or the negative x-direction. Since the mag-
netic loop is localized in the z-direction, such a magnetic tension
may avoid the plasma bulk sustained in the magnetic loop, re-
sulting in the generation of non-zero uz components, leading to
the generation of snake-like plasma flows.

This scenario to cause the snake-like flows strongly supports
that the intermittent downflows observed in solar flares is caused
by the fast magnetic reconnection. The most important thing is
that any distinct three-dimensional magnetic field structure is not
needed in the initial current sheet to generate the intermittent and
snake-like downflows. Even in approximately one-dimensional
current sheet, small three-dimensional fluctuation can generate
such fully three-dimensional and intermittent downflows. Since
such three-dimensional and intermittent fast magnetic recon-
nections may be averaged in time and space, a two-dimensional
large-scale magnetic arcade structure can be formed in down-
stream of the reconnection site, as observed in Figure 5(b).

6. SUMMARY

In this paper, it is demonstrated that two-dimensional fast
magnetic reconnection caused by a current-driven anomalous
resistivity is unstable in three dimensions and, even in a one-
dimensional current sheet, three-dimensional resistive perturba-
tion embedded in Equation (3) can change the two-dimensional
fast magnetic reconnection to be fully three dimensional. In
addition, it was shown that the resulting three-dimensional fast
magnetic reconnection intermittently ejects magnetic loops, and
the dynamics of the magnetic loops can show snake-like trajec-
tories of the plasma outflows. Such intermittent and snake-like
outflows are very similar to the EUV observation image data in
solar flares, which is reported by Innes et al. (2003) and Asai
et al. (2004a). The basic mechanism of the reconnection process
is also similar to the theoretical model of multiple fast magnetic
reconnection proposed by Aschwanden (2002, Figure 18), in
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which many reconnection sites strongly localized in the sheet
current direction are widely distributed in the one-dimensional
current sheet.
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Three-dimensional instability of the spontaneous fast magnetic reconnection is studied with
magnetohydrodynamic �MHD� simulation, where the two-dimensional model of the spontaneous
fast magnetic reconnection is destabilized in three dimension. Generally, in two-dimensional
magnetic reconnection models, every plasma condition is assumed to be uniform in the sheet current
direction. In such two-dimensional MHD simulations, the current sheet destabilized by the initial
resistive disturbance can be developed to fast magnetic reconnection by a current driven anomalous
resistivity. In this paper, the initial resistive disturbance includes a small amount of fluctuations in
the sheet current direction, i.e., along the magnetic neutral line. The other conditions are the same
as that of previous two-dimensional MHD studies for fast magnetic reconnection. Accordingly, we
may expect that approximately two-dimensional fast magnetic reconnection occurs in the MHD
simulation. In fact, the fast magnetic reconnection activated on the first stage of the simulation is
two dimensional. However, on the subsequent stages, it spontaneously becomes three dimensional
and is strongly localized in the sheet current direction. The resulting three-dimensional fast magnetic
reconnection intermittently ejects three-dimensional magnetic loops. Such intermittent ejections of
the three-dimensional loops are similar to the intermittent downflows observed in the solar flares.
The ejection of the three-dimensional loops seems to be random but, numerically and theoretically,
it is shown that the aspect ratio of the ejected loops is limited under a criterion. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3095562�

I. INTRODUCTION

Fast magnetic reconnection provides a physical mecha-
nism, by which magnetic energy is explosively converted
into plasma kinetic and thermal energies. This mechanism
has, hence, been considered to play a crucial role in solar
flares and geomagnetic substorms. Petschek1 predicted that,
when the magnetic reconnection process includes slow
shocks extending from the magnetic diffusion region, the
reconnection process becomes significantly active, giving
rise to high-speed plasma jets and the ejection of large-scale
magnetic loops.

Ugai et al.2–5 numerically revealed that the two-
dimensional fast magnetic reconnection predicted by
Petschek can be established by a kind of the current driven
anomalous resistivity embedded in tearing instability, where
a pair of slow shocks, high speed plasma jets, and large-scale
plasma loops, i.e., plasmoids, have been observed. In the
magnetic reconnection process, the resistivity is a key
mechanism to reconnect magnetic field lines. In general, the
anomalous resistivity means that the resistivity is nonuni-
form in space. Ugai assumed the current driven anomalous
resistivity, where the resistivity is nonlinearly enhanced
when the current sheet becomes thin. According to the nu-
merical magnetohydrodynamic �MHD� study, when the cur-
rent driven anomalous resistivity is employed, fast magnetic
reconnection can be spontaneously established without any
external driven mechanism by which the current sheet is
compressed. In other words, when the uniform resistivity is
employed instead of the anomalous resistivity, fast magnetic

reconnection is not established. However, even with the uni-
form resistivity, if an external driven mechanism is applied
for the current sheet, fast magnetic reconnection may be
established.6 The relationship of the anomalous resistivity
and fast magnetic reconnection has become a controversial
topic for the MHD study.7,8 In this paper, we employ the
current driven anomalous resistivity model examined by
Ugai et al.2–5 and Shibata and Tanuma.9

With the recent drastic development of the computer per-
formance, fast magnetic reconnection has been widely stud-
ied in many numerical simulations. Historically, the numeri-
cal MHD studies of fast magnetic reconnection started from
simple two-dimensional models, where the structure of the
initial current sheet is one dimensional. However, in recent,
there are many three-dimensional MHD studies of fast mag-
netic reconnection. In recent numerical MHD studies related
to solar flares,10–14 the initial current sheet or the other initial
conditions are fully three dimensional, in order to apply for
the complicated magnetic field configurations observed in
solar flares. Hence, the resulting fast magnetic reconnection
is directly three dimensional. At this point, those three-
dimensional studies may be not a direct extension of the
previous two-dimensional studies.

On the other hand, according to the recent space satellite
observations for solar flares, the plasma jets and magnetic
loops associated with fast magnetic reconnection are often
reported.15–21 In some of those observation reports, the three-
dimensional structure of fast magnetic reconnection has been
discussed. Innes et al.20 and Asai et al.21 reported that the
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appearance of a large-scale arcade structure and intermittent
plasma downflows are simultaneously observed in solar
flares and may be caused by fast magnetic reconnection in
the high altitude corona. According to their reports, the ob-
served arcade structure is relatively large but the plasma
downflows observed on the top of the arcade structure are
strongly localized and intermittent. The appearance of the
large-scale arcade structure suggests that the current sheet on
the top of the arcade structure widely spreads in the sheet
current direction and, from a point of a macroscopic view in
time and space, the fast magnetic reconnection occurring
there may be two dimensional. While, the localized plasma
downflows suggest that the fast magnetic reconnection is
strongly localized in the sheet current direction, i.e., fully
three dimensional. In fact, Innes et al. and Asai et al. sug-
gested that three-dimensional fast magnetic reconnection si-
multaneously occurs at some points along the magnetic neu-
tral line. However, theoretically and numerically, it is still
unclear how the three-dimensional fast magnetic reconnec-
tion occurs there. For instance, the arcade structure studied in
some MHD studies11,12 may be similar to the observed large-
scale arcade structure. However, the localized plasma down-
flows are not observed in those numerical studies.

As for the MHD study aimed to the both of the observed
large-scale arcade structure and localized plasma downflows,
there is “patchy” reconnection model based on a fully three-
dimensional and nonsteady fast magnetic reconnection on
flux tubes, which was reported by Linton and Longcope.22 In
that model, the current sheet is destabilized by a fully three-
dimensional resistive disturbance strongly localized in the
sheet current direction. Hence, the resulting fast magnetic
reconnection is strongly localized in the sheet current direc-
tion and directly becomes three dimensional. Since they fo-
cused on the dynamics of postreconnection jets, it is still
unclear why the fast magnetic reconnection, itself, is three
dimensional and intermittent, as observed in solar flares.

Only focusing on the intermittent plasma flows associ-
ated with fast magnetic reconnection, the secondary or mul-
tiple fast magnetic reconnection models proposed by Ugai2,4

Shibata and Tanuma,9 Kitabata6 and Schumacher and
Kliem23 may be applicable. However, since those studies are
two dimensional, the models are not directly applied for
the observations of the three-dimensional and intermittent
plasma downflows strongly localized in the current sheet
direction.

In this paper, the two-dimensional fast magnetic recon-
nection model proposed by Ugai is numerically developed to
a three-dimensional model. Note that the three-dimensional
model shown in this paper is different from that of the three-
dimensional model studied by Ugai et al.5,24 Because, in
those studies reported by Ugai, the initial resistive distur-
bance to initiate the reconnection process is strongly local-
ized in the sheet current direction, directly leading to three-
dimensional fast magnetic reconnection. At this point, Ugai’s
previous model may be close to that of Linton and
Longcope.22 While, the initial resistive disturbance employed
in this paper is approximately two dimensional and includes
a “weak nonuniformity �fluctuation�” in the sheet current di-
rection. Accordingly, we can examine whether the two-

dimensional fast reconnection previously studied2–4,25,26 is
unstable or not, for such a three-dimensional resistive pertur-
bations. According to our numerical study shown in this pa-
per, two-dimensional fast magnetic reconnection is unstable
and can be finally developed to fully three-dimensional and
intermittent fast magnetic reconnection, if there is a weak
three-dimensional fluctuation in the initial current sheet. It
means that, even in the approximately one-dimensional cur-
rent sheet, three-dimensional magnetic loops �plasmoids� can
be spontaneously and intermittently ejected from the recon-
nection regions, which are similar to the intermittent plasma
downflows observed in solar flares.

II. MHD SIMULATIONS

A. Procedures of simulation

In the spontaneous fast reconnection model, the recon-
nection process is initiated by a small resistive disturbance
induced in the current sheet. After the initial resistive distur-
bance is removed, the fast magnetic reconnection is sponta-
neously developed by a current driven anomalous resistivity
enhanced by a nonlinear tearing instability. Hence, any ex-
ternal driven mechanism is not required to keep the recon-
nection process.

The compressible MHD equations are

D�/Dt = − � � · u, �Du/Dt = − �P + J � B ,

�B/�t − � � �u � B� = − � � ��J� ,

�1�
�De/Dt = − P � · u + �J2,

J = � � B/�0, � · B = 0,

where D /Dt�� /�t+u ·�; the gas law, P= �
−1��e, is as-
sumed �e is the internal energy per unit mass, and 
 is the
specific heat ratio with 
=5 /3 assumed here, as is Ohm’s
law, E+u�B=�J �� is a resistivity�. The basic Eq. �1� is
transformed to a conservation-law form, and two-step Lax–
Wendroff scheme is used for the numerical computation.

The initial current sheet system has one-dimensional
structure, i.e., the magnetic field B= �Bx�y� ,0 ,0� is assumed
as Bx�y�=sin��y /2� for 0�y�1; Bx=1 for 1�y�Y1; Bx

=cos��y−Y1�� /1.2� for �Y1�y�Y1+0.6�; Bx=0 for y�Y1

+0.6; also, Bx�y�=−Bx�−y� for y�0. Here, Y1=5.0. The
plasma pressure P�y� initially satisfies the pressure-balance
condition,

P + Bx
2 = 1 + �0, �2�

where �0 is the ratio of the plasma pressure to the magnetic
pressure in the magnetic field region 1�y�Y1, where �0

=0.15 is taken. Fluid velocity u= �0,0 ,0� and plasma density
�=1 are initially assumed. The normalization of quantities is
self-evident: Distances are normalized by d0, B by Bx0, and P
by Bx0

2 / �2�0�; also, � is normalized by �0, u by VAx0�=Bx0 /
��0�0�, time t by d0 /VAx0, current density J by Bx0 / ��0d0�,
and so forth.

For the boundary conditions of the computational region,
the symmetry boundary condition is assumed on the yz-plane
at x=0, xz-plane at y=0, and xy-planes at z=0 and Lz, so that
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the computational region is restricted to the first quadrant
only and taken to be a square box, 0�x�Lx, 0�y�Ly and
0�z�Lz. The other boundaries are assumed to be the open
�free� boundary where all the quantities are determined by
the states of the inner region, so that the first derivatives of
the quantities in the direction normal to the boundaries van-
ish, excepting the normal component of B, which is deter-
mined by the solenoidal condition. For the numerical condi-
tions in this paper, the computational region Lx=30 and Ly

=9 are taken with the mesh points Nx=880 and Ny =1000.
Mainly, the case of Lz=20 and Nz=100 is studied but also the
Lz dependence is studied, keeping Nz=100.

The MHD simulation procedures are basically the same
as that of Ugai et al.,5,24 excepting the three-dimensional
setup of the initial resistive disturbance. The initial resistive
disturbance shown below is put to initiate a tearing instabil-
ity in the current sheet during 0�T�4.

�0 = 0.04 exp�− �1�x2 + y2�� � �1 + �2 cos��z/Lz�� , �3�

where �1=�2=0.01. This disturbance works as a trigger for
fast magnetic reconnection. For this initial resistive distur-
bance, the magnetic Reynolds number is 25 at the origin.
Because of �2=0.01, this resistive disturbance is slightly
fluctuated only by 1% in the z-direction which is the
sheet current direction. The case of �2=0.0 corresponds to
the two-dimensional fast magnetic reconnection.2–4 The
z-directional fluctuation works as a perturbation to three-
dimensionally destabilize the two-dimensional fast magnetic
reconnection. At this point, note that the initial resistive dis-
turbance employed by Ugai et al.5,24 is largely different be-
cause �2 was much larger in those studies. In those studies,
the resulting fast magnetic reconnection directly became
three dimensional. While, the resulting fast magnetic recon-
nection shown in this paper is expected to be approximately
two dimensional, at least, on the initial stage. In fact, the
magnetic loop first ejected from the reconnection region is
two dimensional, as shown later in Fig. 2.

After T=4, �0 is removed and, instead, the current
driven anomalous resistivity shown below is set, which spon-
taneously drives fast magnetic reconnection.

�1 = 0.002�Vd − Vc�, for Vd � Vc, �4�

�1 = 0.0, for Vd � Vc, �5�

where Vd= 
J
 /� is the ion-electron drift velocity and Vc

=4.0 is set. The current density J is obtained from rot B and
is unity at the center of the initial current sheet, i.e., y=0.

B. Simulation results

1. The first stage „two-dimensional fast reconnection…
Figure 1 shows initial magnetic field lines only for 0

�y�2, which are directed in the x-direction. The initial cur-
rent sheet is exactly one dimensional. For the space and time
scales in this simulation, the Alfven speed VA in the uniform
magnetic field region is set to be unity and the Alfven waves
take T=30 to pass the distance of Lx=30, which is the
x-directional simulation box size. There is no plasma flow at
T=0. Due to the initial resistive disturbance given by Eq. �3�,

a weak magnetic reconnection starts on the z-axis. After the
initial resistive disturbance is removed at T=4, the current
driven anomalous resistivity given by Eqs. �4� and �5� is
assumed. The magnetic reconnection process is temporally
stopped by Eq. �5� because the current sheet is thick at T
=4. However, as the plasma frozen in the reconnected field
lines moves away from the z-axis, the current sheet around
z-axis becomes thinner and Eq. �4� starts to work, instead of
Eq. �5�. Then, fast magnetic reconnection spontaneously
starts.

Figure 2�a� shows the magnetic field lines on three
xy-planes; z=0,0.5Lz and Lz, and By contour map and
plasma flow vectors on xz-plane for y=0, at T=48. Consid-
ering the symmetry boundary condition on xz-plane at y=0
and yz-plane at x=0, the magnetic neutral line is formed
along the z-axis. Every magnetic field line is almost the same
for these three xy-planes. Also, the By contour map and
plasma flow vectors are almost uniform in the z-direction.
Hence, at this time, the fast magnetic reconnection is two-
dimensional and a two-dimensional large-scale magnetic
loop is formed between 15�x�30. Figure 2�b� shows pro-
files of P ,By and ux along the x-axis. The solid line ux rap-
idly increases from zero at x=0 and reaches the Alfven speed
around x=4. Then, it rapidly decreases at x=12.5 indicated
by label “F” which is a fast shock. The dotted line shows the
pressure profile. Beyond the fast shock, a high pressure re-
gion in 15�x�26 corresponds to the magnetic loop ob-
served in Fig. 2�a�. The details of these features have been
already reported as two-dimensional studies of fast magnetic
reconnection in Shimizu and Ugai.25,26

Figure 3 shows the time variations of electric field Ez at
three points; �x ,y ,z�= �0,0 ,0�, �0,0,4�, and �0,0,8�, which are
regarded as the local magnetic reconnection rate on z-axis.
Until about T=45, these three time variations of Ez almost

FIG. 1. Initial configuration. The xz-plane at y=0 is the magnetic neutral
sheet. Some magnetic field lines are traced on three xy-planes �z=0, 0.5Lz,
and Lz� only between 0�y�2. Here, Lz=20. Every magnetic field line is
directed to the x-direction. The symmetry boundary condition is assumed on
xz-plane at y=0. Also, the xy-planes at z=0 and Lz and yz-plane at x=0 are
the symmetry boundary. The other boundaries are assumed to be the free
�open� boundary.
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coincide. It means that the reconnection process is homoge-
neous with respect to the z-direction and, hence, two dimen-
sional. For more details, until T=4 indicated by “A,” the
electric field injected by the initial resistive disturbance Eq.
�3� can be seen. At T=4, Ez is reset by removing Eq. �3� and,

then, Ez gradually increases, as fast magnetic reconnection
gradually starts with the enhancement of the current driven
anomalous resistivity, i.e., Equation �4�. At T=20 indicated
by “B,” Ez reaches a loose peak which means the saturation
of the first stage of fast magnetic reconnection. At this time,
a two-dimensional large-scale magnetic loop is generated, as
shown in Fig. 2. At about T=55 indicated by “C,” the second
peak of Ez is observed for the solid line, i.e., z=0. For the
other lines, the peaks are looser than the peak of the solid
line. It means that three-dimensional fast magnetic reconnec-
tion mainly occurs around z=0, as shown in Fig. 4.

FIG. 2. �a� Magnetic field lines, contour map of By field intensity, and flow
velocity at T=48. Magnetic field lines traced from 0�y�2 at x=0 or 0
�x�30 at y=0 are shown on three xy-planes. By contour map only for
positive intensity and flow velocity are shown on the xz-plane. �b�
X-directional profiles of pressure p, By intensity and plasma flow speed ux

along the x-axis. A fast shock �label “F”� is formed at x=12.5 which is in
front of the magnetic loop. The magnetic loop is observed as a high pressure
region in 15�x�26.

FIG. 3. Time variations of electric field Ez at three points; Z1�x ,y ,z�
= �0,0 ,0�, Z2�0,0 ,4�, and Z3�0,0 ,8� which are located on the magnetic
neutral line, i.e., z-axis. After T=45, the z-dependence of these Ez profiles
appears, where three-dimensional fast reconnection starts.

FIG. 4. �a� The figure format is the same as Fig. 2�a� but at T=60. The
two-dimensional large magnetic loop shown in Fig. 2 has been a little
shifted in the positive x-direction. In addition, the secondary magnetic loop
indicated by A appears on the x-axis. This magnetic loop is localized in the
z-direction and, hence, three-dimensional. �b1� This figure format is the
same as Fig. 2�b� but at T=60. The fast shock observed in Fig. 2�b� is
indicated by F. Label B and C are the magnetic null points. In fact, the sign
of By intensity is reversed at those points. The high pressure region between
B and C corresponds to the magnetic loop indicated by A of �a�. �b2� This
figure format is the same as �b1� but at z=0.5Lz. These profiles for x�10 is
similar to those of �b1� but the profiles for 5�x is largely different.
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2. The second stage „three-dimensional fast
reconnection…

Figure 4�a� shows the numerical result similar to Fig.
2�a� but for T=60. The two-dimensional large-scale mag-
netic loop in 20�x�30 corresponds to the one in 15�x
�25 of Fig. 2. In addition, another small magnetic loop is
observed in the vicinity of the origin, which is indicated by
label A in Fig. 4�a�. Since this magnetic loop is not observed
in the magnetic field lines of z=0.5Lz and Lz, the loop struc-
ture is evidently three dimensional. In Fig. 4�a�, in order to
avoid confusions, the contour lines for By �0 are not plotted,
which do not contribute to the positive x-directional mag-
netic tension to drive the fast magnetic reconnection jets in
x�0.

Figure 4�b1� shows the profiles of By, P, and ux. Two
labels B and C, which respectively indicate x=2 and 4, are
magnetic null points, as shown in By profile, i.e., dash line.
Also, there is another magnetic null point between B and C,
which almost coincides a peak of pressure profile, i.e., the
dotted line. Accordingly, the three-dimensional magnetic
loop seen in label A of Fig. 4�a� is located between B and C.
Since the interior of the magnetic loop is filled with high
pressure plasma, the magnetic loop is a plasmoid. Such a
magnetic loop cannot be observed in Fig. 4�b2� plotted for
z=0.5Lz and y=0.

Figure 5�a� has the same format as Fig. 4�a� but for T
=72. The magnetic loop indicated by label “A” corresponds
to the one observed in Fig. 4, which has slightly moved in
the positive x-direction with the plasma flow. In addition,
along the z-axis, a new two-dimensional magnetic loop starts
to grow as the third stage of fast magnetic reconnection. As
mentioned in Fig. 4�a�, the contour lines for By �0 are also
not drawn in Fig. 5�a�. Accordingly, the contour lines for the
two-dimensional magnetic loop along z-axis cannot be ob-
served in Fig. 5�a�.

In Fig. 5�b� which shows some profiles along x-axis, the
magnetic loop between two magnetic null points C and “D”
is the same one between B and C in Fig. 4�b1�. Another
three-dimensional magnetic loop observed in B and C, i.e.,
6�x�8, is generated by the forth stage fast magnetic recon-
nection, which is three dimensional but almost invisible in
Fig. 5�a�.

Next, in order to see the flow pattern near an active
magnetic diffusion region, Fig. 6�a� shows the local flow
patterns on xz-plane for y=0 and yz-plane for x=0 at T
=54. In addition, the By contour map is drawn on xz-plane
for y=0. Also, some magnetic field lines are shown on
xy-plane for z=0. At this time, fast magnetic reconnection is
active at the origin because a magnetic loop is being formed
there, as shown in the By contour map and magnetic field
lines. The bow-shape island observed on the By contour map,
i.e., 0�x�1.5, presents the reconnected magnetic field in-
tensity, i.e., positive By intensity region of the magnetic loop.
Considering the symmetry boundary condition assumed on
xy-plane at z=0, this magnetic loop is located between about
−0.25Lz�z�0.25Lz. Seeing the flow pattern on yz-plane at
x=0, the plasma inflow is concentrated to the origin. This
converging flow on yz-plane is driven by fast-mode rarefac-
tion waves generated in the magnetic diffusion region, i.e.,

due to the pressure gradient effect. At this point, it is impor-
tant that, as the spontaneous fast magnetic reconnection is
developed, the pressure and plasma density rapidly decrease
in the magnetic diffusion region3 and fast-mode rarefaction
waves drive the reconnection inflow.

Figure 6�b� shows a cartoon of the flow pattern on
yz-plane at x=0. The plasma inflow concentrates to origin
“o” where is the most active magnetic diffusion region. Con-
sidering the symmetry boundary condition assumed at z=Lz,
a saddle point may appear at point “a” where the reconnec-
tion process is not so active and the plasma flow is diverted
along the z-axis. Since the plasma flow along z-axis, i.e., the
neutral line, is unmagnetized, the converging plasma flow
near origin o will prevent the reconnection process and the
current sheet may become thicker. While, the current sheet
near point a tends to become thinner because the diverted
unmagnetized flow escapes from there. Accordingly, on the
next stage, the fast magnetic reconnection process may be
enhanced at point a and, finally, the active reconnection re-
gion may switch between points a and o with the inversion of

FIG. 5. �a� The figure format is the same as Fig. 2�a� but at T=72. The
magnetic loop indicated by A in Fig. 4�a� can be also observed in A in this
figure. Around z-axis, the third magnetic loop is formed and the structure is
almost two dimensional. �b� The magnetic loop observed between C and D
corresponds to the secondary magnetic loop indicated by A of �a�, which has
a three-dimensional structure. In addition, the third magnetic loop is ob-
served between D and x=0, which has a two-dimensional structure. Another
�the forth� small magnetic loop is observed between B and C.
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the unmagnetized flow along the neutral line. As a result, the
three-dimensional reconnection process may be intermit-
tently repeated, exchanging the active and inactive regions.
This oscillative switching mechanism is enhanced, as shown
in Fig. 7.

Figures 7�a� and 7�b�, respectively, show the uz and P
profiles along the z-axis and the time variations. The uz pro-
file at T=48 �dashed line� is almost constantly zero. How-
ever, the uz profile at T=54 �dotted line� takes slight negative

values in 0�z�10, which means the unmagnetized plasma
flows are converging toward the origin, as observed along
the z-axis in Fig. 6�a�. Then, at T=63 �solid line�, the flow
direction is partially inverted and is largely fluctuated, giving
rise to the oscillative enhancements of the reconnection pro-
cess. At this time, the fast reconnection process becomes
fully three dimensional. The time variations of the pressure
profile in Fig. 7�b� show that the unmagnetized plasma flow
uz toward the origin is driven by the pressure gradient along
z-axis, because the pressure profile �dashed line� at T=48 is
almost constant but at T=54 becomes a loose positive gradi-
ent slope in 0�z�10. As aforementioned, the positive gra-
dient slope is originated in that the pressure in the active
magnetic diffusion region spontaneously decreases as the re-
connection process proceeds.3

In this section, it was shown that the initial z-directional
perturbation embedded in Eq. �3� results in three-
dimensional fast magnetic reconnection which is strongly lo-
calized in the z-direction, i.e., the sheet current direction. As
shown in Fig. 2, the first stage of fast magnetic reconnection
is almost two dimensional. It means that Eq. �3� almost two-
dimensionally worked and the initial z-directional perturba-
tion was very weak. However, on the second stage, the fast
magnetic reconnection was drastically developed in three di-
mension. It means that the two-dimensional fast magnetic
reconnection is unstable for perturbations along the magnetic
neutral line. In fact, even when the z-directional fluctuation
intensity �2 in Eq. �3� is reduced from 0.01, the three-
dimensional fast reconnection occurs.

3. The other Lz values

In Secs. II B 1 and II B 2, we examined the case of Lz

=20 which is the z-directional size of the numerical simula-
tion box. Because of the symmetry boundary condition as-
sumed on the xy-planes at z=0 and Lz, Lz value limits the
maximum wavelength for every z-directional MHD instabil-

mag. neutral line

oa

y-axis
z=Lz z=0

z-axis

point "o"
strong mag. rec. region ==>>
==>> strong drop of pressure )
converging unmagnetized
inflow ==>>
preventation of mag rec.

point "a"
weak mag rec. region ==>>
( slow drop of pressure <<========
diverging flow ==>>
thining of current sheet==>>
enhancment of mag rec.

(b)

circulation
(with random non-linear enhancement)

(a)

(b)

FIG. 6. The figure format is similar to Fig. 5�a� but at T=54. In addition, an
active reconnection region �0�x�10 and 0�z�0.5Lz� in the vicinity of
the origin is only shown. The By contour map on the xz-plane �only By �0�
and the magnetic field lines on the xy-plane show the formation of a three-
dimensional magnetic loop around the origin. The flow pattern on yz-plane
indicates the plasma inflow is concentrating toward the active magnetic
diffusion region, i.e., the origin. �b� The flow pattern on the yz-plane at x
=0 is shown as a cartoon. Point o is the origin in �a� and point a corresponds
to z=Lz on the z-axis. At these two points, the symmetry boundary condition
is assumed.

FIG. 7. �a� Uz profiles along the z-axis which is the magnetic neutral line.
The time variation is shown at T=48, 54, and 63. Since the dotted uz profile
for T=54 takes negative values between 0�z�10, the plasma is flowing to
the origin along the z-axis. This plasma flow can be also observed in Fig.
6�a�. However, the plasma flow is not observed at T=48. �b� The pressure
profile along the z-axis. At T=54, the pressure gradient is slightly positive
which causes the negative plasma flow along the z-axis, due to the fast-
mode rare-faction waves.
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ity. Here, let us study how the generation of three-
dimensional magnetic loops depends on the Lz value. Figure
8�a� is again the case of Lz=20. The By contour map and flow
pattern are shown on xz-plane for y=0 at T=78. As men-
tioned in Fig. 4�a�, in order to avoid confusions, the contour
map only shows the positive By intensity region, by which
the fast magnetic reconnection jets are driven in the positive
x direction. In general, since a magnetic loop which consists
of closed magnetic field lines has a positive and negative By

intensity regions, it will be convenient to separate the posi-
tive and negative By intensity regions. In Fig. 8�a�, three
three-dimensional magnetic loops are observed as high By

intensity regions on the contour map. The largest one is lo-
cated from �x ,z�= �5,0� to �10,4�, which is the bow-shape
region indicated by A and corresponds to the one observed in
Figs. 4 and 5. Note that, since the x-axis of Fig. 8 is assumed
as the symmetry boundary, the bow-shape region is sym-
metrically extended below the x-axis. In addition, two round-
shape regions are, respectively, observed at �x ,z�= �5,5� and
�10,0�. More rigorously, another weak bow-shape region may
be observed at �x ,z�= �11,20�. Figure 8�b� is the case of Lz

=2.5 at T=64 with the similar format as Fig. 8�a�. The simu-
lation conditions and procedures are the same as the case of
Lz=20, excepting Lz value. Only a bow-shape region is ob-
served around �x ,z�= �3.0,2.5�. Comparing with Figs. 8�a�
and 8�b�, we notice that the Lz variation drastically changes
the shape and location of the high By intensity regions on the
xz-plane.

We examined more cases, changing Lz value. As shown
in the comparison with Figs. 8�a� and 8�b�, as Lz is larger, the
formation of magnetic loops tends to be more complex. The
x and z directional sizes of those high By intensity regions

detected in various Lz cases are summarized in Fig. 9. In this
figure, cases of Lz=2.5, 5.0, 10.0, and 20.0 were examined.
�X and �Z are measured on the By contour maps, such as
Figs. 8�a� and 8�b�. More exactly, we first defined the shape
of the high By intensity region on xz-plane at y=0 with the
contour line of half value of the peak By intensity, when the
peak By intensity in the region takes the maximum in time.
Second, we defined �X as the difference between the largest
and smallest values of x where the half value contour line of
high By intensity region reaches at a specified value of z
measured at the peak By intensity point. Third, we defined
�Z as the difference between the largest and smallest values
of z where the half value contour line of high By intensity
region can reach at any value of x. In Appendix A, it is
explained how �X and �Z are measured, following these
definitions of �X and �Z. These definitions are based on the
following theoretical discussions.

Figure 9 shows that the aspect ratio �Z /�X for every
observed magnetic loop is larger than 0.54. This feature is
supported by the following theoretical discussions. As well
known, the reconnection jet’s speed is estimated as the Al-
fven speed VA measured in the upstream magnetic field re-
gion. As shown in Fig. 3, when a magnetic loop is ejected,
the reconnection rate, i.e., electric field at the magnetic neu-
tral point, increases and then decreases. Hence, there is a
finite duration time �T to generate a magnetic loop. In gen-
eral, longer duration time will generate a larger magnetic
loop and vice versa. If we knew �T, the x-directional size
�X of a magnetic loop may be estimated to be VA�T. Ex-
actly speaking, since most magnetic loops tend to be com-
pressed in the downstream, �X will be less than VA�T. How-
ever, it will be hard to exactly predict the duration time �T.
At this point, there is a simple criterion9 to limit �T but it
gives only the maximum duration time on the basis of the
classical tearing instability. In this paper, we do not try to
predict �T.

Alternately, let us focus on the limitation of �Z. As
shown in Fig. 3, when a magnetic loop is ejected, the curve
of the magnetic reconnection rate always takes a peak. Let us

(a)

(b)

FIG. 8. �a� By contour map �only By �0� and flow velocity on the xz-plane
at T=78 for Lz=20. Some magnetic loops are observed as high By intensity
regions. �b� Similar to �a� but for Lz=2.5.

0.0 1.0 2.0 3.0

2.0

4.0

6.0

Z

X

Δ

Δ

FIG. 9. The aspect ratio map of magnetic loops detected in the cases of
Lz=20.0, 10.0, 5.0, and 2.5. For cases of Lz�2.5, no three-dimensional
magnetic loop was detected. The oblique dash line is drawn for 0.54�X
=�Z.
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define �T1 as the time spent for the growth phase in which
the reconnection rate increases. Then, let us define �T2 as the
time for the decay phase in which the reconnection rate de-
creases. Evidently, the total duration time �T is equal to
�T1+�T2.

First, let us consider how �T2 is predicted. As shown in
Figs. 6 and 7, when fast magnetic reconnection has been
activated under the pressure gradient along a magnetic neu-
tral line, the unmagnetized plasma converging flows driven
by the fast rarefaction wave, i.e., pressure gradient, along the
magnetic neutral line prevents the reconnection process in a
place �e.g., point o in Fig. 6�b��. Because, the current sheet
tends to become thicker, there. On the other hand, the un-
magnetized plasma diverging flows may enhance in the other
place �e.g., point a in Fig. 6�b�� because the current sheet
becomes thinner. Then, the pressure gradient will disappear
when the fast rarefaction wave swept over between points a
and o. At this time, the three-dimensional fast magnetic re-
connection will stop or becomes two dimensional. Then, the
pressure gradient may be reversed. Finally, the active and
inactive reconnection regions may be exchanged each other.
It suggests that the passing time of the fast rarefaction wave
between active and inactive reconnection regions will limit
the duration time �T2. In other words, when �T2 passed, the
three-dimensional fast magnetic reconnection cannot be
maintained.

For simplicity, let us assume that the active and inactive
reconnection regions are periodically located in the
z-direction and �z is the wavelength, i.e., which is defined as
the distance between a active neutral point and the next ac-
tive neutral point. In this case, the distance between points a
and o in Fig. 6�b� is regarded as 0.5�z. Considering that the
fast rarefaction wave speed is equal to the local sound speed
Cs on the magnetic neutral line, �z / �2Cs� limits the maxi-
mum of �T2. This maximum limitation implies that three-
dimensional fast magnetic reconnection may stop before the
fast rarefaction waves have completely canceled the pressure
gradient. Since By, pressure and so on have a component of
z-directional wavelength �z in the high By intensity region,
we may approximately assume By =By0�1+cos�2�z /�z�� as
the z-directional profile, where 2By0 is the peak By value in
the region. In this case, 0.5�z may be considered to be the
z-directional size �Z of high By intensity region.

Second, let us consider how �T1 is predicted. If the
growth rate of the three-dimensional fast magnetic reconnec-
tion were extremely slow, the pressure gradient along the
neutral line will be canceled by the fast rarefaction wave
before the growth phase ends. Hence, �T1 should be less
than �z / �2Cs�=�Z /Cs.

Remembering �X�VA�T and �T=�T1+�T2, we fi-
nally obtain the aspect ratio Cs�T /2VA�T��Z /�X as a cri-
terion to generate three-dimensional magnetic loops. Here,
let us consider how magnetic loops are collapsed by the lack
of pressure balance. It may change values of �X and �Z.
Since the total pressure in the growing magnetic loop is non-
equilibrium, the magnetic loop may start to collapse even in
the growth phase. More exactly, since the inside of the grow-
ing magnetic loop is higher pressure than the ambient re-
gions, the high By intensity region tends to spread, and ac-

cordingly, �X and �Z will become larger. Let us take the
minimum of �Z which is equal to Cs�T derived above. This
corresponds to when the magnetic loop do not collapse in the
z-direction. On the other hand, let us take the maximum of
�X which is equal to VA�T, because, even if magnetic loop
collapses at VA, �X cannot exceed VA�T, i.e., the Alfvenic
distance limit.

In the MHD simulations shown in this paper, Cs /VA

=1.08 �=�1.15� has been set in the initial condition and is
not largely changed during the simulation proceeds. The cri-
terion of 0.54�X��Z is well satisfied in Fig. 9. In this the-
oretical discussion, we assumed that the neutral line, i.e.,
X-line, is parallel to the z-axis. In fact, every detectable
X-line was parallel or approximately parallel �Appendix B�.
In addition, we assumed that X-line almost do not propagate
in the positive and negative x-directions. In fact, the
x-directional speed of X-line is much less than VA. At these
two points, the theoretical discussion shown in this section is
consistent with the numerical results studied in this paper.

III. SUMMARY AND DISCUSSION

In this paper, it was studied how the two-dimensional
fast magnetic reconnection driven by the current driven
anomalous resistivity responds for the three-dimensional re-
sistive disturbance. Since the initial current sheet has a ex-
actly one-dimensional structure and every setup of the simu-
lation is exactly two dimensional, excepting the initial
resistive disturbance Eq. �3�, a small amount of three-
dimensional fluctuation embedded in Eq. �3� can only change
the two-dimensional fast magnetic reconnection to be three
dimensional. At this point, MHD numerical studies reported
by Ugai et al.5,24 are basically different because the initial
resistive disturbance employed in those papers includes a
large nonuniformity along the magnetic neutral line, i.e., �2

value in Eq. �3� is almost unity. The resulting fast magnetic
reconnection directly becomes three dimensional. While, �2

value studied in this paper is 0.01. As shown in Fig. 2, the
resulting fast magnetic reconnection is still two dimensional
on the first stage. Then, on the second stage, three-
dimensional fast magnetic reconnection starts.

In general, two-dimensional fast magnetic reconnection
may be considered to be a nonlinear tearing instability. In
this paper, it was shown that, if the three-dimensional weak
resistive perturbation is added in such a two-dimensional
model, the two-dimensional fast magnetic reconnection is
moreover destabilized and the ejected magnetic loop can be
strongly localized in the sheet current direction. In addition,
as shown in Figs. 5�b� and 8�a�, the generation of such mag-
netic loops is intermittent and the generation pattern be-
comes random.

Also, it was revealed that the aspect ratio �Z /�X of the
ejected three-dimensional magnetic loops is always larger
than the ratio of the half value of the local sound speed in the
magnetic diffusion region over the Alfven speed in the up-
stream magnetic field region. In addition, it was shown that
this feature is supported by a simple theory of the three-
dimensional magnetic loop formation based on the competi-
tion of the z-directional local sound wave and the
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x-directional Alfven wave. The former wave can cancel the
three-dimensional fast magnetic reconnection at a time and a
place, and, otherwise, enhance at the other time and place.
The latter wave drives the fast magnetic reconnection, itself.
Note that the aspect ratio �Z /�X examined in this paper is
only for By �0 regions on the current sheet. Hence, it is but
not directly for magnetic loops, themselves, which may con-
sist of By �0 and By �0 regions. In other words, we do not
focus on the whole size of each magnetic loop in this paper.

These numerical results presented in this paper support
that the intermittent plasma downflows reported by Innes
et al.20 and Asai et al.21 is caused by three-dimensional fast
magnetic reconnection. Because, the fast magnetic reconnec-
tion shown in this paper is fully three dimensional on the
final stage and intermittently ejects magnetic loops, like the
intermittent downflows observed in the solar flares. In addi-
tion, since the three-dimensional fast magnetic reconnection
simultaneously occurs at some points along the magnetic
neutral line, from a macroscopic view, the fast magnetic re-
connection may seem to be two dimensional. Finally, those
ejected magnetic loops will pile up on the large-scale arcade
structure which is not simulated in this paper. Then, the
large-scale arcade structure can gradually grow keeping the
two dimensionality, as the pile up proceeds.

Here, it is important that, in order to cause three-
dimensional fast magnetic reconnection, the initial current
sheet do not necessarily need any distinctly three-
dimensional structure. In other words, even in the approxi-
mately one-dimensional current sheet, fully three-
dimensional and intermittent fast magnetic reconnection is
spontaneously established by a current driven anomalous re-
sistivity. Once two-dimensional fast magnetic reconnection
occurs, any weak fluctuation in the sheet current direction
can destabilize it to three dimensional and intermittent fast
magnetic reconnection.

In the next step of this study, the temporal dynamics of
ejected magnetic loops must be studied for the collaboration
with the space observation data. In the temporal dynamics,
some of the intermittently ejected magnetic loops may finally
merge into a magnetic loop in the downstream region. The
magnetic loops detectable in space observations may be only
the relatively large-scale magnetic loops after merging. In
such a case, this three-dimensional intermittent fast recon-
nection model shown in this paper may be modified by the
fractal and intermittent reconnection model which was pro-
posed by Shibata and Tanuma,9 where they explained solar
flare observation data as a time development from the mi-
croreconnection process to macroreconnection process. Since
their basic concept was a two-dimensional model, this three-
dimensional fast reconnection shown here should give a new
view point to their model.
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APPENDIX A: MEASUREMENTS OF �X
AND �Z

In this section, how to measure �X and �Z is explained,
which are respectively x and z-directional sizes of each mag-
netic loop. First, note that we focus on these sizes measured
at the end of the growth phase of a magnetic loop. Because,
we focus on the magnetic reconnection process, itself, rather
than the dynamics of magnetic loop. The shape of magnetic
loop may gradually change after the growth phase, due to the
nonequilibrium of the pressure balance.

1. The first step

Specify the end of the growth phase of each magnetic
loop, observing the time variation of By contour map on
xz-plane at y=0. For this purpose, observe the By peak value
of each magnetic loop on By contour map, and then, find
when the By peak value takes the maximum in time. Let us
define the timing as the end of the growth phase.

2. The second step

On the By contour map at the end of growth phase, select
a contour line for the half value of the By peak value. Let us
define the shape of the magnetic loop with the selected con-
tour line.

3. The third step

Measure the value of z at the By peak point. Then, mea-
sure �X as the difference between the largest and smallest
values of x where the selected contour line passes at the
specified value of z. Then, measure �Z as the difference
between the largest and smallest values of z where the se-
lected contour line passes at any value of x.

FIG. 10. By �0 contour lines around origin. Case of Lz=20 and at T=65.
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As an example of the �X and �Z measurements, Figs.
10–13 are shown. These figures are obtained, respectively, at
T=65, 68, 72, and 78 in the simulation run same as Fig. 8�a�.
Figure 13 is a part of Fig. 8�a�.

First, let us focus on the bow-shape high By intensity
region observed around �x ,z�= �4,0� in Fig. 11. On the first
step, the end of the growth phase is considered to be T=68,
i.e., Figure 11. Because, the number of the contour lines of
which the bow-shape region consists is larger than those of
Figs. 10 �before� and 12 �after�. In fact, the By peak value in
the region increases from 0.53 at T=65 to 0.57 at T=68.
Then, it decreases to 0.45 at T=72. Here, the contour lines in
these figures are drawn only for By �0 with the same interval
�By =0.05 from By =0. Similarly, the end of the growth
phase of the round-shape high By intensity region observed
around �x ,z�= �4,6� is also considered to be T=68. The end
of the growth phase of another round-shape high By intensity
region observed around �x ,z�= �9,0� is considered to be T
=72. On the second step, the shape of each high By intensity
region is specified on the contour line for the half value of

each By peak value. On the third step, as shown in Fig. 11,
�X1=0.8 and �X2=1.2 are obtained at the By peak point of
each By region. Then, �Z1=6.5 and �Z2=1.4 are obtained as
the z-directional whole size of the By region, where the half
values of �Z1 is measured, because of the symmetry bound-
ary condition along x-axis. Similarly, �X3=0.8 and �Z3

=1.9 are obtained in Fig. 12.
Figure 14 shows the case of Lz=2.5, which is the same

simulation run as Fig. 8�b� but is obtained at T=67. Clearly,
the number of the contour lines in Fig. 14 is much larger than
that of Fig. 8�b�. In addition, in contrast to Fig. 8�b�, the peak
of the high By intensity region in Fig. 14 is slightly separated
from the upper-boundary line, i.e., z=2.5. Hence, �Z4 should
not be taken as the half width. In Fig. 14, �X4=0.8 and
�Z4=0.8 are obtained. These obtained data ��X ,�Z� are
summarized in Fig. 9.

APPENDIX B: SELF-FORMATIONS
OF MAGNETIC NEUTRAL

In this simulation, the magnetic neutral line, i.e., X-line,
is spontaneously formed, which is not necessarily be parallel
to the z-axis. However, in every case examined in this paper,
X-line tends to be parallel to the z-axis. In order to show this
feature, in Figs. 10 and 13, the flow vector field is shown. In
this simulation, since the initial magnetic field lines only
have x-directional component, the reconnection jet should be

FIG. 11. By �0 contour lines around origin. Case of Lz=20 and at T=68.

FIG. 12. By �0 contour lines around origin. Case of Lz=20 and at T=72.

FIG. 13. By �0 contour lines around origin. Case of Lz=20 and at T=78.

FIG. 14. Case of Lz=2.5 and at T=67. This is the same simulation run as
Fig. 8�b�.
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positive or negative x-directional. By observing these
x-directional diverging flows, we can easily detect active
X-lines.

In Fig. 10, X-line1 associated with the magnetic loop
around �x ,z�= �4,0� is indicated by a double dash line and is
almost parallel to the z-axis. More carefully observing the
x-directionally diverging flow vectors, the length of X-line1
is much shorter than �Z1 of the bow-shape high By region.
Also in Fig. 13, X-line1 is still almost parallel and X-line 2
parallel to the z-axis appears. In addition, Fig. 6�a� shows the
beginning of the growth phase of the magnetic loop which is
developed to the bow-shape By region in Figs. 10–13. The
X-line is also along the z-axis.

Figures 15–18 more clearly show that X-line is almost
parallel to the z-axis. Figure 15�a� shows the flow vector field
and contour map of Ux�0 at T=65 in the case of Lz=20.
Accordingly, it shows the details of Fig. 10. On X-line, the
sign of Ux will be changed from positive to negative. Such
an X-line is indicated by label A, corresponding to X-line1 in
Fig. 10. The X-line seems to be not parallel to the z-axis, as
value of z increases. However, we must focus on active
X-line that can produce a magnetic loop. In order to study the
activity of X-line, Fig. 15�b� shows the contour map of �J
less than �0.05, where �J means the reconnection rate on
the X-line, and hence, the active magnetic diffusion region
can be observed as the region of �J�−0.05. The flow vector
field is same as that of Fig. 15�a�, The active X-line indicated
by label A is being piecewisely separated but roughly parallel
to the z-axis. Similarly, Figs. 16�a� and 16�b� show the case

FIG. 15. �a� Contour lines for Ux�0 in the case of Lz=20 and at T=65. �b�
Contour lines for �J�−0.05 in the case of Lz=20 and at T=65.

FIG. 16. �a� Contour lines of Ux�0. Case of Lz=20 and at T=78. �b�
Contour lines of �J�−0.05. Case of Lz=20 and at T=78.

FIG. 17. Contour lines of �J�−0.05. Case of Lz=20 and at T=75.

FIG. 18. Contour lines of �J�−0.05. Case of Lz=20 and at T=82.
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of T=78. Also in these figures, the active X-line indicated by
label A is approximately parallel to the z-axis.

Next, let us see the time development of the active
X-line in the series of Figs. 17, 16�b�, and 18. The active
X-line indicated by label A in Fig. 17 �T=75� is slightly
declined from the z-axis but, in Figs. 16�b� �T=78� and 18
�T=82�, tends to gradually become parallel to the z-axis. In
Figs. 17 and 18, another active X-line is indicated by label B
around 3�x�7 and 4�z�6. From Figs. 17 and 16�b�, the
X-line is gradually growing and is slightly curved against the
z-axis. Then, from Figs. 16�b� and 18, nonparallel part �z
�4.5� of the X-line is isolated from the main part �4.0�z� of
X-line. It suggests that, if the X-line largely declines from the
z-axis, the X-line cannot be maintained to generate magnetic
loops, and hence, rapidly collapses.
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REPORT

Coronal Transverse Magnetohydrodynamic
Waves in a Solar Prominence
T. J. Okamoto,1,2* S. Tsuneta,1 T. E. Berger,3 K. Ichimoto,1 Y. Katsukawa,1 B. W. Lites,4
S. Nagata,2 K. Shibata,2 T. Shimizu,5 R. A. Shine,3 Y. Suematsu,1 T. D. Tarbell,3 A. M. Title3

Solar prominences are cool 104 kelvin plasma clouds supported in the surrounding 106 kelvin coronal plasma
by as-yet-undetermined mechanisms. Observations from Hinode show fine-scale threadlike structures
oscillating in the plane of the sky with periods of several minutes. We suggest that these represent Alfvén
waves propagating on coronal magnetic field lines and that these may play a role in heating the corona.

Solar prominences are classified as either
quiescent or active region (AR), the latter
referring to material suspended above sun-

spot magnetic regions. Quiescent prominences
often exist for many weeks at high solar latitudes,
whereas AR prominences can be dynamic and
short-lived. They are the most enigmatic of solar
structures supported by coronal magnetic field lines,
sometimes erupting as the source of coronal mass
ejections, large-scale eruptions of plasma from
flaring solar active regions, that can have major
impacts on the terrestrial magnetic environment.
Recent ground-based observations have revealed

that AR prominences have numerous small
threadlike features (1), with continuous flow of
material along the threads (2–9). Observations from
space (10, 11) confirm these findings and show
additional dynamics related to coronal structure.

We report Hinode Solar Optical Telescope
(SOT) (12, 13) observations of an AR prominence
in a 0.3-nm broadband region centered at 396.8
nm, the H-line spectral feature of singly ionized
calcium (Ca II). Radiation in this bandpass
typically has a temperature of less than 20,000 K.

We obtained over 1 hour of continuous SOT
images of NOAA AR 10921 on the west solar

limb on 9 November 2006. The images show a
multithreaded AR prominence suspended above
the main sunspot (Fig. 1). Although no simulta-
neous Ha images were taken, the Ca II H-line
prominence structures are consistent with the struc-
tures seen in lower-resolution Ha observations
(14). The Ca II H-line movie (movie S1) shows
ubiquitous continuous horizontal motions along
the prominence threads. The origins of these flows
remain unknown. Some of the flows had constant
speeds of about 40 km s−1, whereas others acceler-
ated monotonically in a more complicated fashion.

The Hinode SOT movies also reveal that
many of the threads in the prominence underwent
vertical (i.e., in the plane of the sky) oscillatory
motions (Fig. 2) at periods of 130 to 250 s. The

1National Astronomical Observatory (NAOJ), Mitaka, Tokyo
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Aerospace Exploration Agency (ISAS/JAXA), Sagamihara,
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*To whom correspondence should be addressed. E-mail:
joten.okamoto@nao.ac.jp

www.sciencemag.org SCIENCE VOL 318 7 DECEMBER 2007 1577



416 第 4章 論文集

vertical oscillatory motions were coherent over
lengths as long as 16,000 km. One thread (Fig.
3A) had a vertical width of 660 km and an
oscillation period of 240 s. Comparison of the
oscillation phase at various horizontal positions
(Fig. 3, B to F) reveals that the thread oscillated in
phase along its entire length. The vertical oscilla-
tion amplitudes of all threads we saw ranged from
400 to 1800 km, and thread widths were between
430 and 660 km (Table 1). Because we cannot
determine the angle between the plane of
oscillation and the line of sight to the prominence
threads, the oscillation amplitudes as well as the
horizontal velocities are minimum estimates.

The observed vertical oscillatory motion is
most likely due to propagating or standing Alfvén
waves on the horizontal magnetic field lines that
compose the prominence. An alternate hypothesis
is longitudinal plasma motion along helical field
lines. Helical field line structure has been observed
in many previous prominence studies (15–17);
however, the helical field line hypothesis cannot
explain the several cases we found of synchronous
vertical oscillation of entire threads, for example,
Fig. 3. Alternately, if the observed threads are thin
magnetic flux tubes, the observed oscillationsmay
be fast magneto-acoustic kink modes propagating
along the tubes (18, 19). The observations shown
here lack line-of-sight Doppler velocity measure-
ments, so we cannot determine the exact oscilla-
tion mode at this point.

These field lines connect to the source regions
in the photosphere (7), where they are excited by
the wide-spectrum p-mode oscillations originat-
ing in the convection zone. Each field line os-
cillated independently, as seen in the Hinode
movies. The synchronous oscillation along entire
threads shown in Fig. 3 implies that we cannot
distinguish the time difference at the minimum
and maximum amplitudes all along the thread.
The uncertainty in phase of the oscillation is no
more than 1/16 of the oscillation period, so we

estimate that the minimum wavelength of the
oscillation is 16 × 16,000 ≈ 250,000 km. The
wave speed is estimated to be >1050 km s−1 for
the average oscillation period of ~240 s. If we
assume that the plasma density is 1010 cm−3 (20),

the implied magnetic field strength is ~50 G for
the propagating Alfvén wave, in agreement with
measurements andmodels of active region prom-
inence magnetic fields (21, 22). The Poynting flux
carried by the observed waves is then estimated

Fig. 1. High-resolution image on
the solar limb obtained with SOT
aboard Hinode. This observation
was performed with a cadence of
15 s from 19:33 to 20:44 UT on 9
November 2006. Tick marks have
a spacing of 1000 km on the Sun.
A radial density filter is applied to
show the brighter photosphere and
the fainter coronal structures in the
same image. The main sunspot of
NOAA AR 10921 as well as the
trailing bright plage areas are vis-
ible on the disk. Above the limb,
ubiquitous vertical spicules are seen
below the horizontal threads of the
ARprominence. The cloudlike prom-
inence structure is located 10,000
to 20,000 km above the visible
limb and exhibits a very complex
fine structure with predominant horizontal threadlike features. The intensity of the prominence in Ca II H-line radiation is about 1% of the on-disk photosphere.

10,000 km

20:21:04

20:21:49

20:22:34

20:23:20

20:24:05

20:24:50

20:25:34

20:26:19

20:27:05

20:27:50

20:28:35

5,000 km

Fig. 2. Example of a vertical oscillation of a single prominence thread. A small field of view is extracted
from the larger field shown in Fig. 1 and shown in negative contrast. Tick marks have a spacing of 2000
km on the Sun, and UT time for each image is denoted on the left. The dashed line in each image indicates
an approximately constant height above the photosphere. This oscillating thread has a length of about
3600 km and width of 430 km. Steady flow at 39 km s−1 along the thread is evident. The vertical
amplitude of the oscillation is about 900 km with a period of 174 s. The vertical speed is about 10 km s−1.
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to be rv2VA ~ 2.0 × 106 erg s−1 cm−2 (where r is
the density, v is the velocity amplitude, and VA
is the Alfvén speed), a lower limit based on the
minimum estimates of observed tangential veloc-
ities. Given a suitable dissipation mechanism,
this flux is sufficient to heat coronal loops with
lengths longer than the estimated oscillation
wavelength (23).

In transiting from the photosphere to the chro-
mosphere, the large density decrease with height
results in rapid increases in the acoustic and Alfvén
wave propagation speeds. This effective dis-

continuity causes waves with periods longer than
a cutoff period determined by the thermodynamic
conditions and magnetic field strength in the at-
mosphere to be reflected before reaching the coro-
nal heights of active region prominences. Because
we find a typical oscillation period ~ 240 to 250 s,
we can infer that the Alfvén cutoff period is longer
than about 4 min for this prominence structure.

The limited field of view of our data prevents
us from determining the lengths of the field lines
threading the prominence. However, the frequen-
cy spectrum of the observedwaves can be used to

investigate the length of the field lines. Open field
lines have a distinct wide spectrum above the
Alfvén cutoff frequency, whereas shorter closed
loops show multiple discrete resonances as a
function of loop length. The estimated Alfvén
speed and the mean observed period implies a
minimum length of 250,000 km if this is the
standing wave in a closed-loop system.

Previous observations of waves in the solar
corona include Doppler velocity and periodic in-
tensity oscillations in coronal loops as well as
flare-generated transversal displacements of active
region loops (24–28). Those oscillations are exam-
ples of magneto-acoustic waves propagating out
from photospheric source sites. Alfvén waves in
coronal loops and prominences are also claimed to
account for spectroscopic observations of nonther-
mal line widths in coronal emission lines (29, 30).
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ABSTRACT

We present observations of the magnetic landscape of the polar region of the Sun that are unprecedented in terms
of spatial resolution, field of view, and polarimetric precision. They were carried out with the Solar Optical Telescope
aboard Hinode. Using a Milne-Eddington inversion, we find many vertically oriented magnetic flux tubes with field
strengths as strong as 1 kG scattered in latitude between 70 and 90. They all have the same polarity, consistent with
the global polarity of the polar region. The field vectors are observed to diverge from the centers of the flux elements,
consistent with a view of magnetic fields that are expanding and fanning out with height. The polar region is also
found to have ubiquitous horizontal fields. The polar regions are the source of the fast solar wind, which is channeled
along unipolar coronal magnetic fields whose photospheric source is evidently rooted in the strong-field, vertical
patches of flux.We conjecture that vertical flux tubes with large expansion around the photospheric-coronal boundary
serve as efficient chimneys for Alfvén waves that accelerate the solar wind.

Subject headinggs: solar wind — Sun: faculae, plages — Sun: magnetic fields — Sun: photosphere

1. INTRODUCTION

The Sun’s polar magnetic fields are thought to be a direct man-
ifestation of the global poloidal fields in the interior, which serve
as seed fields for the global dynamo that produces the toroidal
fields responsible for active regions and sunspots. The polar re-
gions are also the source of the fast solar wind. Although the polar
regions are of crucial importance to the dynamo process and the
acceleration of the fast solar wind, their magnetic properties are
poorly known. Magnetic field measurements in the solar polar
regions have long been a challenge: variable seeing, combined
with a strong intensity gradient and the foreshortening effect at the
solar limb, greatly increases the systematic noise in ground-based
magnetograms. Nevertheless, pioneering observations have been
carried out for the polar regions (Tang & Wang 1991; Lin et al.
1994; Homann et al. 1997; Okunev 2004; Okunev &Kneer 2004;
Blanco Rodriguez et al. 2007). These observations typically have
provided measurements only of the line-of-sight magnetic com-
ponent. Full Stokes polarimetry has also been carried out, but as
withmost of the ground-based observationsmentioned above, the
spatial resolution of these measurements was limited by seeing
(Lites1996). Another limitation of past polar observations is that
they have been restricted to individual polar faculae within a small
field of view and have not provided us with a global magnetic
landscape of the polar region, except for the Global Oscillation
Network Group and SOLIS (Harvey et al. 2007).

We have investigated the properties of the photospheric mag-
netic field in the polar regions using the Solar Optical Telescope,
SOT (Tsuneta et al. 2008; Suematsu et al. 2008; Ichimoto et al.
2008; Shimizu et al. 2008). SOT is a diffraction-limited (0.200Y0.300)

Gregorian telescopewith filtergraph and spectropolarimeter aboard
the satelliteHinode (Kosugi et al. 2007). These observations are
unprecedented in terms of their very high spatial resolution, wide
field of view, and high polarimetric sensitivity and accuracy in
measurements of vector magnetic fields.

2. STOKES MAPS OF THE POLAR REGION

Hinode observed the solar polar region on 2007 March 16,
when the south pole was located 7


inside the visible solar disk.

Stokes profiles of two Fe i lines (630.2 and 630.3 nm) were ob-
served with the spectropolarimeter (SP) of SOT. The degrees of
linear (Stokes Q and U ) and circular (Stokes V ) polarization are
defined as

R
Q(k)dk
Ic
R
dk

;

R
U (k)dk
Ic
R
dk

;

R jV (k)jdk
Ic
R
dk

;

respectively, where Ic is the continuum intensity andQ,U, and V
are the observed Stokes profiles. The SP wavelength sampling is
2.15 pm. When the red lobe of the Stokes V profile is positive, a
minus sign is added, meaning that the line-of-sight field is di-
rected away from the observer. The integrations are performed
between�21.6 and�4.32 pm and between +4.32 and +21.6 pm
from the center of individual Stokes I profiles. These wavelength
ranges were determined by examining the actual data. If the
range is too wide, the maps will be more susceptible to photon
noise. Maps of these degrees of polarization are hereafter called
the Stokes Q, U, and V maps and are shown in Figure 1. These
data were taken at 12:02:19Y14:55:48 UT on 2007 March 16.
Position angles for Stokes Q and U were determined as fol-

lows: 0 runs from east to west, and 90 is north-south. If the
transverse field is directed to the west, it will be seen as white in
the StokesQmap, and if it is directed north it will be black. If the
transverse field is directed at 45


, it will be seen as white in the

StokesUmap,with black denoting 135. Black (positive polarity)
in the Stokes V map indicates that the magnetic field is directed
toward the observer, and white (negative polarity) is directed away
from the observer.
We noticed scattered isolated patches in the Stokes Q map

(Fig. 1b). They coherently have negative values (black), indicating
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the presence of a magnetic component vertical (i.e., north-south)
to the local surface. These patches are associated with bipolar
structures in the StokesUmap (Fig. 1c). Figures 1d and 1e show
the StokesVmap. The same StokesV image seen from just above
the south pole is shown in Figure 2, where the foreshortening ef-
fect has been corrected. All the pixels in the observing coordinate
(as shown in Fig. 1) are mapped to the corresponding positions in
the polar maps (Figs. 2 and 3), and the gaps between the mapped
pixels are interpolated. Figures 1d and 2 show a bipolar structure
corresponding to the patches seen in the StokesQ andUmaps at
higher latitudes. One example is indicated by a small circle in Fig-
ures 1 and 2. The bipolar structure in the Stokes V map together
with theQ andUmaps suggests the presence of fanning-out flux
tubes vertical to the local surface.

Unipolar patches with positive polarity (black) are dominant
at lower latitudes in the Stokes V map. This is because the ver-
tical flux tubes located at lower latitudes have all their fanning-
out magnetic vectors directed toward the observer. The dominant
black polarity indicates a component of the field oriented toward
the observer. This shows that all the vertical magnetic patches

Fig. 1.—Polarization maps of the south polar region taken at 12:02:19Y
14:55:48 UTon 2007March 16. (a) Continuummap; (b) StokesQmap (transverse
magnetic field); (c) StokesUmap (transverse magnetic field); (d, e) Stokes Vmaps
(line-of-sight magnetic field). East is to the left, and north is up. The gray scale indi-
cates the wavelength-integrated total degree of polarization. The images saturate
at a degree of polarization of 	0.003 for (b), (c), and (e), and at 	0.02 for (d).
Black circles in (b), (c), and (d) indicate one fanning-out magnetic structure.

Fig. 2.—Polar view of the circular polarization (Stokes V ) signal, created
from Figs. 1d and 1e. The original observing field of view (Fig. 1) is 327.5200
(east-west) by 163.8400 (north-south) andwas converted to amap seen from above
the south pole. East is to the left, west is to the right, and the observation was car-
ried out from the top down. Spatial resolution is lost near the extreme limb (i.e.,
near the bottom of the figure). The field of view is 327.5200 (east-west) by 472.9600
(north-south along the line of sight). The field of view for the line-of-sight direc-
tion (163.8400) expands to 472.9600 as a result of correction for foreshortening. The
pixel size is 0.1600. Latitudinal lines for 85, 80, 75, and 70 are shown as large
circles, while the plus sign marks the south pole. The image saturates at a degree
of polarization of 	0.005. Black indicates the magnetic field component toward
the observer, while white is that away from the observer. The small circle indi-
cates the same magnetic patch highlighted in Fig. 1.
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are coherently directed away from the Sun, consistent with the
general polar fields in 2007 (see Gopalswamy et al. 2003; Durrant
et al. 2004).

We also noticed in the Stokes Umap that the positive polarity
(white) in the bipolar structures is more dominant on the east side,
while negative polarity (black) dominates in the west. Since the
flux tubes vertical to the local surface on the east side tilt toward
the plus axis of StokesU, the bipolar structures on the east side are
more plus-biased (white), and vice versa. This explains the east-
west asymmetry of the bipolar structures in the Stokes U map.

3. POLAR LANDSCAPE

3.1. Milne-Eddington Fitting

We applied a least-squares fit to the observed Fe i 630.15 nm
and Fe i 630.12 nmStokes profiles, assuming aMilne-Eddington
atmosphere, with the MILOS code (Orozco Suárez et al. 2007a,
2007b). The 10 free parameters are the three components describ-
ing the vector magnetic field (strength B, inclination angle �, and
azimuth angle �), the line-of-sight velocity, two parameters de-
scribing the source function, the ratio of line to continuum ab-
sorption coefficients, the Doppler width, the damping parameter,
and the stray-light factor �. To minimize the influence of noise,
we analyzed only pixels whose polarization-signal peaks exceed
a given threshold above the noise level �. The noise level was de-
termined in the continuum wavelength range of the profiles. The
fitting was performed for pixels whoseQ,U, or V signal is larger
than 5 �. It turns out that 10.5% of the area meets this criterion.

There may be unresolved magnetic elements along the line of
sight, for example, rays passing obliquely through vertical flux
tubes observed close to the limb. A nonzero stray-light factor �
may be interpreted as a parameter that includes both the filling fac-
tor of a nonmagnetized or weakly magnetized atmosphere along
the line of sight and the stray-light contamination factor. The
stray-light profile is evaluated individually for each pixel as the
average of the Stokes I profiles observed in a 100 wide box cen-
tered on the pixel (Orozco Suárez et al. 2007b). This arrange-
ment also allows us to accurately estimate the stray-light profiles
of rapidly changing continuum intensity toward the limb. If the
stray-light contamination is negligible, then the effective filling
factor of the magnetic atmosphere will be given by f = 1 � � .

The results of our inversions applied to the polar region show
that the distribution of the effective filling factor has a broad
peak at f = 0.15with FWHM range 0.05 < f < 0.35 (see Fig. 5d
below). Orozco Suárez et al. (2007b) suggested that there is a
considerable stray-light contribution and that the actual filling
factor may be larger than the nominal values derived above. As
an extreme case, we also estimate the magnetic flux assuming
f = 1 in the subsequent sections.

3.2. Vertical Kilogauss Patches and Horizontal Field

Figure 3 is a map of the magnetic field strength as seen from
just above the south pole. Such a polar representation is needed
to correctly see the spatial extent and size distribution of the mag-
netic islands in the polar region. While many of them are isolated,
and some have the form of a chain of islands, complex internal
structures are seen inside the individual patches. Many of the
patchy magnetic islands have very high field strengths, reaching
over 1 kG. These kilogauss patches coincide in position with
those seen in Figure 1: they are coherently unipolar, and like
plage and network fields at lower latitudes (Martı́nez Pillet et al.
1997), their magnetic fields are vertical to the local surface. The
fanning-out structure is confirmed in the vector magnetic field
map obtained from the least-squares fitting.

We notice a clear tendency for patches to be larger in size with
increasing latitude, being as large as 500 ; 500 at higher latitudes
and 100 ; 100 at lower latitudes. Degradation in spatial resolution
due to the projection effect may contribute to the larger sizes at
high latitude. This, however, would imply that close to the solar
limb, we are observing flux tubes higher in the atmosphere. The re-
sponse function to temperature (del Toro Iniesta 2003) for the core
of the Stokes I profile has a broad peak between 100 and 500 km
above a continuum optical depth of unity in Sun-center obser-
vations. The response function for a plane-parallel atmosphere
viewed obliquely at an angle of 80 has a peak that is 50Y100 km
higher, implying that we are observing higher altitude atmosphere
at 80.
We are interested in the inclination angle i of the magnetic

field vector with respect to the local normal. Close to the limb, it is
possible to determine iwithout the usual 180 ambiguity (del Toro
Iniesta 2003) in the transverse field components: the inclination
angle is given by cos i = cos � cos � + sin � sin � cos (�/2 � �),
where � is the latitude, � is the inclination of the magnetic field
vector, and� is the azimuth angle. Figure 4 shows the inclination
of the field lines: red contours indicate regions where the local
inclination i is smaller than 25 (vertical), while blue contours
show regions with local inclination larger than 65 (horizontal).
All the large patches have fields that are vertical to the local sur-
face (red), while the smaller patches tend to be horizontal (blue).
Most of the magnetic structures seen in Figure 3 thus have either
vertical or horizontal direction. These two types do not appear to
be spatially correlated.
Figure 4 also indicates that magnetic patches of larger spa-

tial size coincide in position with polar faculae (Lin et al. 1994;
Okunev 2004; Okunev & Kneer 2004). Figure 5c shows histo-
grams of the continuum intensity relative to the local average
intensity for pixels with magnetic field strength greater than 300
and 800 G. The distribution of the horizontal fields is essentially
symmetric about the average intensity, while the vertical fields
tend to have higher continuum intensities. These bright points cor-
respond to the polar faculae. The vertical kilogauss patches change
considerably in shape and distribution over 5Y10 hr, while the
spatial distribution of the horizontal magnetic field changes com-
pletely in 30 minutes or less. This is consistent with the observa-
tions of the horizontal fields made by SOLIS (Harvey et al. 2007)
and Hinode (Centeno et al. 2007; Ishikawa et al. 2008).
We manually selected 41 patches with vertical magnetic field

to derive the distribution of magnetic flux and patch size as a func-
tion of latitude. The total magnetic flux of a magnetic patch is
estimated as

P
i Bi fi si, where Bi and fi are the intrinsic magnetic

field strength and filling factor of the ith SOT pixel inside the
patch, respectively, and si is the common pixel size. The magnetic
flux of the patches ranges from 1.8 ; 1018 to 1.0 ; 1020 Mx,
with mean flux of 2.7 ; 1019 Mx.We obtain the size of the mag-
netic patches as

P
i si, where the summation is over pixels with

per-pixel average field strength Bi fi larger than 10 G: The size
increases by a factor of 1.92, and the flux

P
i Bi fi si decreases by

a factor of 1.33 between latitudes 70

and 85


. The total magnetic

flux is preserved to within 40%.
Figure 5a shows a histogram (probability distribution function,

PDF) of the intrinsic magnetic field strength B for latitudes above
75: vertical magnetic fields with inclination i < 25


dominate

the stronger field regime, while horizontal fields with i > 65 are
much more prevalent below 250 G. Of the pixels for which the
inversion was performed, 41% contained vertical magnetic field,
and 49% horizontal magnetic field. Figure 5a can be compared
with the PDF for the quiet Sun obtained with Hinode by Orozco
Suárez et al. (2007b, Fig. 7). A magnetic energy PDF, defined by
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Fig. 3.—South polar view of the magnetic field strength taken at 12:02:19Y14:55:48 UTon 2007 March 16. The dimensions and orientation are the same as in Fig. 3.
The magnetic field strength is obtained for pixels meeting a given threshold (see text).
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Fig. 4.—Polar view in the continuum for latitudes above 80, created from Fig. 1a. Colored contours indicate locations with average field strength B f of 200 G. (The
region inside the contour has average field strength larger than 200G.) Red indicates regionswhere the local inclination i < 25 (vertical), while blue shows regions i > 65

( horizontal). East is to the left, andwest is to the right. Latitudinal lines for 85 and 80 are shown, with the plus sign indicating the south pole. Near the extreme limb (to the
bottom), spatial resolution is lost.

Fig. 5.—(a) Number of pixels as a function of magnetic field strength (probability distribution function). Red lines indicate the vertical field, blue the horizontal field,
and black the total. (b) Number of pixels timesB2 as a function ofmagnetic field strength. The bin size for themagnetic field strength in (a) and (b) is 20G. (c) Histograms of
continuum intensity for magnetic field strengths above 300 G (solid lines) and 800 G (dashed lines). Since the continuum intensity rapidly decreases toward the limb, the
horizontal axis is the normalized excess continuum level with respect to the continuum averaged over a 6.400 box. (d) Filling factor as defined in x 3.1. All panels are for
latitudes above 75.
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the number of pixelsmultiplied byB2, as a function of field strength
is shown in Figure 5b. This illustrates where the magnetic energy
is mainly located as a function of field strength. The vertical flux
tubes with higher field strength are energetically dominant, while
weaker horizontal flux tubes, by contrast, carry more energy.

3.3. Total Magnetic Flux in the Polar Region

The total vertical magnetic flux in the SOT field of view is
2.2 ; 1021 Mx, while the total horizontal flux is 4.0 ; 1021 Mx.
The effective filling factor was taken into account in estimating
these total fluxes: the flux of an individual pixel in Figure 3 is es-
timated asBf times the pixel size, with foreshortening correction.

Considering the stray-light contribution, the actual filling factor
may be larger than the nominal values derived with the least-
squares fit. As an extreme case, we estimate the magnetic flux
assuming f = 1: the total vertical magnetic flux then becomes
9.9 ; 1021 Mx, and the total horizontal magnetic flux becomes
2.0 ; 1022Mx. The differences are factors of 0.22 and 0.2, which
roughly correspond to the average filling factor for the vertical and
horizontal fields, respectively. If the contribution from stray light
reaches 50% (Orozco Suárez et al. 2007b), the total vertical flux
is estimated to be 7.2 ; 1021 Mx. Note that we have to be careful
in comparing the horizontal magnetic flux with the vertical flux
because of the different sensitivity in the degree of Stokes Q, U,
and V polarization to the transverse and line-of-sight magnetic
fields.

Since the inversion was performed for only the 10.5% of pixels
with high signal-to-noise ratio and the horizontal field strength is
generally smaller than the vertical, we also obtained the horizontal
magnetic flux from the wavelength-integrated Stokes V signals
using a weak-field approximation. This should be less sensitive
to error.We excluded pixels with flux lower than 3� (7.2Mx cm�2),
performed foreshortening correction in the pixel size, and added
a correction (a factor of

ffiffiffi
2

p
) for the transverse horizontal fields

unseen in Stokes V. The total horizontal flux thus obtained is
4.35 ; 1021 Mx, which agrees well with the value above.
The total verticalmagnetic flux for the whole area at latitudes

above 70 is then estimated to be 5.6 ; 1021 Mx with the nom-
inal filling factor considered and 2.5 ; 1022 Mx with f = 1, as-
suming that the unobserved polar region has the same magnetic
flux as that observed with SOT. The estimate taking into account
the effect of stray light is 1.8 ; 1022 Mx. Here we chose only the
flux tubes vertical to the local surface, and the horizontal flux is
not included. Since the surface area with latitude above 70 is
1.8 ; 1021 cm2, the average fluxes are 3.1 G (with the nominal
filling factor f considered), 13.9 G (with f = 1), and 10.0 G (with
50% of stray light taken into account). Although these are the
most accurate flux estimates so far made for the polar regions,
the numbers should be regarded as minimum values because of
the threshold in the selection of pixels for accurate inversion.

4. KILOGAUSS MAGNETIC PATCHES
AND ACCELERATION OF THE FAST SOLAR WIND

4.1. Comparison between Photospheric
and Interplanetary Magnetic Flux

The Hinode X-ray image taken on 2007 March 16 shows that
the apparent polar coronal hole extends down to 60Y70 in lat-
itude. Thus, the entire region shown in Figure 3 is the photo-
spheric base of the polar coronal hole. We next compare the
magnetic flux in the polar photosphere and that observed in in-
terplanetary space during a different solar cycle. The mean mag-
netic field strength observed byUlysses in 1993Y1997was 2.83 nT
(2.83 ; 10�5 G) above 36 heliolatitude at 1 AU (McComas et al.

2000), and the total magnetic flux of the polar coronal hole is
estimated to be 2 ; 1022 Mx, which is somewhat larger than the
total photospheric magnetic flux obtained here with our effective
filling factor and close to the flux with unity filling factor. We
consider these numbers to be consistent, since (1) the actual fill-
ing factor must be between 1 and the effective value derived
above, (2) there may be smaller undetected vertical flux tubes,
as indicated by the presence of spicules, (3) the measurements
were made in different solar cycles, and (4) we obtained the
photospheric flux at latitudes higher than 70, whereas the polar
coronal hole extends below 70.

4.2. Polar Flux Tubes and the Fast Solar Wind

The fast solar wind emanates from the polar regions (Krieger
et al. 1973; Woch et al. 1997). The vertical flux tubes should
undergo a large expansion between the photosphere and the lower
corona as a result of their high field strength, the unipolarity, and
their very limited number and size in the polar region. The total
area S of vertical flux tubeswith average field strengthBf > 200G
(Fig. 4, red contours) is 2.1 ; 1018 cm2, and the total surface
area of the photosphere corresponding to the SOT field of view is
7.2 ; 1020 cm2. Thus, the areal expansion of individual flux tubes
between the photosphere and the lower corona may reach a factor
of 345.

The mean number density and velocity in the fast solar wind
as observed by Ulysses are 2.7 cm�3 and 760 km s�1, respec-
tively, at 1 AU and heliolatitudes above 60. These values ex-
hibit little variation with heliolatitude (McComas et al. 2000).
On this basis, we estimate a total mass loss of 2.3 ; 108 kg s�1

from one of the polar regions, assuming uniform-plasma param-
eters. The plasma density � at 	5000 = 1 is 3 ; 10�7 g cm�3, and
the upward speed associated with a fast solar wind is estimated to
be only 2 cm s�1. The apparent Doppler velocity further decreases
if one takes into account the projection effect. Indeed, we do not
see any velocity feature at the locations of the vertical flux tubes.

In a more mixed-polarity region, a larger fraction of the field
lines will return at lower heights, allowing greater expansion for
those that are indeed open higher in the corona. But in the polar
regions, as soon as the vertical field lines reach the chromosphere
or the chromospheric-coronal boundary the fields will expand,
since there is no obstacle to lateral expansion of the vertical flux
tubes. Horizontal fields, although ubiquitous, would not reach the
corona. All the open field lines forming the polar coronal hole
essentially originate from such scattered, small, but intense mag-
netic patches, and the fast solar wind emanates from these vertical
flux tubes seen in the photosphere (‘‘magnetic funnels’’; Tu et al.
2005).

Alfvén waves are believed to play a vital role in the acceler-
ation and heating of the fast solar wind (Hollweg 1972; Suzuki
& Inutsuka 2006). TheAlfvén speed rapidly increases with height
as a result of the decrease in plasma density. A long-standing
problem is that Alfvén waves with wavelengths shorter than the
Alfvénic scale height tend to be reflected back (An et al. 1989;
Moore et al.1991). A rapid decrease in the magnetic field strength
associated with rapidly expanding flux tubes near the chromo-
spheric boundarywould reduce the vertical change inAlfvén speed,
resulting in a longer Alfvénic scale height. Therefore, the Alfvénic
cutoff frequency may be lower in the polar flux tubes.We thus con-
jecture that Alfvén waves generated in the photosphere may be
more efficiently propagated to the corona through the fanning-
out flux tubes. These flux tubes may serve as the chimneys pro-
viding the entire coronal hole with Alfvén waves to accelerate
solar winds.
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5. DISCUSSION

We have discovered that the poloidal field near the south solar
pole has the form of unipolar flux tubes scattered throughout the
region rather than a weak extended field. If a polar field with the
same total magnetic flux � � BfS were uniformly distributed (S
being the total magnetic area), the estimated effective field strength
would be about 10 G, as described above. The total magnetic
energy is then proportional to B2 fS = B�. Thus, the surface po-
loidal magnetic energy is approximately 90 times larger than in
the case of a uniform magnetic field if we take B � 900 G, cor-
responding to the peak of the energy PDF in Figure 5b. The equi-
partition field strength Be is that at which the magnetic energy
is equal to the kinetic energy of the surface granular motion:
Be = (4��v 2)1/2. The typical value of Be is about 400 G for gran-
ules with a velocity of v = 2 ; 105 cm s�1 and the plasma density
� given in x 4.2. The magnetic field strength for the majority of
the patches is larger than the equipartition field strength.

The observed unipolar, strong flux tubes scattered about the
polar region are considered to represent seed poloidal fields for
toroidal fields (Wang et al.1989a,1989b). Magnetic flux is trans-
ported to the polar regions by meridional flows and supergran-
ular diffusion in the flux-transport dynamo model (Dikpati &
Charbonneau 1999). Since the magnetic field takes the form of
such isolated flux tubes with super-equipartition strength instead
of the diffuse weak mean field assumed in the flux-transport dy-
namo (Dikpati & Charbonneau 1999), flux transport on the Sun
would occur by means of an aerodynamic (drag) force against
the magnetic tension force and may be more difficult than in the
mean field case assumed in the models.

If the flux tubes seen on the surface of the Sun are maintained
inside the Sun, this would affect a known difficulty in the �-
mechanism (Elsasser 1956) to generate intense toroidal fields: a
smaller amplification factor is needed to generate the same to-
roidal field from a poloidal field with an intrinsic field strength of
1 kG than from an average 10 G field and thus may be achievable
within a solar cycle. We however recognize that there would
remain a serious energetics problem if the toroidal field strength
indeed reached 100 kG (Schüssler 1996; Rempel 2006).

The total flux of the vertical magnetic field in the polar region
estimated here is at most 7.2 ; 1021 Mx at solar minimum, while
various measurements of the total magnetic flux of single active
regions indicate�1022Mx (Longcope et al. 2007; Jeong&Chae
2007; Magara & Tsuneta 2008). Thus, the measured total polar
flux scarcely corresponds to that of a single active region. The
total toroidal fluxwould increase with time during the winding-up
process by virtue of differential rotation, and the concept of the
�-mechanism could be viablewith the observations presented here.

The transient horizontal magnetic field discovered in the polar
region appears to have properties similar to those found in the
quiet Sun and in active regions (Lites et al. 2008; Centeno et al.
2007; Orozco Suárez et al. 2007a; Ishikawa et al. 2008; Ishikawa
& Tsuneta 2009). In particular, the PDFs of the magnetic field
strength for the polar region (Fig. 5a), quiet Sun, and active regions
(Ishikawa & Tsuneta 2009) are remarkably similar, suggesting a
common local dynamo process (Cattaneo 1999) taking place all
over the Sun.
The X-ray telescope and extreme-UV imaging spectrometer

aboard Hinode have observed remarkable activity in the polar
regions in the form of microflares and jets (Savcheva et al. 2007;
Cirtain et al. 2007). The lateral spreading of the vertical flux
tubes to large areas may occur well above the formation height
of the two Fe lines, since there is no clear positional correlation
between the horizontal fields and the vertical fields, as seen in
Figure 4. These X-ray jets could be due to magnetic reconnec-
tion at the lateral magnetic contacts with the horizontal fields or
the transient emergence of separate bipolar field lines (Shimojo
et al. 1998; Shibata et al. 1992).
In conclusion, themagnetic landscape of the polar region is char-

acterized by vertical kilogauss patches with super-equipartition
field strength, a coherence in polarity, lifetimes of 5Y15 hr, and
ubiquitous weaker transient horizontal fields. The lifetime of the
magnetic concentrations in the quiet Sun has been estimated to
be 2500 s for 2.5 ; 1018 Mx, and 40 ks for 10 ; 1018 Mx, with
the SOHOMichelson Doppler Imager (Hagenaar et al. 1999). It
is important to clarify the similarities and differences between the
polar region and the quiet Sun with Hinode. We will discuss this
in a subsequent paper.
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Space Weather Modeling: Status and
Prospects (Journal of Geophysical
Research, Vol. 113, No. A3, 2008)

“Space Weather Modeling: Status and Prospects” (Journal of Geophysical Research, Vol. 113, No. A3,

2008) は 2006 年 11 月 14 日–17 日に地球シミュレータセンター（横浜市）で開催された「CAWSES
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Introduction to special section on Space weather modeling: Status and
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[1] The importance of specifying and predicting the state
of the Earth’s space environment, i.e., space weather, has
recently been increasingly realized, as dynamic activities of
the Sun, solar wind, magnetosphere, and ionosphere can
influence modern technology systems and even endanger
human life. It is also widely recognized that numerical
simulations driven by integrated ground-based and satellite
observations are a powerful tool for quantitatively under-
standing the complex Sun-Earth system, and they are a vital
means for predicting space weather.
[2] It is required, however, that a physical model of solar-

terrestrial phenomena be constructed as a basis of space
weather predictions. The model must deal with the key
processes spanning from flares and coronal mass ejections
on the Sun to geomagnetic storms and their effects in the
upper atmosphere of Earth. To reach the goal effectively, it
is acute to ask a number of fundamental questions such as,
What is the triggering condition of solar flares and coronal
mass ejections (CMEs)? What mechanism generates fast
reconnection and leads to particle acceleration? Why par-
ticular solar flares cause superstorms on Earth? Working out
these basic questions is probably equivalent to understand-

ing multiscale coupling of various physical processes occur-
ring in the Sun-Earth system on different scales. It is
indispensable that the communications among different
fields, especially between the solar and geophysical com-
munities, be enhanced more systematically.
[3] This special section results primarily from the

CAWSES International Workshop on Space Weather Mod-
eling (CSWM), which was held on 14–17 November 2006
in Yokohama, Japan, but includes several papers that were
not presented at the Workshop. It is hoped that this section
will provide a timely forum for discussing all aspects of
space weather modeling research, aiming to summarize the
current status and future prospects of this rapidly growing
field. It contains original research papers as well as topical
review papers on the advanced modeling of solar and
heliospheric magnetic field; solar flares, CMEs, and fila-
ment eruption; solar wind; geomagnetic storms; and radia-
tion belts.
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Magnetic flux emergence in the Sun

V. Archontis1
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[1] Space weather research is closely connected with the study of the solar magnetic
activity. In past years, many solar missions (e.g., YOHKOH, SOHO, TRACE, and
RHESSI) have provided outstanding observations, which have been used to improve our
understanding of the structure and the dynamical evolution of solar magnetic fields. In
addition, the newly launched solar missions (e.g., Hinode and STEREO) will study the
interaction between the emerging magnetic field and the preexisting field in the corona
(increasing our understanding of the causes of solar variability), and they will also observe
the three-dimensional evolution of solar eruptions as they leave the Sun and move into the
interplanetary space. One of the most important processes, responsible for many
dynamical phenomena observed in the Sun, is the emergence of magnetic flux from the
solar interior in active regions and the modification of the coronal magnetic field in
response to the emergence. In fact, magnetic flux emergence might be responsible for the
appearance of small-scale events (e.g., compact flares, plasmoids, and active-region-
associated X-ray brightenings) and large-scale events (e.g., X-class flares and CMEs),
which are major drivers of space weather. However, it is clear that the question of how
exactly the magnetic fields rise through the convection zone of the Sun and emerge
through the photosphere and chromosphere into the corona has still not been solved. It is
believed that understanding the process of flux emergence is an important step toward the
understanding of the initiation mechanism of eruptive events in the Sun, which is
another topic of great debate. This paper provides a brief review of the theory and the
numerical models, which have been used to study the process of magnetic flux emergence
into the outer atmosphere of the Sun. We underline the similarities and differences
between these models, and we compare the basic features of the numerical results with
observations. Finally, we review the recent progress and discuss what further
developments are required in the models to best describe the essential physics in the
process of flux emergence.

Citation: Archontis, V. (2008), Magnetic flux emergence in the Sun, J. Geophys. Res., 113, A03S04, doi:10.1029/2007JA012422.

1. Introduction

[2] Most of the solar activity is directly linked to the
Sun’s magnetic field. Indeed, observations have shown that
the Sun’s corona is highly structured, being threaded by a
complex network of magnetic fields. Understanding the
structure and the dynamic evolution of these fields is
important because they are the building blocks of solar
activity. It is believed that solar eruptive phenomena result
from rapid changes in their structures and connections.
[3] The current state of the theory of the formation of the

Sun’s magnetic field suggests that it is produced by dynamo
action in the tachocline, an interface layer separating the
convection zone from the radiative zone. Then the dynamo-
generated magnetic field is transported from the deep
interior of the Sun to the surface by magnetic buoyancy
[e.g., Parker, 1955], which may well be coupled with the

convective motions [Parker, 1988]. Eventually, the buoyant
magnetic fields rise through the convection zone, intersect
the photosphere and create the observed sunspots and
bipolar active regions [e.g., Zwaan, 1987]. The newly
emerged bipolar active regions are called emerging flux
regions (EFRs) [e.g., Zirin, 1970]. An extended review on
the structure and dynamics of magnetic fields in the solar
convection zone is given by Fan [2004]. The properties of
active regions in terms of the dynamics of magnetic flux
tubes which emerge from the solar interior to the photo-
sphere have been reviewed by Fisher et al. [2000].
[4] Shortly after the appearance of flux at the photo-

sphere, a system of bright loops appears in the EUV and
X-ray detectors. Observations of large-scale magnetic fields
emerging into the corona have been identified by solar
satellites in the 1990s (e.g., TRACE and SOHO). The
coronal fields are normally outlined by plasma emitting in
EUV or X rays. Figure 1 is a high-resolution image of the
Sun taken by the X-ray telescope on Hinode satellite. This
image shows the detailed structure of active region loops
and X-ray bright points, which are seen as concentrations of
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magnetic loops. The appearance of many brightenings
indicate that solar activity occurs all over the Sun.
[5] However, it is exceedingly difficult to measure coro-

nal magnetic fields directly and, thus, we usually use the
line-of-sight component of the magnetic field and vector
magnetograms from photospheric measurements, to extrap-
olate the magnetic field in the corona. For the photosphere,
direct measurements of the magnetic field, both by satellite
instruments (like MDI) as well as ground-based detectors,
yield a wealth of information. Vector magnetograms, in
particular, permit the reconstruction of all three components
of the magnetic field.
[6] Schrijver et al. [2006] evaluated the performance of a

series of numerical models, which simulate nonlinear force-
free (NLFF) magnetic fields in the solar corona. The
numerical experiments were performed using vector mag-
netic field measurements of active regions. It was found that
the solution depends strongly on the implementation of the
boundary conditions. The ultimate goal of this comparison
between the numerical models is to find a robust method of
measuring coronal free energy in solar active regions.
[7] Another approach, which has been used to compute

the large-scale magnetic field configuration of the solar
corona, is the potential field source surface (PFSS) models.
These models are simple to develop and implement and
they can also resolve larger-scale structures than the current
MHD models. On the other hand, they use idealized initial
conditions and assumptions and they don’t treat important
processes (such as reconnection) properly. Riley et al.
[2000] showed that PFSS models are useful tools for
computing the large-scale coronal field when time-
dependent changes in the photospheric flux can be
neglected. Also, they found that PFSS models produce

similar results with the MHD models for configurations
based on untwisted coronal fields.
[8] Observations show that most of the coronal loops

seem to join the opposite polarities of the new active
regions, while others establish linkages to new active
regions, probably through reconnection of magnetic field
lines. Space observations from YOHKOH, SOHO and
TRACE have revealed evidence of magnetic reconnection
[Martens, 2003] in emerging flux regions, in flares and it is
believed that reconnection could power solar explosions
called Coronal Mass Ejections (CMEs). Antiochos et al.
[1999] presented the first model (known as breakout
model), which was consistent with many observational
properties and the energy requirements for CMEs. In this
model, CMEs are triggered owing to reconnection between
a sheared arcade and neighboring flux systems.
[9] Eruptive phenomena, such as CMEs, flares and

prominences can lead to solar and geomagnetic disturbances
[Taylor et al., 1997] and disrupt terrestrial satellites and
power systems. Recent models have increased progress on
space weather prediction. The warning of an explosive
event from space weather on terrestrial and space systems
can be provided (a few hours ahead) on the basis of
observations of such events from spacecrafts. The exact
impact, however, of the potential threat in the Sun-Earth
environment requires further development of space weather
models [Brun, 2007; Cole, 2003] and remains a great
challenge.
[10] X-ray images from YOHKOH and vector magneto-

grams from ground-based observatories have shown the
topology of growing bipoles in areas of new magnetic
flux. The analysis of the proper motions of these bipoles
indicates that the flux bundles that they make up the
bipoles are twisted before they emerge [Leka et al.,
1996]. Measurements of the twist of the emerging flux
systems have shown that the change of the twist is rather
small during the emergence [Wang and Abramenko,
1999]. In addition, photospheric measurements of the
vector magnetic field have shown that the mean twist
in active regions is right-handed in the southern hemi-
sphere and left-handed in the northern hemisphere
[Pevtsov et al., 2001]. Soft X-ray data from observations
of active regions have repeatedly shown coronal loops
with a bright forward or an inverse S shape. The
structures with the forward S shape appear mostly in
the southern hemisphere while the inverse S shape
structures usually appear in the northern hemisphere.
Their shape appears to be helical because their magnetic
fields are twisted. Their central part is approximately
aligned with the neutral line of the normal component
of the magnetic field in the photosphere. Filaments, with
a forward or an inverse S shape, may also be visible
along the neutral line in sigmoid active regions [Rust and
Kumar, 1994].
[11] The above mentioned structures are called sigmoids.

Using YOHKOH solar X-ray images, it has been shown that
there is a relationship between structures with a sigmoidal
shape and eruptions of flux ropes in the corona [Sterling,
2000; Pevtsov, 2002]. For example, CMEs appear to orig-
inate preferentially in regions of the Sun’s corona that
exhibit sigmoidal structures [Canfield et al., 1999, 2000].
Although sigmoids play an important role in solar activity

Figure 1. First-light image from the X-ray telescope on
board the Hinode satellite. Credit: Japanese Aerospace
Exploration Agency (JAXA).
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and their evolution is closely connected to space weather
forecasting [Sterling, 2000; Pevtsov, 2002], the origin and
the lifetime of sigmoids are still unknown.
[12] Another interesting issue, closely connected with

the study of flux emergence, is the actual structure of the
solar magnetic field. Observations have shown that mag-
netic fields on the photosphere are intermittent and
magnetic flux is predominantly concentrated in discrete
areas with kilogauss field strengths [Zwaan, 1987; Keller,
1992; Hagenaar, 2001; Socas Navarro and Sanchez
Almeida, 2003]. Resolution is a crucial factor on how
one interprets observations since the size of these areas
changes from sunspots down to very small scales, which
are difficult to resolve with the available observational
facilities. In the past few years, many observations have
shown that the observed field adopts the form of roundish
and discrete flux tubes while recent high-resolution
observations (i.e., with the Swedish Solar Telescope on
La Palma) show that the observed field has an intricate
topology. Theoretical arguments support also the intermit-
tent morphology of the photospheric and the subsurface
magnetic fields, which are believed to be concentrated
into discrete flux tubes. Numerical MHD simulations of
magnetoconvection [Galloway and Weiss, 1981; Nordlund
et al., 1992] have shown that magnetic flux is concen-
trated in the intergranular lanes by convective motions.
Eventually, the magnetic flux adopts the form of flux
tubes, which are intensified because of stretching and
twisting of their magnetic fieldlines by turbulent fluid
motions. It is worthwhile to mention that, magnetocon-
vection simulations on granule and mesogranule scales in
the upper part of the convection zone [Steiner et al.,
1998; Weiss et al., 2002; Stein and Nordlund, 2006] have
shown that the magnetic field lines of the flux tubes at
the surface of the Sun are connected to various regimes,
with a complex topology, below the surface and, thus, the
concept of discrete flux tubes for the weak magnetic
fields in the quiet Sun is not clear.
[13] Although it appears that we do not have yet a

complete picture of the topology of the magnetic field on
or below the photosphere, the concept of isolated mag-
netic flux tubes has been used extensively over the past
decade or so in numerical experiments of flux emergence
from the solar interior into the solar atmosphere. Most of
the numerical models use, as initial configuration, a
twisted flux tube or a flux sheet below the photosphere.
Eventually, the initial flux system becomes unstable to
perturbations or instabilities (i.e., the classical Parker
buoyancy instability [Parker, 1978]) and makes its way
up through the solar interior developing an W-loop shape.
As the buoyant flux system rises, the top of the W-loop
structure intersects the photosphere and creates sunspots
in bipolar regions. Finally, it emerges through the photo-
sphere and chromosphere and expands into the corona.
However, even in the simplest configuration, the above
phenomenon is highly time-dependent, has a complex
three-dimensional geometry and the timescales of the
various processes involved are remarkably different in
the subphotospheric layers and in the upper atmosphere
of the Sun. Hence numerical experiments are necessary to
provide a first physical understanding of the flux emer-

gence process. This paper provides a review of the results
of these numerical experiments.

2. Emergence Into a Field-Free Corona

[14] The emergence of buoyant magnetic flux systems
from the convectively unstable solar interior into the higher
levels of the atmosphere is still a largely unexplored
research domain and has been a subject of vigorous research
for the past three decades. In fact, the evolution of the rising
flux systems occurs on the basis of the buoyancy instability
experienced by the plasma above the photosphere. There
has been much interest on the literature in the buoyant
instabilities in magnetized and in nonmagnetized plasmas
(see the review by Hughes and Proctor [1998]). In the
following, we first report on magnetic buoyancy instabilities
in the framework of numerical MHD experiments of flux
emergence, then on the issue of twisted flux tubes and
finally on the dynamics of flux emergence.

2.1. Buoyant Instabilities

[15] A first series of numerical experiments were two-
dimensional (2-D) and explored the excitation of magnetic
instabilities of a single flux system (tube or sheet) and its
subsequent emergence into a nonmagnetized corona.
Shibata et al. [1989a, 1989b] performed 2-D magnetohy-
drodynamic (MHD) experiments to study the nonlinear
evolution of the Parker instability, which is a kind of ideal
MHD instability driven by magnetic buoyancy. More pre-
cisely, they studied the undular mode k k B of the magnetic
buoyancy instability, where k and B are the wave number
and the initial magnetic field vector, in an isolated horizon-
tal flux sheet. The background stratified atmosphere in these
experiments consisted of two unmagnetized isothermal
layers as an simplified version of the Sun’s photosphere/
chromosphere and the ambient corona with a higher tem-
perature. Also, small velocity perturbations were initially
imposed on the magnetic flux sheet to initiate the instability.
They found that as soon as the instability develops the flux
sheet rises as a result of enhanced magnetic buoyancy and
eventually expands into the corona. The acceleration of the
rising loop shows a self-similar behavior in the low atmo-
sphere. This self-similar solution reveals that the magnetic
loop is accelerated by the magnetic pressure gradient force,
which dominates the gravitational and the gas pressure
gradient force. The results of these simulations were con-
sistent with the observed small rise velocity of magnetic
flux at the photospheric heights (v � 1 Km sec�1) and with
strong downdrafts (v � 1–3 km sec�1) at the footpoints of
the expanding magnetic loop, which may correspond to
observed strong downdrafts near pores.
[16] Simulations by Kaisig et al. [1990] included a

convectively unstable layer below the photosphere. Then
vertical velocity fluctuations in the convection zone and
horizontal shear flows at photospheric heights were consid-
ered to study the evolution of the undular mode of magnetic
buoyancy of a horizontal flux sheet. The results indicated
that the imposed velocity fluctuations can destabilize the
initial flux sheet, generating an upward-expanding magnetic
loop, as long as it is located within or just above the
convection zone but not if it is originally embedded in the
higher atmosphere. They also calculated eigenfunctions for
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the linear and nonlinear stability problem associated with
the particular initial condition that they were using.
[17] Kusano et al. [1998] investigated the Parker mode

(k k B) and the interchange mode (k ? B) of magnetic
buoyancy instabilities with the aim to understand the
emerging mechanism of magnetic loops in the solar corona.
They performed nonlinear, 2-D simulations in a weak two-
temperature atmosphere, which consisted of the chromo-
sphere and corona. A sheared magnetic flux was initially
embedded in the bottom of the chromosphere and random
velocity perturbations were added into the equilibrium state
to initiate the experiment. They found that if the field is
sheared, a new instability could occur through the nonlinear
process of interchange instability, which leads to the forma-
tion of magnetic loops with a mushroom-like structure.
Current sheets are formed in the central lower part of the
magnetic loops and reconnection occurs. As a result of
reconnection, magnetic bubbles are generated and eventu-
ally are detached from the original flux sheet and shortly
after they rise into the upper atmosphere.
[18] Matsumoto et al. [1993] used the same background

stratification and similar initial conditions with the previous
2-D numerical models, to study the nonlinear evolution of
EFRs [e.g., Zirin, 1970]. On the other hand, they considered
two different types of unperturbed magnetic flux system in
the lower atmosphere: a horizontal magnetic flux sheet and
a horizontal magnetic flux tube. They performed 3-D MHD
simulations and they found that the expansion laws, derived
in the previous 2-D models, are modified because in three
dimensions the expansion of the rising magnetized volume
occurs also perpendicular to the fieldlines in two directions.
They also found that the evolution of the EFR depends on
the initial structure of the magnetic flux system. As an
example, the rise velocity of the expanding magnetic loops
obtained in these simulations was comparable to the ob-
served rise velocity of arch filaments (�10–15 Km s�1;
[e.g., Chou and Zirin, 1988]) when the initial flux system is
a flux sheet. On the other hand, the rise speed is too small
when a magnetic flux tube is considered as the unperturbed
magnetic flux system at the beginning of the simulation.
Another interesting feature presented in this paper is the
evolution of an initial flux system, which consists of a
number of isolated flux tubes. In this model the flux tubes
interact with each other as they rise and they finally merge
into a bundle of expanding magnetic loops. Dense filaments
are formed in between the expanding magnetic loops, as
the plasma slides down along the outermost expanding
fieldlines, with a width about 800 Km and a rise speed
�10 km s�1.
[19] Finally, Archontis et al. [2004] showed that over-

dense flux can be transported into the atmosphere when the
following criterion is satisfied [Newcomb, 1961; Acheson,
1979]:
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[20] In the above criterion, Hp is the pressure scale height,
z is the height, B is the magnetic field strength, g is the ratio
of specific heats and the plasma-b is the ratio of the gas
pressure over the magnetic pressure. There are also pertur-

bations with wave vector k (where ~kk and ~k? are the
horizontal components parallel and perpendicular to the
magnetic field and ~kz is the vertical component). The
superadiabatic excess, d is given by d = r � rad, where r
is the actual logarithmic temperature gradient in the
equilibrium stratification and rad is its adiabatic value.
[21] A crucial term in the above criterion is the bd term.

For an isothermal layer d = �0.4. Plasma-b, on the other
hand, becomes small as the magnetic pressure becomes
larger than the gas pressure when the uppermost layers of
the tube cross the photosphere. Thus the right-hand-side
term in the above criterion becomes smaller than the left-
hand-side term and the instability is launched, carrying the
magnetized plasma all the way up to the corona.

2.2. Twisted Flux Tubes

[22] Observationally, there is evidence that the emerging
flux bundles, which rise through the solar interior and create
active regions at the photosphere, are twisted and have a
coherent configuration during their rise (see section 1). Also
on theoretical grounds, numerical models in two dimensions
have shown that an initial twist is required for a tube to
retain its coherent structure as it rises through the convec-
tion zone. A nontwisted tube splits into a pair of vortex
filaments rotating in opposite directions [e.g., Schuessler,
1979; Longcope et al., 1996]. The vortex filaments separate
horizontally from each other, owing to the buoyancy force
on the mass elements of the vortex filaments, and eventually
the rising motion of the buoyant tube turns into a horizontal
expanding motion. On the other hand, if the flux tube is
twisted by a sufficient amount then the magnetic tension of
the twisted fieldlines can prevent the formation of vortex
filaments and the tube rises as a rigid body through the
convective envelope [e.g., Moreno-Insertis and Emonet,
1996; Emonet and Moreno-Insertis, 1998].
[23] The pitch angle (Y) of the twisted fieldlines around a

horizontal magnetic flux tube has to be above a threshold,
for the transverse field to be dynamically important. If the
flux tube is, both in pressure balance and thermal equilib-
rium with its surroundings, it will be less dense than the
external plasma (and therefore will rise) by a value of

Dr
r

¼ r� reð Þ
r

� � 1

b
; ð2Þ

where r is the density inside the tube and re is the density of
the background atmosphere.
[24] The pitch angle of the twisted field lines of such a

tube has a threshold of order

tanY � R

Hp

� �1=2

; ð3Þ

where R is the radius of the tube and Hp is the local pressure
scale height.
[25] All the above models were two-dimensional. Dorch

and Nordlund [1998] performed 3-D simulations of buoyant
magnetic flux tubes ascending through a solar convection
zone model, and they showed that a weak random or
twisting component is sufficient to make the tube rise as a
coherent structure. If the initial flux tube has a nontrivial
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topology, the flux structure is held together for a long time
and is able to keep most of its buoyancy. Abbett et al. [2000]
found that the break-up of the flux tubes depends on the
three-dimensional geometry of the problem. If the curvature
of the upper part (apex) of an W-loop is large, the degree of
fragmentation of the loop as it reaches photospheric heights
is small. Also, Abbett et al. [2001] described how a buoyant
flux tube keeps its coherent structure under the action of the
Coriolis force. They also found that in the absence of forces
due to convective motions, a magnetic flux tube with strong
initial axial field strength will not be able to retain its
cohesion. Finally, Fan [2001] performed 3-D simulations
of arched flux tubes, which were formed from a horizontal
magnetic layer due to the nonlinear growth of the undular
instability. It was found that the rising arching tubes main-
tained their coherent structure as they moved through a
significant distance inside the computational volume. Thus,
although there was no net twist in the tubes, they emerged
through the convection zone without significant disruption
of their shape.

2.3. Dynamics of Flux Emergence

[26] The dynamical emergence of magnetic flux from the
solar interior to the solar atmosphere is a big challenge in

numerical simulations. Many numerical experiments have
appeared in the literature during the past few years, which
yield insights into the dynamics of flux emergence and the
topology of the resulting structures. Most of the numerical
models have used twisted flux tubes in the lower atmo-
sphere as an initial unperturbed configuration for the mag-
netic field.
[27] Magara [2001] investigated the emergence and ex-

pansion processes of a twisted flux tube by means of 2.5D
MHD simulations. A highly stratified atmosphere was used,
including a layer with increasing temperature with depth for
the solar interior, an isothermal layer for the photosphere, a
transition region and a high-temperature isothermal corona.
Initially, the tube rises through the convection zone by
magnetic buoyancy until it reaches the photosphere. How-
ever, the photosphere is strongly subadiabatic and, thus, the
upper part of the tube slows down when it enters the low
atmosphere. The tube is flattened and a contact surface is
formed in between the rising tube and the lower atmo-
sphere. Eventually, the Rayleigh-Taylor instability acts on
this surface because dense plasma above the surface is
located on top of lighter plasma, which is more magnetized.
The tube emerges through the photosphere by the Rayleigh-
Taylor instability and starts to expand owing to the reduc-
tion of the background atmospheric gas pressure with height
and because the magnetic pressure of the emerging tube
becomes larger than the outside gas pressure. However,
although the tube expands into the outer atmosphere the
main axis of the tube stays at the base or just below the
photosphere.
[28] Recently, 3-D MHD simulations have been carried

out by Murray et al. [2006] with the aim to understand the
role of twist and magnetic field strength in shaping the
emergence process. It was found that when the value of
the initial field strength, B0, and twist, a, is low the tube
cannot fully emerge into the corona, but it stays in the lower
atmosphere because the buoyancy instability criterion in
equation (1) cannot be fulfilled. When the twist is fixed and
the field strength is varied the tube experiences different
magnitude of the buoyancy force, which is proportional to
B0
2. Thus, when the apex of the tube reaches the photo-

sphere, it starts to rise into the upper atmosphere at different
times (see Figure 2, top). When the field strength is fixed
and the amount of twist is modified the tube rises with
different configuration for each a (see Figure 2, bottom).
More precisely, if a = 0.1 the tube flattens out at photo-
spheric heights. For a = 0.2 the tube emerges at two side
locations because the draining of plasma from the upper part
of the tube is more efficient at these locations. For larger
values of twist the tube rises and expands into the corona
adopting a dome-like structure. In addition, it has been
found [e.g., Magara, 2007] that the expansion of an initially
high twisted flux tube below the photosphere produces
coronal loops with sigmoidal structure while a tube with a
weak twist produces expanded coronal loops with no clear
signature of sigmoidal structures.
[29] Fan [2001] used a density deficit profile to initiate

the rise of a flux tube from below the photosphere into the
solar atmosphere. The tube is more buoyant at the middle
than at the ends and evolves into an W-shaped loop as it
rises and expands in the atmosphere. At the beginning of the
emergence a bipolar region is formed with a north-south

Figure 2. (top) Motion of the top of the flux tube in time
for different field strengths, B0, and fixed twist, a = 0.4.
(bottom) Fixed initial field strength and different a. For
details, see Murray et al. [2006].
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orientation but later on the sunspots move toward an east-
west orientation, parallel to the axis of the emerging tube. In
fact, there is a shear horizontal velocity flow on the two
sides of the neutral line, which agrees well with the
observations of emerging active regions by Strous et al.
[1996] and was diagnosed as a shear Alfvén wave in the
simulations by Manchester [2001].
[30] The expansion of an emerging twisted flux tube into

the higher levels of the atmosphere occurs in a runaway
fashion. This is because the distribution of the magnetic
pressure with height above the photosphere in the expand-
ing volume of magnetized plasma is much larger than the
gas pressure. The expansion takes place in all three direc-
tions: in fact, it expands faster in the horizontal directions
than in the vertical directions [e.g., Archontis et al., 2004].
Because of mass conservation, the fast rise and expansion of
the upcoming field cause strong downflows along the
periphery of the emerging fieldlines [e.g., Fan, 2001;
Magara and Longcope, 2003; Archontis et al., 2004].
[31] The outermost fieldlines of the rising flux system

adopts a fan-like shape as it expands into the higher levels of

the atmosphere [e.g., Fan, 2001; Magara, 2001; Archontis
et al., 2004]. The inner fieldlines do not follow the same
dynamical evolution and adopt shapes, which could appear
as sigmoids in the solar corona [e.g., Magara, 2004].
Figure 3 shows the shape of different sets of fieldlines
in a flux emergence experiment by Archontis et al. [2004].
It is worthwhile mentioning that, in most of the above
referenced models, the fieldline on the main axis of the
initial flux tube rises, but very slowly and thus does not
really emerge into the corona. This is, probably, because
the curvature of this fieldline is very small and the dense
plasma does not drain sufficiently to make the buoyancy
effects to lift up the axis of the tube. However, fieldlines
that are initially located just above the main axis of the
tube can emerge into the photosphere because their shape
is such that enables the magnetic pressure force to lift
them upward. In general, the fieldlines that emerge may be
classified into two categories: expanding fieldlines and
undulating fieldlines [e.g., Magara and Longcope, 2003].
Also, the outermost fieldlines become more twisted, than
the inner fieldlines, as they expand and drive horizontal

Figure 3. (top) Outermost expanding fieldlines, which adopt a fan-like shape in the corona. (bottom)
Fieldlines at lower heights inside the rising flux system, which are less twisted. The innermost fieldlines
have an S-shape configuration.
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shearing motions in the low atmosphere that contribute to
the ejection of magnetic energy and helicity to the outer
atmosphere [e.g., Magara and Longcope, 2003].
[32] Abbett and Fisher [2003] coupled a subsurface

model of an emerging flux tube to a three dimensional
model corona. They first modeled the rise of a buoyant
magnetic flux system in a stable stratified convection zone.
Then, they used the time-dependent vector fields and scalar
variables in the upper subphotospheric boundary to drive a
3-D model corona. The simulations showed that the time-
dependent flows below the surface play a crucial role on the
dynamic evolution and subsequent morphology of an
emerging magnetic structure. At the beginning of the
simulation, the magnetic field that surrounds the emerging
system is not force-free. As the emergence proceeds and the
vector fields at the photosphere evolve, the overlying
magnetic field relaxes to a more force-free state. The
development of models where high-resolution magneto-
grams of active regions will be used to drive dynamic
models of the solar corona is an interesting future task.
[33] Most of the MHD models described above do not

include a realistic convection zone below the photosphere.
A first attempt to include the cell-like convection structure
in a flux emergence model was reported by Amari et al.
[2005]. In this model, a twisted flux tube is kinematically
raised by a convection cell in the convection zone and
evolves in a full MHD way after its emergence into the
corona. A photospheric layer is located in between the
convection zone and the corona. The effective resistivity
in this layer is larger than in the other two layers (resistivity
layer model (RLM)). It is shown that electric current and
magnetic flux emerge through the resistive photospheric
layer into the corona. The emergence of flux leads to an
arcade-like configuration at the beginning of simulation,
while later on the emerging flux evolves more rapidly
adopting the shape of a flux rope.
[34] Also, Cheung et al. [2007] modeled magnetic flux

emergence in granular convection performing radiative
MHD simulations. They showed that convection influences
the evolution of the emerging fields before and after they
reach photospheric heights. Subphotospheric upflows can
support the rising motion of some segments of the emerging
tube while downflows may suppress the emergence of other
segments. It was also found that flux tubes with small
longitudinal flux, are not highly buoyant and cannot rise
coherently against the convective plasma motions. On the
other hand, big flux tubes with large axial flux are able to
rise and eventually emerge at the surface disturbing the
granulation pattern owing to their dynamical horizontal
expansion.
[35] Leake and Arber [2006] performed 2.5D MHD

simulations to simulate the emergence of a twisted flux
tube into the solar atmosphere taking into account two
processes, which were not included in previous models:
the partial ionization of certain regions of the solar atmo-
sphere and the thermal conduction as a heat transfer
mechanism. It was found that when the dense plasma rises
and expands into the atmosphere is heated to its original
photospheric temperature rather than being cooled (adiabat-
ic expansion). The inclusion of partially ionized plasma in
the chromosphere yields more rapid emergence and expan-
sion of the rising field and a greater amount of flux into the

corona. An important question then is if the resulting
coronal magnetic field is force-free. This is equivalent to
say that the current is parallel to the magnetic field and there
are no cross-field currents. It is found that when the
magnetic field emerges through a partially ionized plasma,
the majority of the cross-field current is destroyed, and thus
the coronal magnetic field becomes force-free.
[36] Isobe et al. [2007] used 2-D simulations to study the

emergence of a very long flux sheet from a superadiabati-
cally stratified layer that represents the convection zone into
the isothermal corona. A random velocity perturbation is
given in the initial flux sheet to excite the Parker buoyancy
instability. A number of loops are formed out of the current
sheet. They rise, expand and eventually reconnect at the
lower atmosphere. Temperature in the reconnection out-
flows is enhanced compared to the background plasma. This
may account for the manifestation of Ellerman bombs.
During the rise of the loops, dense material is accumulated
at the valleys between neighboring loops. This dense
plasma is squeezed because of expansion of the rising loops
and creates elongated structures of cold and dense plasma,
which eventually is ejected to the outer atmosphere because
of reconnection between the loops. At the end of the
experiment a very large loop of magnetic fieldlines is
formed through successive reconnection of side-by-side
emerging loops at different heights of the atmosphere (see
Figure 4). This process is similar to those in the resistive
emergence model proposed by Pariat et al. [2004].

3. Emergence Into a Magnetized Corona

[37] Detailed observations of magnetic fields in and
around active regions have shown that the emergence of
new magnetic flux causes noticeable changes in the topol-
ogy and geometry of the magnetic flux systems in the
corona: first, by creating magnetic links to preexisting
magnetic fields [e.g., Longcope et al., 2005] and second,
by triggering the ejection of collimated, high-velocity and
high-temperature outflows of plasma observed in soft X
rays by the YOHKOH satellite [Shimojo et al., 1996;
Shimojo and Shibata, 2000]. These processes (change of
connectivity and emission of jets) can take place through
magnetic fieldline reconnection whenever an upcoming and
a preexisting magnetic flux system come into contact.
Reconnection is also responsible for significant localized
energy release and the formation of a network of hot (with a
temperature of few million degree Kelvin) plasma structures
observed by the YOHKOH soft X-ray telescope. Thus it is
very important to understand the dynamical interaction
between emerging flux and preexisting coronal magnetic
field and numerical simulations could provide a physical
understanding of the afore-mentioned process.
[38] The first models, which studied the presence of a

coronal magnetic field and the interaction with the emerging
flux system were two-dimensional. Shibata et al. [1989a]
included a simple horizontal field in the corona and a
horizontal magnetic flux sheet below the photosphere to
simulate the emerging flux. Then, they performed a series of
experiments changing the direction of the overlying field
[Yokoyama and Shibata, 1995, 1996]. In the parallel-field
case (where the direction of the ambient field is parallel to
the direction of the uppermost fieldlines of the rising loop
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upon contact) the rise velocity of the buoyant loop is
drastically suppressed, while in the antiparallel-field case
reconnection occurs and the rising motion of the emerging
loop does not slow down. In the latter case, multiple
magnetic islands are created inside the current sheet, at
the interface between the two flux systems. These magnetic
islands are cool and dense structures, which were originally
formed in the lower atmosphere but are carried up within
the current sheet. Eventually, they are ejected sideways from
the current sheet and they may be observed as Ha surges
(cool jets). Also, the plasma behind the magnetic islands is
heated by Joule dissipation to a few million degree Kelvin
and is ejected along the reconnected fieldlines to both sides
of the current sheet, creating a pair of hot jets. In the case of
an oblique ambient field, one jet is ejected upward while the
second one moves downward where it collides with smaller
emerging loops, which have been formed from the original
magnetic flux sheet below the photosphere, creating a fast
MHD shock. The collision compresses the plasma and the
temperature at the top of the loops increases. These hot
loops may account for some observations of microflares or
bright loops, which are found slightly shifted from the site
of the fast and hot outflows. In the case of a vertical coronal
field the jets are emitted in the vertical direction. However,
the general structure and topology around the emerging
region is similar to the oblique-field case. The above
numerical models reproduce some of the features presented
in the emerging flux model for the solar flare phenomenon
suggested by Heyvaerts et al. [1977], the standard CSHKP
model of solar flares (originally proposed by Carmichael
[1964], Sturrock [1966], Hirayama [1974], and Kopp and
Pneuman [1976]) that explains their observable features on
the basis of magnetic reconnection and the revision of the
CSHKP model based on YOHKOH observations by
Shibata et al. [1995].
[39] The 3-D interaction between an emerging magnetic

flux tube and a large-scale horizontal coronal field was
studied in a series of papers by Archontis et al. [2004],
Galsgaard et al. [2005], Archontis et al. [2005], Archontis
et al. [2006], and Galsgaard et al. [2007]. Experiments
were performed with the direction of the horizontal ambient
field being changed from parallel to antiparallel in steps of

45 degrees. In the antiparallel case, a dome-like current
concentration is formed at the interface when the two
magnetic flux systems come into contact. Eventually, the
current surface concentrates into a curved sheet, which is
contained in a vertical midplane that is rotated almost
5 degrees away from the initial axis of the flux tube. In
fact, the midplane of the current arch is rotated by an angle
that increases with the relative horizontal angle between the
two flux systems into contact. At the initial stage of contact
of the two systems the configuration of the magnetic field
vector across the current sheet is similar to the classical 2-D
X-type configuration. However later on, the orientation of
the field across the current sheet resembles a rotational
discontinuity such that the magnetic field never goes
through a null point. The above change in the profile of
the magnetic field vector has important consequences for
the reconnection, which occurs in a full 3-D manner not
only at the top of the interface but all along the current
concentration. It was also found that magnetic fieldlines
reconnect in a continuous fashion while they are linked to
the diffusion region and that many fieldlines that belong
initially to the rising flux tube may reconnect more than
once (multiple reconnection events). As a result of the
reconnection process, the domain below the photosphere
and the coronal domain, which were not joint at the
beginning of the experiments, become linked to each other
through the reconnected fieldlines. In fact, almost 75% of
the emerging flux becomes reconnected to the coronal field
in the experiment with antiparallel magnetic flux systems.
[40] The three-dimensional current arch is the region

where the Joule dissipation has a significant impact on the
heating of the plasma. It was found that the temperature in
the antiparallel case could be as high as 107 K but becomes
lower for the cases that are not so favorable for effective
reconnection. In any case, it is likely that current sheets,
formed between emerging and ambient magnetic fields,
may constitute a source of heating for the solar corona.
Similar to the 2-D models, the above 3-D experiments
showed that a pair of hot and high-velocity (with the peak
velocities typically reaching the local Alfvén velocity) jets
are emitted sideways from the current sheet (see Figure 5).
The jets do not look like horizontal thin layers (as in 2-D

Figure 4. (a, b) Dense, cool material ejected together with (c) hot plasma from the reconnection sites in
a flux emergence model by Isobe et al. [2007]. At the final stage of the experiment (Figure 4c),
reconnected fieldlines join all the individual emerging loops and rise into the outer solar atmosphere.
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models) but they are curved all along the sides of the current
sheet.
[41] Finally, the formation and evolution of 3-D plas-

moids was investigated by Archontis et al. [2006]. The
formation of the plasmoids was possibly due to the tearing
mode instability. Two phases were apparent during the
evolution of the system. In the first phase, the plasmoids
had the shape of solenoids lying along the current sheet with
their fieldlines connecting to the subphotospheric field or
with the coronal field. At this stage, they are cool (of the
order of 104 K) and dense and their velocity upon ejection is
as high as 15 Km s�1. In the second phase, where the
magnetic field across the current sheet undergoes through a
rotational discontinuity, the fieldlines in the plasmoid be-
come much less tightly wounded. The plasmoids now
confine hot (of the order of 106 K) and less dense plasma
while they are ejected out of the current sheet with much
higher speed (�150 Km s�1). The ejection of cool plas-
moids may be compatible with observations of Ha or Hb
surges. It is also possible that the UV coil-like structures
observed in filament eruptions may account for the appear-
ance of helical flux strands at the second phase of the
experiments. We should mention that the energy equation
used in these experiments is adiabatic. Also, like other
simulations, there is no radiative transfer or explicit coronal
heating in the calculations. However, ohmic and viscous
dissipation are included in the above mentioned
experiments.
[42] Miyagoshi and Yokoyama [2004] studied the emer-

gence of a flux sheet, by simulating the undular mode of the
magnetic buoyancy instability, into an antiparallel ambient
field by means of 2-D MHD simulations including heat
conduction. They found that two different types of jets are
formed around the emerging flux region: the classical
reconnection jets which are formed because of reconnection
between the two antiparallel flux systems and high-density
evaporation jets. The basic mechanism for the formation of
the evaporation jets is as follows: during reconnection, the
magnetic energy is converted into thermal energy, which is

transported to the chromosphere along the magnetic field
lines by heat conduction. Chromospheric evaporation
occurs and dense plasma rises along the reconnected mag-
netic field creating a secondary pair of jets. However, the
temperature of these jets was found to be low because the
cooling by conduction was more efficient than the heating
by magnetic reconnection.
[43] Isobe et al. [2005] performed 3-D MHD simulations

to study the interaction of an emerging flux sheet with an
oblique ambient field. They found that thin current sheets
and intermittent heating occurs at the interface between the
two magnetic flux systems, as a result of the magnetic
Rayleigh-Taylor instability. Dissipation of the filamentary
current sheets leads to the heating of the plasma around
dense filaments, forming a system of hot and cold loops.
The Rayleigh-Taylor instability and the fast magnetic re-
connection are coupled in a nonlinear way, leading to
intermittent, patchy reconnection. These results may explain
the intermittent nature of coronal heating and the patchy
brightenings in solar flares.
[44] Archontis et al. [2007] performed 2.5D MHD simu-

lations of a pair of twisted flux tubes as they emerge from
the subphotospheric layers into the solar corona. A key
feature in this simulation is that the first flux tube emerges,
expands and creates a non uniform (in strength and direc-
tion) coronal field that the second tube emerges into. A
series of dynamical phenomena is produced by this model
in a self-consistent manner. A current sheet, with an arch-
like shape, is formed when the two systems start to interact.
Plasmoids are formed inside the sheet because of resistive
instabilities and when they are ejected out of the current
arch they carry cool and dense material with them. As
reconnection proceeds, the magnetic topology changes
dramatically: there are now four different flux systems
separated by a vertical current sheet, a configuration that
has been extensively used as an initial condition in many
models for studying flares and eruptions of filaments.
Indeed, the general characteristics of the arcade structure
below the vertical current sheet may account for a compact

Figure 5. Curved current sheet (blue), the high-velocity outflows (green), and the reconnected fieldlines
(yellow) in a 3-D flux emergence experiment [Archontis et al., 2005] where the emerging field reconnects
with an ambient field with antiparallel orientation.
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or an arcade flare associated with flux emergence. Also, hot
plasma (jet) is ejected upward from the current sheet and is
moving along the reconnected fieldlines at the top of the
secondary emerging system (see Figure 6). The temperature
enhancement along the upper part of the secondary emerg-
ing flux system may account for a loop brightening.

4. Flux Emergence and Eruptions

[45] The emergence of magnetic flux from the solar
interior to the high atmosphere of the Sun may be connected
with solar eruptions, such as flares, filaments and Coronal
Mass Ejections. In fact, it has been shown [Sterling and
Moore, 2005] that even small-scale emergence of flux can
change the magnetic topology of a preexisting active region
and trigger an eruption.
[46] Eruptions and powerful explosions (e.g., fast CMEs)

is one of the basic topics of research in space weather
physics. However, details about how these eruptions are
triggered and propagate in the three-dimensional space are
still unknown. For details about the theory and the models
of CMEs the reader is referred to the reviews by Klimchuck
[2001], Forbes et al. [2006] and Mikic and Lee [2006]. In
the following, we outline results of numerical models that
incorporate flux emergence to study eruptions of magnetic
flux into the outer atmosphere of the Sun.
[47] Chen and Shibata [2000] proposed an emerging flux

trigger mechanism for CMEs using 2-D MHD simulations.

Their model consists of a quadrapolar field in a two-
dimensional Cartesian plane. A detached flux rope is
located above the quadrapolar field of the CME source.
Two cases were studied. In the first case, magnetic flux
emerges within the filament channel with direction opposite
to the ambient coronal field, reconnection occurs below the
detached flux rope that leads to partial magnetic cancella-
tion and the rise of the flux rope because of loss of
equilibrium. In the second case, the flux emerges at the
right side outside of the filament channel. Reconnection first
occurs between the emerging flux system and the outer
fieldlines of the channel but it eventually proceeds in the
internal layers of the filament system and, thus, it leads to
the eruption of the flux rope similar to the first case. In both
cases, a vertical current sheet is formed below the flux rope
because of the reconnection between the emerging flux and
the ambient field. The upward reconnection jet inside the
filament channel pushes the flux rope toward the outer
atmosphere while below the current sheet, a cusp-shaped
structure with high temperature is formed. The fast ejection
of the flux rope may account for a CME ejection while the
cusp-shaped structure has the characteristics of LDE (long
duration events) flares.
[48] Shiota et al. [2005] used the same initial magnetic

field configuration as Chen and Shibata [2000] but they
also included the effect of heat conduction and discussed the
differences. They found that the dynamical properties (such
as velocity and magnetic fields) are very similar in the two
models but the thermal properties (e.g., temperature, densi-
ty) are different. For example, the temperature in the
reconnection region and within the reconnection outflows
becomes lower. Also, the current density at the X-point in
the current sheet is larger and the width of the sheet is
thinner. Also, they synthesized soft X-ray images from the
density and temperature in the numerical results and com-
pared them with YOHKOH observations. They showed the
Y-shape of the slow shocks associated with the reconnec-
tion, the cusp-shaped arcades below the current sheet and
the dimming above them, and a bright feature at the top of
the arcades that may correspond to the backbone of flare
arcades observed by YOHKOH. Dubey et al. [2006] ex-
tended the model of Chen and Shibata [2000] by including
the effects of gravity, spherical geometry and a stratified
ambient medium in 2.5D simulations. They also studied
how the rate and the total amount of emerging flux affects
the velocity of the resulting CME-like structure (flux rope).
It was found that the latter factor plays a more crucial role
and the obtained flux rope velocities achieve higher values.
However, all these models cannot reproduce the ejection of
very fast CMEs.
[49] The emergence of a twisted magnetic flux tube into a

preexisting potential magnetic arcade in the corona has been
investigated in the work by Fan and Gibson [2003], Gibson
and Fan [2006] and Fan and Gibson [2006]. First, it was
found that a strong electric current concentration with an
inverse-S shape is formed as the emerging tube develops
substantial writhing as a result of the kink instability. The
three-dimensional structure of the current is consistent with
the shape of X-ray sigmoids. Another interesting result is
that the emerging flux rope split into two parts during its
eruption and interaction with the ambient field. One part is
being expelled into the outer atmosphere while the other

Figure 6. Two flux systems come into contact. Eventually,
a vertical current sheet is formed between them, a flux rope
is ejected into the outer atmosphere, and reconnection jets
heat the arcade-like structure at the base of the current sheet
and the top-loop of the emerging system on the right side of
the current sheet.
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stays behind. Such a partial expulsion is consistent with
observations of CMEs. The full eruption of a kink-unstable
coronal magnetic flux rope, anchored in the photosphere,
was also studied by Török and Kliem [2005]. Their results
were in good agreement with the helical shape and the rise
profile of a very fast CME. They concluded that the helical
kink instability of a flux rope may be the mechanism that
triggers many solar eruptions.
[50] Manchester et al. [2004] investigated how a part of a

twisted flux rope can erupt into the corona. They used
similar initial conditions to Fan [2001] but they decreased
the length of the buoyant section of the rising tube, so that
the draining of the mass becomes more efficient. It was
found that the magnetic fieldlines inside the expanding
volume of the magnetized plasma are stretched as the tube
rises and eventually reconnect forming an internal current
sheet with an S-shape. Because of reconnection and to self-
induced shearing motions in the lower atmosphere, the
upper half of the flux rope is detached from the lower half
and erupts into the corona. The general evolution of the
above system is consistent, at least qualitatively, with
observations of CMEs in which X-ray sigmoids may appear
after the onset of the eruption.

5. Discussion and Conclusions

[51] Some of the most intense episodes of the Sun’s
activity are related to the dynamic process of magnetic flux
emergence from the solar interior into the low-density solar
corona. Over the past few years, numerical models of flux
emergence have been used to study and explain some of the
observed properties of solar active regions and eruptive
events. In fact, some of the experiments have been quite
successful in reproducing, mostly in a qualitative manner,
the appearance and evolution of bipolar regions in the
photosphere, the formation of sigmoidal structures strongly
reminiscent of the X-ray sigmoids observed in the Sun, the
morphology of the magnetic fields in solar coronal loops,
the interaction between neighboring emerging flux systems,
the ejection of plasmoids and cool (Ha surges) and hot (X-
ray reconnection) outflows from sites of strong current
concentration, small-scale brightening events in the lower
atmosphere (e.g., Ellerman bombs), the formation of flares
(arcade flares, compact flares, etc.) and finally the eruption
of magnetic flux ropes (e.g., CMEs) in the outer atmosphere
of the Sun, which are very important components of the
Space Weather system. Thus the results of these numerical
experiments help us to construct a better picture of the solar
magnetic activity and the agreement between numerical
experiments and observations is very promising, but there
is much that remains to be done and there is still much to
learn about flux emergence and eruptions in the Sun.
[52] During the past few years, there has been a signif-

icant number of observations with increased resolution but
there is still no complete understanding of: first, the physics
behind the process of magnetic flux emergence from the
deep solar interior to the outer solar atmosphere and second,
how the emerging field interacts with preexisting magnetic
structures leading to dynamical ejections of plasma and
eruptions of flux. The evolution of such systems constitute a
very intricate problem (given the large range of length and
timescales, temperature, etc., involved in the process of flux

emergence) and, thus, observations are expected to provide
us with information of selected aspects, which then have to
fit together to build up a consistent physical picture of flux
emergence in a complete manner. Progress is achieved by
the recent solar mission of Hinode, which takes amazing
high-resolution observations providing detailed description
of the small-scale element and the large-scale magnetic field
distribution and their interactions.
[53] On the other hand, there are theoretical difficulties

since many numerical models are idealized. For example,
the choice of the initial conditions in the majority of the
experiments is not strictly in agreement with what has been
shown about the evolution of the magnetic fields in realistic
convection zone models. Also, there are problems if the
initial entropy distribution below the photosphere is not well
defined, as it influences the buoyancy and the emergence of
the magnetic flux system to the photosphere. In addition,
the coupling between convection and small-scale flux
emergence into the corona has not been investigated so far.
[54] One of the major limitations of the 3-D simulations

of flux emergence into the atmosphere is the lack of an
adequate description of the thermal behavior of the system.
Most of the existing simulations have assumed an adiabatic
energy equation (ohmic and viscous dissipation terms are
usually included) and this means that the rapid expansion
into the corona is accompanied by rapid adiabatic cooling of
the emerging plasma. This is not observed on the Sun and,
thus, additional physics must be included to model the
energy equation (e.g., radiative transfer in photosphere
and chromosphere). In the corona, thermal conduction is a
dominant term in the energy balance and field-aligned
thermal conductivity must be also included along with
optically thin radiation.
[55] Also, emergence of magnetic flux within active

regions is often associated with flares and CMEs, but there
is no generally accepted explanation, so far, of how the
magnetic field is stressed in the corona and what the
triggering processes are for the onset of the eruptions. Also,
there is no definitive modeling (including realistic geome-
try, kinetic effects and description of the thermodynamics of
the plasma) of their three-dimensional magnetic structure
and evolution into the heliosphere. Thus modeling a realis-
tic CME and producing results that may be comparable with
observations has not yet been achieved.
[56] It is worthwhile to mention that a complete study of

flux emergence in the solar atmosphere is a very fascinating
and computationally challenging problem. It is indisputable
that progress have gained through a series of numerical
experiments that have investigated the various physical
processes separately. We expect that the individual results
will be combined and will lead to important advances about
the nature and the dynamics of emerging flux systems in the
near future. Finally, detailed global 3-D numerical experi-
ments using high-performance computing and simultaneous
high-resolution observations of the magnetic field structures
at different heights of the solar atmosphere, are needed to
advance our understanding further about the process of
magnetic flux emergence and how it is associated with
solar eruptions.
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magnetosphere to the passage of a coronal mass ejection on March 20–
21 1990, Ann. Geophys., 15, 671.

Török, T., and B. Kliem (2005), Confined and ejective eruptions of kink-
unstable flux ropes, Astrophys. J., 630, 97.

Wang, T. J., and V. I. Abramenko (1999), Evolution of twist in an emerging
flux region NOAA 7321, in Magnetic Fields and Solar Processes: The
9th European Meeting on Solar Physics, ESA SP-448, p. 671, Eur. Space
Agency, Paris.

Weiss, N. O., M. R. E. Proctor, and D. P. Brownjohn (2002), Magnetic flux
separation in photospheric convection, Mon. Not. R. Astron. Soc., 337,
293.

Yokoyama, T., and K. Shibata (1995), Magnetic reconnection as the origin
of X-ray Jets and Ha surges on the Sun, Nature, 375, 42.

Yokoyama, T., and K. Shibata (1996), Numerical simulation of solar cor-
onal X-ray jets based on the magnetic reconnection model, Publ. Astron.
Soc. Jpn., 48, 353.

Zirin, H. (1970), Active regions. I: The occurrence of solar flares and the
development of active regions, Solar Phys., 14, 328.

Zwaan, C. (1987), Elements and patterns in the solar magnetic field, Annu.
Rev. Astron. Astrophys., 25, 83.

�����������������������
V. Archontis, School of Mathematics and Statistics, University of St.

Andrews, North Haugh, St. Andrews, Fife KY16 9SS, UK. (vasilis@
mcs.st-and.ac.uk)

A03S04 ARCHONTIS: SOLAR FLUX EMERGENCE

13 of 13

A03S04



Radiation Belt Environment model: Application to space weather

nowcasting

Mei-Ching Fok,1 Richard B. Horne,2 Nigel P. Meredith,2 and Sarah A. Glauert2

Received 23 May 2007; revised 11 September 2007; accepted 9 October 2007; published 23 January 2008.

[1] A data-driven physical model of the energetic electrons in the Earth’s radiation belts,
called the Radiation Belt Environment (RBE) model, has been developed to understand
Earth’s radiation belt dynamics and to predict the radiation conditions found there. This
model calculates radiation belt electron fluxes from 10 keV to 6 MeV in the inner
magnetosphere. It takes into account the realistic, time-varying magnetic field and
considers effects of wave-particle interactions with whistler mode chorus waves. The
storm on 23–27 October 2002 is simulated and the temporal evolutions of the radial and
pitch angle distributions of energetic electrons are examined. The calculated electron
fluxes agree very well with particle data from the low-orbit SAMPEX and LANL
geosynchronous satellites, when the wave-particle interactions are taken into account
during storm recovery. Flux increases begin near the plasmapause and then diffuse
outward to higher L shells, consistent with previous findings from statistical studies. A
simplified version of the RBE model is now running in real time to provide nowcasting of
the radiation belt environment. With further improvements and refinements, this model
will have important value in both scientific and space weather applications.

Citation: Fok, M.-C., R. B. Horne, N. P. Meredith, and S. A. Glauert (2008), Radiation Belt Environment model: Application to

space weather nowcasting, J. Geophys. Res., 113, A03S08, doi:10.1029/2007JA012558.

1. Introduction

[2] The Earth’s radiation belts consist of energetic elec-
tron (�100 keV to several MeV) and ions (�100 keV to
several hundred MeV) trapped in the magnetosphere rough-
ly from 1.2 < L < 8. The energetic electrons reside in two
distinct regions: the inner belt and the outer belt, which are
usually separated by the slot region (1.8 < L < 3) of depleted
particle populations. Pitch angle diffusion loss of electrons
by interacting with whistler mode plasmaspheric hiss is
believed to be the source of the slot region [Lyons et al.,
1972; Albert, 1994; Meredith et al., 2007]. The inner belt is
relatively stable while the outer belt is highly variable with
geomagnetic activity. The fluxes of energetic electrons in
the outer belt decrease during the main phase of a magnetic
storm due to adiabatic effect [Dessler and Karplus, 1961;
Kim and Chan, 1997]. Additional nonadiabatic processes
also contribute to the flux decrease in the storm main phase
[Green et al., 2004]. During the recovery phase the flux of
energetic electrons can change dramatically as well. While
approximately half of all moderate and intense storms cause
a net increase in the flux of energetic electrons by a factor of
2 or more, approximately a quarter of these storms result in
a net decrease in the fluxes by more than a factor of 2

[Reeves et al., 2003]. This variability is caused by an imbal-
ance between acceleration, transport, and loss processes all
of which become enhanced during geomagnetic storms
[Horne, 2002; Thorne et al., 2005; Horne et al., 2006;
Summers et al., 2007]. The ratio of poststorm to prestorm
flux is related to the solar wind speed [Paulikas and Blake,
1979; Reeves et al., 2003] and the direction of the IMF Bz

during the storm recovery phase [Iles et al., 2002]. In some
major storms the flux enhancement takes place close to the
Earth and may even penetrate into the slot region [Baker et
al., 2004; Zheng et al., 2006].
[3] The intensification of the radiation belts has signifi-

cant impacts on the space environment. Moderate energy
(�10 to 100 keV) electrons can cause surface charging
effects and relativistic (�0.1 to 5 MeV) electrons can cause
deep-dielectric charging on space systems [Baker, 2001].
Therefore understanding the physical processes that are
controlling the development of the radiation belts during
active periods and being able to predict their variability
have both scientific and practical significance. Radial dif-
fusion has traditionally been considered to be the leading
transport and energization mechanism in the inner magne-
tosphere [Schulz and Lanzerotti, 1974]. However, it has
recently been suggested that electrons can be accelerated
efficiently by resonant wave particle interactions with
whistler mode chorus waves [Horne and Thorne, 1998;
Summers et al., 1998]. Several studies have shown an
association between relativistic electron flux enhancements
and prolonged periods of enhanced chorus amplitudes
lasting for the order of several days [Meredith et al.,
2002, 2003a; Miyoshi et al., 2003]. Furthermore, theoretical
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work suggests that the timescale for acceleration is typically
of the order of 1–2 d [Summers and Ma, 2000; Horne et al.,
2005a, 2005b], consistent with observations. These studies
suggest that wave acceleration by whistler mode chorus
waves should be included in realistic physics-based models
of the Earth’s radiation environment.
[4] A number of models have been established to simu-

late the radiation belt dynamics and to provide interpretation
for observable features. Two major approaches have been
taken in modeling the radiation belts: test particle and
kinetic formulations. Li et al. [1993] and Hudson et al.
[1996] performed guiding center simulations of the storm
sudden commencement on 24 March 1991 that was induced
by an interplanetary shock. They used different models for
the compressional electric fields but both studies were able
to reproduce the rapid formation of a ‘‘new’’ electron belt at
L � 2.5. Elkington et al. [2003] investigated the effects of
ULF waves on energetic electron dynamics by tracking their
guiding center motion in an asymmetric, compressed dipole
field. They found outer belt electrons are accelerated and
diffuse radially through drift resonance with Pc-5 ULF
waves. Using a test particle approach, Ukhorskiy et al.
[2006] simulated the evolution of outer belt electrons during
the magnetic storm of 7 September 2002. They found the
diamagnetic effect from the storm time ring current leads to
expansion of electron drift paths that intercept with the
magnetopause, producing significant irreversible loss of
energetic electrons at L > 5 during the storm main phase.
[5] Kinetic formulation is another commonly used tech-

nique to model the radiation belt. In a kinetic model the
equation of the particle distribution function is solved
analytically or numerically. One simple approach is based
on a standard radial diffusion equation with diffusion
coefficients driven by the solar wind conditions or geomag-
netic activity [Li et al., 2001; Albert et al., 2001]. Varotsou
et al. [2005] and Horne et al. [2006] combined radial
diffusion with acceleration and loss due to whistler mode
chorus waves and confirmed that wave acceleration by
whistler mode chorus is an important acceleration mecha-
nism in the outer radiation belt. In particular, Horne et al.
[2006] modeled a moderate storm due to a high-speed solar
wind stream, typical of the declining phase of the solar
cycle. They found that the accelerated (MeV) electrons are
transported both inward and outward and increase in phase
space density by a factor of 10 between 3.5 < L < 7. For
models that cover a wide range of energy, drift motion
must be considered since convection is an important trans-
port mechanism for lower-energy (<50 keV) particles
[Bourdarie et al., 1997; Zheng et al., 2003; Miyoshi et
al., 2006]. Using the relativistic RAM model with dipole
magnetic field,Miyoshi et al. [2006] simulated the dynamics
of energetic electrons during the October 2001 storm. They
reproduced the observed local time flux asymmetry for hot
electrons (30 keV). They also concluded that only convec-
tive transport and radial diffusion cannot explain the
enhancement of relativistic electrons seen during storm
recovery.
[6] A convection-diffusion model, namely the Radiation

Belt Environment (RBE) model, has been developed to
understand the radiation belt dynamics in order to predict
the flux variation during active times [Fok et al., 2001,
2005; Zheng et al., 2003]. The model was used to simulate a

substorm injection during a dipolarization of the magnetic
field [Fok et al., 2001]. Observable features during sub-
storms, such as dispersionless injection and drift echoes, are
successfully reproduced. The electron flux enhancements
during two magnetic storms were also studied using the
RBE model [Zheng et al., 2003; Fok et al., 2005]. They
found energization by the inductive electric field and by
whistler mode waves are crucial for the flux increase during
magnetic storms.
[7] The RBE model has been improved to include wave-

particle interactions due to whistler mode chorus waves, to
have a higher-resolution in L shell, and extended to the
inner belt. In modeling the wave-particle interactions,
diffusion coefficients are taken from the Pitch Angle and
Energy Diffusion of Ions and Electrons (PADIE) code
[Glauert and Horne, 2005]. In this paper, we give a brief
description of the RBE formulation. We then present the
RBE simulation of the storm on 23–27 October 2002. The
calculated radiation belt electron fluxes are compared with
observations from the Solar Anomalous and Magnetospher-
ic Particle Explorer (SAMPEX) low-Earth orbit satellite
and Los Alamos National Laboratory (LANL) geosynchro-
nous satellites. The dynamics of the energetic electrons are
discussed and the distinct roles of transport and wave
acceleration are quantitatively examined. With real-time
solar wind speed, density, interplanetary magnetic field
(IMF), and Dst data as input, a simplified version of the
RBE model is running simultaneously to provide now-
casting of the radiation belt environment. Finally, we
discuss the potentials of the RBE model for space weather
applications.

2. Radiation Belt Environment Model

[8] The Radiation Belt Environment (RBE) model is a
kinetic model that calculates the temporal variation of the
phase space density of energetic electrons by solving the
following bounce-averaged Boltzmann transport equation
[Fok et al., 2001; Zheng et al., 2003]:
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where fs = fs(t, li, 8i, M, K), is the average distribution
function on the field line between mirror points. Here li and
8i are the magnetic latitude and local time, respectively, at
the ionospheric foot point of the geomagnetic field line. M
is the relativistic magnetic moment and K = J/

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8moM

p
,

where J is the second adiabatic invariant. The motion of the
particles is described by their drifts across field lines which
are labeled by their ionospheric foot points. The inner
boundary of li is at 11.8�, corresponding to L = 1.06. The
outer edge of the model is bounded by field lines with li at
70.2� and equatorial crossing at 10 Earth radius (RE),
whichever is closer. The M range is chosen to well represent
the energy ranges of electrons from 10 keV to 6 MeV. The K
range is chosen to cover the loss cone so that particle
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precipitations can be estimated as well. Here ao is the
equatorial pitch angle and y = sinao. T(y) is given by:

T yð Þ ¼ 1

Ro

Z sm

0

ds

cosa
ð2Þ

where Ro is the radial distance in RE of the field line
equatorial crossing. The integration is along the field line
from the equator to the mirror point. Here tb is the particle
bounce period.
[9] The left-hand side of (1) represents the drifts of the

particle population, and the terms on the right-hand side of
(1) refer to diffusion and loss. The calculation of the
bounce-averaged drift velocities, _li

� �
and _8ih i, were de-

scribed in detail by Fok and Moore [1997]. These drifts
include gradient and curvature drift and E � B drift from
convection and corotation electric fields. The effects of
inductive electric field due to time-varying magnetic field
are also taken into account implicitly in the model. For this
purpose we have assumed that field lines are rooted at the
ionosphere so that the inductive electric field there is zero.
However, the shapes of field lines at higher altitudes vary as
a function of time according to the magnetic field model. If
field lines are perfect conductors, the field line motion at
high altitudes, for example, at the equator, will generate an
induction electric field of the form,

Eind ¼ �vo � Bo ð3Þ

where vo and Bo are the field line velocity and magnetic
field at the equator.
[10] The first term on the right-hand side of (1) represents

particle diffusion in M as a result of energy diffusion due to
interactions with plasma waves. The relation between the
energy diffusion coefficient (DEE) and the corresponding
coefficient in M (DMM) is given as

DMM ¼ DEE

@M

@E

� �2

¼ DEE

Eo þ E

EoBm

� �2

ð4Þ

where Eo is the electron rest energy and Bm is the magnetic
field at the mirror point. The second term on the right-hand
side of (1) represents pitch angle diffusion from interac-
tions with plasma waves. For pure pitch angle diffusion
(E unchanged) in the (M, K) coordinates, we first map the
particle phase space density from the (M, K) to (E, ao)
coordinates, perform diffusion in ao, and then map the
updated distribution back to the (M, K) coordinates [Fok et
al., 1996]. The diffusion terms are followed by the loss term
of the loss cone, the boundary of which is assumed to
correspond to mirror height of 120 km. Particles in the loss
cone are assumed to have a lifetime of one half bounce
period (0.5 tb).
[11] In this work, the bounce-averaged pitch angle and

energy diffusion coefficients, Daoao
and DEE, are given by

the PADIE code [Glauert and Horne, 2005]. Only reso-
nance with lower-band whistler mode chorus (0.1 fce < f <
0.5 fce) is considered. The presence of chorus waves is
confined between �15� and 15� magnetic latitude. The
exclusion of high-latitude chorus may cause underestima-
tion of the loss of electrons at energies >1 MeV [Horne and

Thorne, 2003]. The diffusion coefficients are calculated as a
function of L shell, energy, pitch angle, and fpe/fce, the ratio
of plasma frequency to the cyclotron frequency, and given
by

fpe

fce
¼ 1

B

ffiffiffiffiffiffiffiffiffiffi
neme

eo

r
ð5Þ

To calculate fpe/fce, which depends on the plasma density
(ne), we have embedded inside the RBE model the core
plasma model of Ober and Gallagher [Ober et al., 1997].
The plasma model calculates the temporal evolution of the
plasma flux tube contents and equatorial plasma density
distribution throughout the inner magnetosphere. The model
is driven by the same magnetic and electric fields as the
RBE code. The PADIE diffusion coefficients are scaled with
a chorus wave intensity of 104 pT2. To obtain the actual
diffusion coefficients, we estimate the chorus intensity at a
given location and time during the storm using the survey
of CRRES plasma wave data for lower-band chorus
presented by Meredith et al. [2001, 2003b]. For our
application the wave data were binned in L shell, magnetic
local time, and three levels of magnetic activity (Kp < 2; 2 �
Kp < 4; Kp � 4).
[12] Equation (1) includes multiple terms of different

processes. We use the method of fractional step to decom-
pose the equation and solve only one term at a fractional
step [Fok et al., 1993]. To solve (1), we have to specify the
electric, magnetic fields, initial distribution, and particle
distribution on the nightside boundary, which is set at 10
RE or the last closed field line. In this work, we use the
Tsyganenko 2004 model [Tsyganenko and Sitnov, 2005] for
the magnetic field and Weimer model [Weimer, 2001] for
electric field. The electric field is updated every time step
(3 s), since updating the electric field and the recalculation
of the E � B drift are computationally fast. Updating the
magnetic field, however, requires massive calculations of
field line tracing and integration along field line in order to
renew the particle energy and magnetic drift. The magnetic
field is thus updated every 5 min. The effect of radial
diffusion is integrated in these time-varying electric and
magnetic fields. The NASA trapped radiation model
(AE8MAX) [Vette, 1991; Fung, 1996] is used for the initial
condition in the entire RBE spatial domain. The distribution
at the nightside boundary is assumed to be a kappa function
with density (Nps) and characteristic energy (Eps) modeled
by linear relations with the upstream solar wind conditions
[Zheng et al., 2003]:

Nps tð Þ ¼ 0:02*Nsw t � 2hrð Þ þ 0:316½ �* ffiffiffiffiffiffiffiffiffi
amu

p

Eps tð Þ ¼ 0:016*Vsw t � 2hrð Þ � 2:4 ð6Þ

where Nps is in cm�3, Nsw is the solar wind density in the
same unit, amu is the atomic mass unit of the electron, Eps is
in keV, and Vsw is the solar wind velocity in km/s. Note that
we assume a 2-h time lag between the plasma sheet
condition and solar wind condition at the dayside
magnetopause [Borovsky et al., 1998].
[13] Figure 1 summarizes the RBE model architecture

and logic. The only inputs to the model are the solar wind
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speed, density, and IMF and geomagnetic indices Dst (or
symH) and Kp. The magnetic field and electric field models
are driven by Dst or symH, upstream solar wind speed,
density, and IMF. With the magnetic and electric fields
specified, the plasmasphere model solves the core plasma
density, which is used to calculate the plasma frequency
needed for the PADIE code. The diffusion coefficients are
then calculated for the chorus wave intensity determined by
the Kp value. The last piece is the plasma sheet distribution,
which is estimated from the solar wind density and speed
(equation (6)). With all the auxiliary models in place, the
RBE kinetic equation is solved to give the energetic electron

fluxes at all pitch angles in the inner and the outer radiation
belts.

3. Simulation of the Storm on 23–27 October
2002

[14] The storm on 23–27 October 2002 is a moderate
storm with minimum Dst reaching �98 nT. The storm is
triggered by passing of solar wind pressure pulses and
southward IMF. Figure 2 plots the Kp, symH, solar wind
density and speed, and IMF Bz, By measured from the ACE
satellite. The temporal resolution of the ACE data is 4 min

Figure 1. Model logic of the Radiation Belt Environment (RBE) model.

Figure 2. Kp, symH, solar wind density and speed, and IMF Bz, By measured from the ACE satellite on
23–27 October 2002. The ACE data are 44 min shifted in time.
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and the data have been shifted by 44 min representing the
time for solar wind to travel from the satellite to the subsolar
point. The parameters plotted in Figure 2 are used to drive our
magnetic (T04) and electric (Weimer 2000) field models.
[15] Figure 3 shows the simulated equatorial electron flux

at 0.8 MeV during the quiet time before the storm. Figure 3
(left) is the pitch angle averaged flux and Figure 3 (right) is
the pitch angle anisotropy, defined as A = (j? � jk)/(j? + jk),
where j? and jk are perpendicular and parallel flux,
respectively. A = 0 represents perpendicular and parallel
fluxes are equal in magnitude, A > 0 perpendicular
distribution, and A < 0 parallel distribution. The white
circles in Figure 3 represent geosynchronous orbit. It can be
seen from Figure 3 (left) that the inner and the outer belts
are very well separated during quiet time. For this particular
energy, the peak flux in the outer belt is located at �4.5 RE.
In Figure 3 (right) a clear field-aligned pitch angle
distribution (PAD) is seen on the nightside extending from
dawn to dusk around the geosynchronous orbit. This field-
aligned feature of energetic electrons and ions on the
nightside has been observed [Sibeck et al., 1987; Garcia,
1996; Friedel et al., 2006] and is an effect of drift shell
splitting in the asymmetric magnetic field. Particles with

different pitch angles injected from the nightside drift
differently to the dayside. To conserve the first adiabatic
invariant, perpendicular particles tend to drift farther away
from the Earth on the dayside where the magnetic field is
stronger for a given radial distance. Perpendicular particles
originated from the nightside geosynchronous orbit may be
lost when their drift paths come across the dayside
magnetopause. The drift paths of parallel particles are
relatively circular and have closed drift paths around the
geosynchronous orbit. As a result, more particles with field-
aligned pitch angles are seen on the nightside than
perpendicular particles. The strong aligned region (blue
partial ring in Figure 3, right) represents the difference
between the last closed orbit of field-aligned electrons and
that of the perpendicular particles.
[16] The energetic electron distribution is simulated

throughout the storm on 23–27 October 2002 using the
RBE model. Figure 4 plots the 0.8 MeV pitch angle
averaged flux at 0200 UT, 25 October at the beginning of
the recovery phase, 50 h into the simulation. Figure 4 (left
and middle) shows the equatorial flux and pitch angle
anisotropy with the same formats as Figure 3. It can be
seen that the electron flux in the inner part of the outer belt
has increased by an order of magnitude during the storm.
We will show later in the paper that this increase is mainly
coming from electrons interacting with chorus waves. The
field-aligned feature in the vicinity of the nightside geosyn-
chronous orbit persists the whole time of the event (Figure 4,
middle). On the other hand, perpendicular PADs are seen on
the dayside near the magnetopause. These distinct PADs at
night and day can be envisaged from the meridian view in
Figure 4 (right). The white curves are field lines with
equatorial crossing points at 6.6 RE. Field-aligned distribu-
tions are characterized by lower flux at the equator than at
higher latitudes along the same field line. For the field
line highlighted at 0000 MLT, the equatorial flux is �3 �
102 cm�2 s�1 keV�1 sr�1 (cyan) and the flux at 40�
magnetic latitude is �9 � 102 cm�2 s�1 keV�1 sr�1 (green),
three times of the value at the equator. The perpendicular
distribution near the dayside magnetopause is also seen
from the relatively high flux around the equator. In the outer
belt where the electron flux is high, the enhancement is
dominated by perpendicular particles.

Figure 3. Simulated 0.8 MeVelectron flux at the magnetic
equator at quiet time, showing (left) the pitch angle
averaged flux and (right) the pitch angle anisotropy. The
white circles represent geosynchronous orbit.

Figure 4. Simulated 0.8 MeV electron flux at the magnetic equator 50 h into the simulation at 0200 on
25 October 2002 (left, middle) in the same format as Figure 3 and (right) showing the electron flux at the
noon-midnight meridian. Here, the white traces represent field lines with equatorial crossings at
geosynchronous orbit.
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[17] Next we examine the storm time development of the
outer belt and assess the ability of the RBE model to
reproduce the observed electron flux during this event.
Figure 5 (left) plots the observed electron fluxes at the
geosynchronous orbits from the LANL Synchronous Orbit
Particle Analyzer (SOPA) data and Figure 5 (right) plots the
RBE simulated fluxes, at three geographic longitudes:
7.7�E, 70.0�E, and 165.4�W. The SOPA fluxes decrease
during the storm main phase on 24 October (Dst effect).
Electron fluxes start to recover toward the prestorm levels at
late main phase. The fluctuations in the SOPA fluxes on
26 October are results of substorm activity. The simulated
fluxes (Figure 5, right) exhibit similar temporal variation as
those of the SOPA data, and in general the magnitudes agree
very well with the data. However, the flux recovery starts
earlier than the observed data, and the model fluxes lack
substorm-type fluctuations.
[18] The temporal evolution of the radial profile of

radiation belt particles during a storm provides important
clues to identify the energization mechanisms, such as radial
diffusion and wave acceleration. Figure 6 shows 2–6 MeV
electron fluxes from the Proton/Electron Telescope (PET)

on SAMPEX as a function of L shell and time for 23–
27 October 2002 (Figure 6, top). SAMPEX orbits the Earth
at 520 � 670 km altitude and 82� inclination [Baker et al.,
1993]. It samples magnetic field lines at the ionosphere that
thread the entire radiation belts every orbit period
(�90 min). PET is a zenith-pointing solid state telescope
measuring electrons from 2 to 30 MeV. These electrons are
either trapped particles mirroring at SAMPEX altitudes or
are precipitating into the atmosphere. The latter may be in
the drift loss cone and/or the local bounce loss cone
depending upon the longitudinal position of SAMPEX
[Cook et al., 1993]. The SAMPEX fluxes shown in Figure
6 are with orbit resolution and smoothed over 15 orbits. As
shown in the figure, the outer belt, slot region, and inner belt
are clearly separated in this time period. The enhancement
at L � 3.4 on 23 October is a remnant from the activity
taking place earlier in the month. When the storm commen-
ces on 24 October, electron fluxes start to decrease. Near the
peak of the storm on late 24 October to early 25 October,
electrons drift to higher L shells as a result of the ring
current buildup. In the recovery phase, electron fluxes
gradually increase. Flux enhancements are first seen at 3 <

Figure 5. (left) LANL SOPA geosynchronous electron fluxes compared with (right) RBE simulated
fluxes at three longitudes during the storm on 23–27 October 2002.
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L < 4.5 and then expand in both inward and outward
direction.
[19] Figure 6 (middle and bottom) shows RBE simulated

fluxes displayed in the same layout as the SAMPEX L-time
plot. Note that the RBE data are equatorial fluxes rather than
fluxes at the ionosphere as the SAMPEX data. However, as
has been shown by Kanekal et al. [2001, 2005], the
temporal variability of low-altitude fluxes measured by
SAMPEX is nearly identical with the equatorial fluxes,

especially during geomagnetic storms. The L values in the
RBE plots are calculated by:

L ¼ ri

cos2 li

ð7Þ

where ri is the ionosphere distance in RE and li is the
magnetic latitude of the ionospheric foot point of the
magnetic field line. The color scales of the SAMPEX and
RBE data are different. The RBE fluxes are higher
compared to SAMPEX since the latter observes a smaller
part of the equatorial pitch angle distribution. The RBE
fluxes with the inclusion of wave-particle interactions
(Figure 6, middle) show similar features as the SAMPEX
data. One exception is the high intensity found in the
SAMPEX data on 23 October is not seen in the simulation.
This is due to the fact that the RBE model uses the statistical
model, AE8MAX, as initial condition and does not take into
account the previous activity. When the storm hit, the flux
decrease in the outer belt is also seen in the simulation. In
the storm recovery, the RBE model reproduces the observed
flux enhancements at about the same L shells.
[20] To identify the responsible mechanism for the flux

increase, a test run is performed without the chorus wave-
induced diffusions (Figure 6, bottom). Two high-flux bands
are seen at around L = 3.2 and 4 during the storm recovery.
The enhancement at L � 3.2 comes from inward radial
diffusion of electrons at higher L shells. The strong flux at
L � 4 is result of particle injection during the storm main
phase. When wave diffusions are included (Figure 6,
middle), the enhancement at the inner edge of the outer
belt is diminished as a result of pitch angle diffusion loss.
On the other hand, with the seed population created from
particle injection, energy diffusion at L � 4 produces the
flux increase in the outer belt. This enhancement cannot be
explained by radial diffusion and storm injection alone. Our
simulations confirm that local acceleration by wave particle
interactions with whistler mode chorus can account for the
flux enhancement in the center of the outer belt during the
recovery phase of this storm.
[21] It is well established that strong chorus acceleration

of energetic electrons takes place just outside the plasma-
pause where fpe/fce is relatively low [Summers et al., 1998;
Horne et al., 2006]. To demonstrate our calculation is
consistent with this theory and to examine in detail how
the enhancement region evolves with time, simulated 2–6
MeV electron fluxes as a function of L and time are
replotted in 1-h temporal resolution (Figure 7, top). Figure
7 (middle and bottom) shows the Ober plasma density and
fpe/fce, respectively. Here fpe/fce is plotted only for 2.5 < L <
6.5, since this is the L range over which the wave particle
interactions are introduced into the model. It can be seen
that during storm recovery the values of fpe/fce are low
outside the plasmapause at 3 < L < 4. This is the region of
favorable chorus-electron interactions and electron fluxes
start to increase at this location and time (Figure 7, top). As
wave-particle interactions continue, the high-flux region
extends to higher Ls and, to a less extent, to low L shells.
The expansion of the flux enhancement is a result of radial
diffusion since the active wave interaction region is shrink-
ing in late recovery phase as indicated by the increasing

Figure 6. (top) SAMPEX 2–6 MeV electron L-time
diagram during the storm on 23–27 October 2002 and
RBE simulated fluxes in T04 magnetic field (middle) with
and (bottom) without inclusion of wave-particle interac-
tions, respectively.
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fpe/fce ratio. Green and Kivelson [2004] examined the
energetic electron data from POLAR/HIST instrument for
acceleration event between January 1997 and January 1999.
They conclude that the data is best explained by accelera-
tion of an internal source and then outward radial diffusion
to geostationary orbit. Furthermore, Varotsou et al. [2005]
and Horne et al. [2006] found that local acceleration by
whistler mode chorus waves followed by inward and
outward radial diffusion can populate the entire radiation

belt at high energies. The RBE simulation is consistent with
these findings.

4. Space Weather Application

[22] As shown in Figure 1, the only inputs to the RBE
model are solar wind speed, density, and the IMF, Dst, and
Kp data, which are all available near real time in public Web
sites. Even with increasing complexity, the RBE CPU
simulation/real time ratio is close to 1 when running on a
fast PC. The RBE model thus has great potential in space
weather applications in providing specification of the radi-
ation environment in geospace. A simplified version of the
RBE model, using fewer grid points inM and K, is currently
running in real time to provide radiation belt nowcasting
updated every 15 min. The geosynchronous fluxes at
longitudes of GOES-11 and 12 are extracted from the
RBE real-time run and are plotted together with real-time
GOES electron (>0.6 MeV) data. The model-data compar-
ison is continually posted at http://mcf.gsfc.nasa.gov/
RB_nowcast/. Figure 8 shows the RBE prediction and the
GOES data for the month of December 2006. The input data
to the RBE model are plotted in the bottom. The real-time
version of the RBE model does not include wave-particle
interactions and thus Kp is not one of the input parameters.
As shown in Figure 8, the RBE model agrees well with the
GOES data. The simulation faithfully reproduces the diurnal
variation due to the offset of geographic and magnetic
equators. The RBE model also closely follows the observed
flux drop-off in response to decreasing Dst. The model
performance is less exemplary during quiet conditions,
where the predicted flux is usually lower than observed.
Wave-induced diffusion is being implemented in the real-
time version of the RBE model. We expect these additional
processes will improve the prediction accuracy not only at
the geosynchronous orbit but, more importantly, at the heart
of the radiation belt. It should be emphasized that the
measurements presented in Figure 8 are all real-time data
without any selection or noise removal.
[23] The RBE model is an effective tool to predict the

response of the radiation belts to adverse solar wind con-
ditions. However, the current design allows the model to
perform near real-time nowcasting only. To enhance the
space weather applications of the model, it must provide
hours to days of lead time in forecasting. To accomplish this
goal, the RBE code must be improved to yield higher
predictive accuracy. The model is then ready to be
connected to a model that is able to specify the upstream
solar wind conditions with sufficient lead time. Solar wind
models of this kind have been established or are under
development [Fry et al., 2001; Detman et al., 2006]. The
merger of radiation belt and solar wind models represents a
very worthwhile future effort in space weather applications
[Akasofu, 2001].

5. Discussion and Conclusions

[24] In equation (1) there is no explicit description of
radial diffusion transport in the RBE model. As we men-
tioned above, the effects of radial transport are represented
by the time-varying magnetic and electric fields. Since we
only update the magnetic field every 5 min, we are missing

Figure 7. (top) RBE 2–6 MeV electron flux, (middle)
plasmasphere density, and (bottom) 8pe/8ce.
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the diffusive effects from the high-frequency Pc4–Pc5
fluctuations. In our previous studies [Fok et al., 2001;
Zheng et al., 2003], we have included a radial diffusion
term in the kinetic equation with diffusion coefficient given
by Cornwall [1972]. We found, during magnetic storms, the
transport due to time-varying magnetic field configuration is
much larger than that from pure radial diffusion. The effect
of radial diffusion may be stronger if the improved, realistic
diffusion coefficients are used [i.e., Elkington et al., 2003].
[25] The RBE model is sensitive to its auxiliary models:

magnetic field model, electric field model, plasma sheet
model, plasmasphere model, and the wave-diffusion model.
Inaccuracy in these models will limit the RBE performance.
A good example is the selection of the magnetic field
model. It is well known that the motions of energetic ions
and electrons are strongly controlled by the magnetic field
configuration. To illustrate the effects of magnetic field on the
RBE results, the October 2002 event is rerun using the
Tsyganenko 96 (T96) model [Tsyganenko, 1995; Tsyganenko
and Stern, 1996]. The T96 model does not consider the
contribution from the partial ring current and the history of
solar wind parameters, as all these effects are included in the

T04 model. Figure 9 shows the L-time plots of the simulated
electron flux in T96 magnetic field with (Figure 9, top) and
without (Figure 9, bottom) chorus wave interactions. We first
compare the electron fluxes calculated in the two Tsyganenko
models in the absence of VLF waves. It can be seen from
Figure 9 (bottom) that a flux enhancement is found at L� 3.2
during the storm recovery on 25–26 October, similar to but
with lower intensity than that using the T04 model (Figure 6,
bottom). Furthermore, in the T96 case, there is no noticeable
enhancement at L� 4 as in the T04 case. The lower flux in the
RBE-T96 run indicates that the T96 model underestimates
the storm time magnetic field disturbances and thus the
efficiencies of radial diffusion and particle trapping. Since
the T96 model fails to provide a substantial seed population
in the outer belt, including chorus associated diffusion only
produces a weak enhancement there at late recovery
(Figure 9, top).
[26] We have shown very good agreement between the

RBE simulation results and actual SAMPEX and geosyn-
chronous particle data. Nevertheless, more work can be
done to improve the model further. Cross-diffusion in
energy and pitch angle, which has been found to be

Figure 8. (top) Comparison of GOES electron fluxes (>0.6 MeV) with real-time RBE output at GOES
satellite locations and (bottom) inputs to the RBE model.
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important [Albert and Young, 2005], has not been included
in the model. Interactions with high-latitude whistler mode
chorus and other waves, such as electromagnetic ion cyclo-
tron waves and plasmaspheric hiss, should be considered as
well. The diffusive effects caused by ULF waves with
realistic diffusion coefficients should be reconsidered. The
boundary condition of the RBE model (equation (5)) may
be oversimplified and does not currently include the effects
of substorm injection. All these processes will be introduced
into the simulation and explored in future studies.
[27] During quiet periods, the outer belt, the slot, and the

inner belt are well-defined regions. However, during intense
storms, significant flux increases are seen in the slot region
[e.g., Baker et al., 2004] and even deep into the inner belt.
The penetration distance has been found to be controlled by
the strength of the storm as indicated by the Dst index
[Tverskaya, 1986, 1996; Tverskaya et al., 2003; Zheng et
al., 2006]. On the other hand, the plasmapause displaces in
a similar manner. Li et al. [2006] found a remarkable
correlation between the inner edge of the outer belt elec-
trons and the plasmapause location. Since strong chorus
acceleration of electrons takes place near the plasmapause
[Horne et al., 2006], the storm time erosion of the plasma-
sphere may place the electron acceleration zone, and thus
flux enhancement, very close the Earth to the typical slot
and inner belt regions. This hypothesis was tested during the
Halloween storm in 2003 [Baker et al., 2004]. It was shown

that the enhanced flux of energetic electrons that appeared
in the slot region can be explained by wave acceleration by
whistler mode chorus waves [Horne et al., 2005; Shprits et
al., 2006].
[28] As shown in section 3, simulations from the RBE

model provide an explanation of the flux enhancements
seen by the SAMPEX satellite during a particular storm.
The RBE model will be even more relevant to the upcoming
Living With a Star Radiation Belt Storm Probe (RBSP)
mission, which has a low-inclination orbit and broad parti-
cle and wave measurements (NASA/TM-2002-211613).
The RBE or RBE-like models will be very useful in future
RBSP data analysis and interpretation. On the other hand,
data from the RBSP mission can be used to probe the
importance of specific physical processes in the model.
[29] In summary, a physics-based Radiation Belt Envi-

ronment (RBE) model has been developed to understand the
radiation belt dynamics and provide real time predictions of
the radiation belt environment that can be compared with
existing and new data sets. To date the findings from this
model development work include:
[30] 1. In modeling the storm on 23–27 October 2002,

acceleration by chorus waves is found to be responsible for
electron enhancement at the center of the outer belt.
[31] 2. The RBE model is running in real time to provide

nowcasting of the radiation environment. The RBE fore-
casting capability will be enhanced if it is connected to a
solar wind forecast model.
[32] 3. Future improvements of the RBE model include

adding substorm effects, considering additional wave modes
and cross-diffusion.
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[1] The boundary integral equation (BIE) method was first proposed by Yan and Sakurai
(2000) and used to extrapolate the nonlinear force-free magnetic field in the solar
atmosphere. Recently, Yan and Li (2006) improved the BIE method and proposed the
direct boundary integral equation (DBIE) formulation, which represents the nonlinear
force-free magnetic field by direct integration of the magnetic field on the bottom
boundary surface. On the basis of this new method, we devised a practical calculation
scheme for the nonlinear force-free field extrapolation above solar active regions. The
code of the scheme was tested by the analytical solutions of Low and Lou (1990) and was
applied to the observed vector magnetogram of solar active region NOAA 9077. The
results of the calculations show that the improvement of the new computational scheme to
the scheme of Yan and Li (2006) is significant, and the force-free and divergence-free
constraints are well satisfied in the extrapolated fields. The calculated field lines for
NOAA 9077 present the X-shaped structure and can be helpful for understanding the
magnetic configuration of the filament channel as well as the magnetic reconnection
process during the Bastille Day flare on 14 July 2000.

Citation: He, H., and H. Wang (2008), Nonlinear force-free coronal magnetic field extrapolation scheme based on the direct

boundary integral formulation, J. Geophys. Res., 113, A05S90, doi:10.1029/2007JA012441.

1. Introduction

[2] Both observations and theoretical analyses reveal that
the magnetic field plays an important role in the activity
phenomena of the solar atmosphere: moving plasmas are
confined to magnetic field lines, and the magnetic field also
provides the energy for solar flares and other eruptive
phenomena [Tsuneta et al., 1992; Masuda et al., 1994;
Shibata et al., 1995; Wang et al., 1996; Tsuneta, 1996;
Priest and Forbes, 2002; Shibata, 2004; Lin et al., 2005;
Schwenn, 2006]. To understand the physical mechanisms of
these activities in the solar atmosphere, an important step is
to find out the underlying structure of the magnetic field
above the related active region. Currently, the direct mea-
surement of the magnetic field in the solar chromosphere
and corona is not as sophisticated as observation in the
photosphere. The commonly used method for understanding
the configurations of the magnetic fields above the photo-
sphere is extrapolation: the fields can be reconstructed from
a physical model in which the observed photospheric
magnetic field is taken as a boundary condition. The
force-free field model is often adopted for this purpose,

since it is a reasonable approximation in the solar chromo-
sphere and corona [Metcalf et al., 1995].
[3] The nonlinear force-free magnetic field, with the field

lines being everywhere aligned parallel to the electric
current density, can be described by equations:

r� Bð Þ � B ¼ 0; ð1Þ

r 	 B ¼ 0: ð2Þ

Equation (2) is the divergence-free constraint of the
magnetic field. The force-free constraint (1) can also be
written as

r� B ¼ a rÞB;ð ð3Þ

where a is a function of spatial location, usually called the
force-free parameter or force-free factor. It is constant along
each field line, which can be determined from the bottom
boundary condition.
[4] Currently, several methods for the nonlinear force-

free field (NLFFF) extrapolation have been proposed
[Sakurai, 1981; Yan and Sakurai, 2000; Wheatland et al.,
2000; Wiegelmann, 2004; Régnier and Amari, 2004; Valori
et al., 2005; Yan, 2005; Wiegelmann et al., 2006; Yan and
Li, 2006; Amari et al., 2006; Wheatland, 2006; Song et al.,
2006; Schrijver et al., 2006; Wiegelmann, 2007; Song et al.,
2007; Valori et al., 2007; Fuhrmann et al., 2007]. As one of
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the techniques for nonlinear force-free field modeling, the
boundary integral equation (BIE) method was first proposed
by Yan and Sakurai [2000]. Recently, Yan and Li [2006]
improved the BIE and proposed the direct boundary integral
equation (DBIE) formulation, which represents the force-
free magnetic field by direct integration of the magnetic
field on the bottom boundary surface. Figure 1 shows the
geometry for application of DBIE [Yan and Li, 2006]. On
the bottom boundary surface G (infinite plane), the bound-
ary condition is

B ¼ B0 on G; ð4Þ

where B0 denotes the known boundary values which can be
supplied from vector magnetogram measurements. At
infinity, an asymptotic constraint condition is also intro-
duced to ensure a finite energy content in the semispace W
above G,

B ¼ O r�2
� �

when r ! 1; ð5Þ

where r is the radial distance.
[5] According to the DBIE method, after a series of

derivations using the two constraint conditions (2)–(3)
and the two boundary conditions (4)–(5), the magnetic
strength at the field point (xi, yi, zi) in W can be represented
by the equation [Yan and Li, 2006]:

Bi ¼ �
Z

G

@Y

@n
B0dG ¼

Z

G

@Y

@z
B0dG: ð6Þ

The reference function Y in equation (6) is chosen as

Y ¼ cos lrð Þ
4pr

� cos lr0ð Þ
4pr0

; ð7Þ

where r = [(x � xi)
2 + (y � yi)

2 + (z � zi)
2]1/2 is the distance

between a variable point (x, y, z) and the given field point
(xi, yi, zi), r

0 = [(x � xi)
2 + (y � yi)

2 + (z + zi)
2]1/2, as shown

in Figure 1. The parameter l in equation (7) has the same
dimension (reciprocal of length) as the force-free factor a,
which is defined by equation

Z

W
Y l2B� a2B�ra� B
� �

dW ¼ 0: ð8Þ

In the case of a nonlinear force-free field, corresponding to
Bix, Biy, and Biz in equation (6), there exist three components
of the reference function, Yx, Yy, and Yz, together with lx, ly,
and lz defined locally at the given field point by equation (8).
The values of the three components of l are generally
different [Li et al., 2004; Yan and Li, 2006; He and Wang,
2006].
[6] Once the parameter lx, ly, and lz at the field point (xi,

yi, zi) are given, the magnetic field Bi can be calculated by
integration of the magnetic field on the bottom boundary
surface through the DBIE formulation (6). Because it is
costly to determine l directly from the volume integral
equation (8), Yan and Li [2006] devised an optimal
approach to find the suitable l values locally by using the
DBIE (6) together with the force-free constraint condition
(1). At the field point (xi, yi, zi), they defined an evaluate
function as:

fi lx;ly;lz

� � ¼ jJ � Bj
jJ jjBj ; with J ¼ r� B; ð9Þ

which measures the absolute value of sine of the angle
between J and B. For any initial values of lx, ly, and lz, B
at the field point and its neighborhood can be calculated by
DBIE (6), then the value of fi(lx, ly, lz) can be obtained by
equation (9). In an ideal situation, the suitable l values
(denoted by l*x, l*y, and l*z) can be determined by

fi l*x ;l
*
y ;l

*
z

	 

¼ 0; ð10Þ

which is equivalent to the force-free field equation (1). In
practical computing, one needs to find (l*x, l*y, l*z) that
satisfies

fi l*x ;l
*
y ;l

*
z

	 

¼ min fi lx;ly;lz

� �
: ð11Þ

A downhill simplex method can be employed to fulfil the
task of equation (11) [Nelder and Mead, 1965; Yan and Li,
2006]. The computation of Yan and Li [2006] shows that if
equation (10) is satisfied, the divergence-free constraint (2)
can also be satisfied at the neighborhood of the given field
point. This property indicates that the divergence-free
constraint (2) has been involved during the derivation of
the DBIE formulation (6).
[7] We followed the main idea of the strategy proposed

by Yan and Li [2006] and devised the upward boundary
integration scheme for the nonlinear force-free field extrap-
olation. That is, while we take into account the whole
boundary data information through the DBIE formulation
(6), the parameter l at a given field point can be determined

Figure 1. The geometry for application of the direct
boundary integral equation (DBIE).

A05S90 HE AND WANG: NLFFF EXTRAPOLATION SCHEME BASED ON DBIE

2 of 17

A05S90



locally through the force-free equation (1) or equation (10)
with the help of only the neighboring boundary data
information. Unlike the original procedure of Yan and Li
[2006], our computation is carried out upwardly layer by
layer. The procedure and techniques of the new scheme is
described in section 2. The code of the scheme was tested
by the analytical solutions of Low and Lou [1990] and was
applied to the observed vector magnetogram of solar active
region NOAA 9077. The results of test calculations using
the analytical solutions are presented in section 3, and the
results of the calculations by using the observed vector
magnetogram are shown in section 4. In section 5, we give
the summary and conclusion.

2. Upward Boundary Integration Scheme

[8] In the original computational procedure proposed by
Yan and Li [2006], the equation (11) has better convergence
property at the field points with lower altitude (explained in
Appendix A). To take advantage of this property and to
avoid the increasing errors at the field points with higher
altitude, we devised a new scheme for nonlinear force-free
field extrapolation based on the DBIE formulation (6),
which we called the upward boundary integration scheme.
[9] In the new scheme, as shown in Figure 2, the

computation is carried out upwardly, from G0 (photosphere)
to G1, then from G1 to G2, and so on. In the original
procedure of Yan and Li [2006], the bottom boundary was
fixed to the photosphere, while in our scheme the bottom
boundary for applying the DBIE formulation (6) is moved
upwardly layer by layer. That is, we always calculate the
field distribution at Gn+1 from the data of the new bottom
boundary Gn. The step distance between the two consecu-
tive layers is the same as the space between the two
consecutive grid points at Gn (the scale of one pixel). Since
Gn+1 is very close to Gn, the field points at Gn+1 are always at
very low altitude relative to the bottom boundary Gn. Then
equation (11) can be used to achieve good convergence at

every layer. In some circumstances, especially in the case of
jJj or jBj approaches to zero in equation (9), equation (11)
may fail to achieve a convergent result. The problem
appears in the form of isolated points where singularities
appear in the raw data of Gn+1, which can be eliminated by
smoothing processes with the help of the nearest grid points
in the x- and y- directions.
[10] In the original procedure of Yan and Li [2006], the

values of fi and J in equation (9) are calculated in the
infinitesimal neighborhood ±d of the field point in the x-, y-,
and z-directions (small cubic volume surrounding the field
point). The computing of the integration in equation (6)
should be done seven times (six sides of the small cube plus
the field point itself) to obtain the value of fi and J. To
reduce the loads of computing and fully utilize the boundary
data information at Gn in our scheme, we calculate fi and J
in a small square pyramid between the field point i and the
neighboring grid points at the boundary Gn, as shown in
Figure 3. The height of the pyramid is l (distance between
Gn+1 and Gn) and the side length of the square base is 2l,
where l denotes the space between two consecutive grid
points at Gn (the scale of one pixel). Given an arbitrary l at
field point i, to obtain the values of fi(l) and J(l) in
equation (9) we only need to carry out the integration of
DBIE (6) one time at the field point i to calculate Bi(l), thus
saving computing time as compared to the original proce-
dure of Yan and Li [2006]. Once Bi(l) is known, Jx, Jy, and
Jz can be calculated in two isosceles triangles and the square
base of the pyramid, respectively, as indicated by different
colors in Figure 3. Bo at the center of the square base, as
shown in Figure 3, is employed to complete the calculation
of fi(l). Then we can use equation (11) to find the suitable
value of l*. Once l* is determined, Bi(l*) will be the final
result at the field point i for the nonlinear force-free field
modeling.
[11] We employed the same code of the downhill simplex

method as used by Yan and Li [2006] to perform multidi-
mensional minimization of fi in equation (11). The initial
starting point of (lx, ly, lz) for the downhill simplex

Figure 2. The diagram to illustrate the upward boundary
integration scheme for nonlinear force-free field extrapola-
tion based on the DBIE formulation (6). The computation is
carried out layer by layer upwardly, the field distribution at
Gn+1 is calculated from the data of Gn.

Figure 3. The diagram to illustrate the calculation of
J(�r � B) in the small square pyramid between the field
point i and the neighboring grid points at Gn. The height of
the square pyramid is l and the side length of the square
base is 2l, where l denotes the space between two
consecutive grid points at Gn. Jx and Jy are calculated in
two isosceles triangles, respectively, and Jz is calculated in
the square base of the pyramid, as indicated by different
colors.
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method is selected as (0, 0, 0) in our code. The characteristic
length scale of l in the downhill simplex method is
specified as the maximum absolute value of force-free
factor a at the boundary surface G0 because l and a have
the same dimension (reciprocal of length) and the same
order of magnitude [Li et al., 2004; Yan and Li, 2006; He
and Wang, 2006]. For Case I and Case II in section 3
(analytical solutions of Low and Lou [1990]), the maximum
absolute values of a are 11.3 and 11.1, respectively. If we
adopt one pixel as the length unit (with a 64 � 64 grid for
boundary area x, y2[�1, +1], see section 3) as in our code,
the two values become 0.353 and 0.347. For the data of
active regions observed in the photosphere (see section 4),
we choose the characteristic length scale of l as 10 �
10�8 m�1 [Pevtsov et al., 1995]. Also in our code, the
length unit is one pixel, for the common active regions with a
field of view 30000 � 30000 and pixel number 64 � 64, the
characteristic length scale of l becomes 0.342, which
approximates to the values used by Case I and Case II of
the analytical solutions.
[12] As described in section 1, the DBIE formulation (6)

demands that the bottom boundary G be an infinite plane
surface [Yan and Li, 2006]. Figures 4 and 5 illustrates how
to apply the DBIE to a solar active region with concentrated
magnetic flux. At the bottom boundary G, the observed
vector magnetogram is bounded in a finite square area
which covers the main magnetic flux of the active region
as shown in Figure 4. The remained flux outside the square
area is relatively very weak and can be considered to be zero
as an approximation approach. Then, in practical calcula-
tion, we only need to carry out the integration of DBIE (6)

over the finite square area of the active region, while the
bottom boundary G is still an infinite plane surface.
[13] Considering that the main magnetic flux region as

well as the field lines may expand at higher layers, the
square area for the integration is enlarged gradually layer by
layer during the calculation as illustrated in Figure 5 (in
present code, from Gn to Gn+1, each side of the square area
expanding by one pixel). Meanwhile, we keep the original
pixel number of the square area at all layers by resampling
the grid points to save computing time. Thus the space
between the two consecutive grid points at Gn as well as the
distance between the two consecutive layers also increases
gradually with height, as shown in Figure 5. After the field
distributions at a series of layers are obtained, the values of
the magnetic field in the space between the layers can be
calculated through the technique of interpolation.
[14] In practical calculation, the code reads the boundary

data (square area, N � N array in the code), calculates the
nonlinear force-free field distributions at all layers, and
reforms the grid structure to a regular form through inter-
polation. The output of the code is the field distribution in a
cubic volume (N � N � N array in the code) which is just
above the boundary data area, as illustrated in Figures 4
and 5. The current code is written in IDL programming
language. The time needed for a 64 � 64 � 64 output grid
is about 13 h on an 1.86 GHz Intel processor.

3. Testing the Code by Using the Analytical
Solutions of Low and Lou [1990]

[15] First, we test the code described in section 2 by using
the analytical nonlinear force-free field solutions given by
Low and Lou [1990]. The fields of the analytical solutions
are basically axially symmetric. The point source of the
axisymmetric fields is located at the origin of the spherical
coordinate system, with the axis of symmetry pointing to
the Z direction associated with the spherical coordinate
system. By arbitrarily positioning the plane surface bound-
ary G of DBIE in the space of the analytical fields, we

Figure 4. The diagram to illustrate the boundary condi-
tions for application of the DBIE method to a solar active
region with concentrated magnetic flux. At the bottom
boundary G, the observed vector magnetogram is bounded
in a finite square area which covers the main magnetic flux
of the active region. The remained flux outside the square
area is relatively very weak, and can be considered to be
zero as an approximation approach. The cubic volume
above the square boundary data area represents the output
region of the code.

Figure 5. The diagram to illustrate how to fit expanding
main magnetic flux region as well as field lines at higher
layers in the new computational scheme for the DBIE
method. The area for the integration of the DBIE is enlarged
gradually layer by layer. Meanwhile, pixel number of the
areas is fixed at all layers by resampling the grid points to
save the computing time. The square dashed line indicates
the final output region of the code.
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obtain a different kind of boundary conditions prepared for
extrapolation. Two cases are selected to test the validity and
accuracy of our code as shown in Figure 6, which are the
same cases as used by Schrijver et al. [2006]. The param-
eters for Case I are n = 1, m = 1, L = 0.3,F = p/4, the
parameters for Case II are n = 3, m = 1, L = 0.3,F = 4p/5,
where n and m are the eigenvalues of the solutions, L is the
distance between the plane surface boundary G and the

point source (origin of the spherical coordinate system), and
F is the angle between the normal direction of G and the Z
axis associated with the spherical coordinate system [Low
and Lou, 1990; Schrijver et al., 2006]. In both cases, the field
distributions in the modeling volume bounded by x, y 2 [�1,
+1] and z2 [0, 2] (x, y, and z are Cartesian coordinates defined
locally on the boundary surface G) were calculated based on
the bottom boundary data in the area x, y 2 [�1, +1], just as
described in section 2 and illustrated in Figures 2–5. The
pixel numbers of the bottom boundary data are 64 � 64.

3.1. Direct Comparison

[16] The extrapolated field lines for Case I and Case II are
compared with the analytical solutions in Figures 7 and 8,
respectively. Left columns are images of analytical solutions
and right columns are images of calculated fields. It can be
seen from Figures 7 and 8 that the orientations of the
extrapolated field lines basically coincide with the analytical
solutions. Figures 7 and 8 only show the inner volume (x, y 2
[�0.5, +0.5] and z 2[0, 1], with 32 � 32 � 32 grid) of the
modeling space as indicated in Figure 6 by square dashed
lines, where the quality of agreement between the extrapo-
lated field and the analytical solutions is better than in the
margin region.
[17] A vector correlation metric Cvec is employed to

quantify the degree of agreement between the analytical

Figure 6. The global field configurations of the two
analytical NLFFF solutions given by Low and Lou [1990],
which are employed to test the validity and accuracy of the
NLFFF extrapolation code (see section 3). The parameters
for Case I are n = 1, m = 1, L = 0.3, F = p/4, the parameters
for Case II are n = 3, m = 1, L = 0.3, F = 4p/5, where n and
m are the eigenvalues of the solutions, L is the distance
between the plane surface boundary G and the point source
(origin of the spherical coordinate system), and F is the
angle between the normal direction of G and the Z axis
associated with the spherical coordinate system [Low and
Lou, 1990; Schrijver et al., 2006]. The radius of the spheres
is equal to L(=0.3). The long thick lines indicate the
position and scale of the bottom boundary data area (x, y 2
[�1, +1]). The square dashed lines represent the inner
volume (x, y 2 [�0.5, +0.5] and z 2 [0, 1]) of the modeling
space. x, y, and z are Cartesian coordinates defined locally
on the plane surface boundary G.

Figure 7. The extrapolated field lines in the inner volume
(x, y 2 [�0.5, +0.5] and z 2 [0, 1]) of the modeling space
for Case I compared with the analytical solution of Low and
Lou [1990]. (a) and (c) Left column is images of the
analytical solution and (b) and (d) right column is images of
the extrapolated field. Top row are images in top view,
bottom row are images in 3-D view. Closed field lines are
plotted in blue, and field lines that leave the modeling box
are in red.
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field B and the extrapolated field b as used by Schrijver et
al. [2006]. To define Cvec, the equation

Cvec ¼
P

i Bi 	 bi
P

i jBij2
P

i jbij2
	 
1=2 ; ð12Þ

with Bi and bi as the field vectors of the analytical field B
and the extrapolated field b at each grid point i. If B and b
are identical, Cvec = 1; if Bi ? bi, Cvec = 0. We calculated the
values of Cvec at each layer in the central domain (x, y 2
[�0.5, +0.5] and z 2[0, 2], with 32 � 32 � 64 grid) of the
modeling space, the results are shown in Figure 9. Since we
only use the finite boundary data in the area x, y 2 [�1, +1]
with 64 � 64 grid, it can be seen that the extrapolated fields
b deviate from the analytical fields B gradually with the
increasing of height. At the lower layers and in the central
domain, B and b get the best agreement, as illustrated in
Figures 7 and 8.

3.2. Internal Consistency of the Extrapolated Field

[18] The internal consistency of the calculated field is
measured by the force-free constraint (1) and divergence-
free constraint (2). To check the extent to which the
extrapolated fields satisfy the force-free and divergence-free
constraints, we introduced the integral measures Lf of the

Lorentz force and Ld of divergence of the fields, as used by
Schrijver et al. [2006]. Lf and Ld are defined as:

Lf ¼ 1

V

Z

V

B�2j r � Bð Þ � Bj2dV ; ð13Þ

Ld ¼ 1

V

Z

V

jr 	 Bj2dV : ð14Þ

We calculated Lf and Ld of the extrapolated field at each
layer in the central domain (x, y 2 [�0.5, +0.5] and z 2 [0, 2],
with 32 � 32 � 64 grid, the unit of length in the calculation
is one pixel) and plotted the curves of Lf versus height and
Ld versus height. The results for Case I and Case II are
shown in Figures 10 and 11, respectively. The curves for
analytical solutions of Low and Lou [1990] are also
calculated and shown in Figures 10 and 11 for reference.
[19] The curves for the analytical solutions (Figures 10a

and 10c, Figures 11a and 11c) show a typical profile of Lf
versus height and Ld versus height for the nonlinear force-
free field. That is, the measures Lf and Ld decrease to zero
rapidly with the increase of height. The relatively large
values of Lf and Ld at the lower layers are the effects of the
discrete grid points and the finite-difference method used in
the calculations, and the values of Lf and Ld at the bottom
layer (layer number 0) are in the same order of magnitude.
(Exact values of Lf and Ld at the bottom layer can be found
in Tables 1 and 2.)
[20] The curves for the extrapolated field (Figures 10b

and 10d and Figures 11b and 11d) show similar properties
of the profile as do the analytical solutions, which indicates
that the force-free constraint (1) and divergence-free con-
straint (2) are well satisfied in the extrapolated field.
Comparing the analytical solutions, the larger values of Lf
and Ld for the extrapolated field are the results of the errors
existing in the calculated fields, which were introduced by
the numerical computation and are amplified by the jBj2
terms in equations (13) and (14).
[21] Besides the values at each layer, the integral meas-

ures Lf and Ld were also calculated over the entire volume
(x, y 2 [�1, +1] and z 2 [0, 2], with 64 � 64 � 64 grid) as
well as the inner volume (x, y 2 [�0.5, +0.5] and z 2 [0, 1],
with 32 � 32 � 32 grid). All the values of Lf and Ld for
Case I and Case II are listed in Tables 1 and 2, respectively.
The maximum values of jBj at the bottom boundary are also
included in Tables 1 and 2 for reference.

3.3. Comparing With Original Computational Scheme
of Yan and Li [2006]

[22] As discussed in section 2 and Appendix A, in the
original computational scheme of Yan and Li [2006], the
equation (11) has better convergence property at the field
points with lower altitude (near the bottom boundary) than
the field points with higher altitude (away from the bottom
boundary). To take advantage of this property and avoid the
increasing errors at the field points with higher altitude, we
devised the new upward boundary integration scheme for
NLFFF extrapolation. To check the improvement of the new
scheme to the original computational procedure of Yan and
Li [2006], we produced the curves of Cvec versus height for
Case I by using the original computational scheme proposed

Figure 8. The extrapolated field lines in the inner volume
(x, y 2 [�0.5, +0.5] and z 2 [0, 1]) of the modeling space
for Case II compared with the analytical solution of Low
and Lou [1990]. (a) and (c) Left column is images of the
analytical solution, and (b) and (d) right column is images
of the extrapolated field. Top row are images in top view,
and bottom row are images in 3-D view. Closed field lines
are plotted in blue, and field lines that leave the modeling
box are in red.
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Figure 9. The curves of vector correlation metric Cvec (defined in equation (12)) versus height for
Case I (dotted line) and Case II (dashed line). The extrapolated fields are calculated by the code of the
new computational scheme. Cvec is calculated at each layer in the central domain x, y 2 [�0.5, +0.5]
and z 2 [0, 2], with 32 � 32 � 64 grid.

Figure 10. Lf versus height and Ld versus height curves of the extrapolated field by using the new
scheme for Case I compared with the analytical solution of Low and Lou [1990]. (a) and (c) Left column
is curves of the analytical solution, and (b) and (d) right column is curves of the extrapolated field. Lf and
Ld are integral measures of the Lorentz force and divergence, as defined in equations (13) and (14). Lf and
Ld are calculated at each layer in the central domain (x, y 2 [�0.5, +0.5] and z 2 [0, 2], with 32 � 32 �
64 grid), the unit of length in the calculation is one pixel.
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by Yan and Li [2006] and by using the new upward
boundary integration scheme. The two curves are compared
in Figure 12. The curve of Cvec versus height measures the
agreement between the extrapolated field and the analytical
solution at each layer. Cvec = 1 represents the best agree-
ment as explained in section 3.1.
[23] It can be seen from the curves in Figure 12 that the

extrapolated field from the original scheme of Yan and Li

[2006] basically agrees with the analytical solution at lower
layers, but at higher layers, the two fields are totally
different. The extrapolated field by the new scheme is still
similar to the analytical field at higher layers, as shown in
Figure 12. The extrapolated field lines of the new scheme
(Figure 7d) compared with the field lines of the original
scheme (Figure A1) also illustrate this improvement.

Figure 11. Lf versus height and Ld versus height curves of the extrapolated field by using the
new scheme for Case II compared with the analytical solution of Low and Lou [1990]. (a) and (c) Left
column is curves of the analytical solution, and (b) and (d) right column is curves of the extrapolated
field. Lf and Ld are integral measures of the Lorentz force and divergence, as defined in equations (13)
and (14). Lf and Ld are calculated at each layer in the central domain (x, y 2 [�0.5, +0.5] and z 2 [0, 2],
with 32 � 32 � 64 grid), the unit of length in the calculation is one pixel.

Table 1. Integral Measures Lf and Ld of the Extrapolated Field for

Case Ia

Analytical
Solution

Extrapolated
Field

Lf over the inner volumeb 0.008500 1.228
Ld over the inner volume 0.008694 1.853
Lf over the entire volumec 0.001015 0.2045
Ld over the entire volume 0.001037 0.2793
Lf at the bottom layer of inner volume 0.1545 11.04
Ld at the bottom layer of inner volume 0.1580 22.71
Lf at the bottom layer of entire volume 0.03744 3.066
Ld at the bottom layer of entire volume 0.03827 5.861
Maximum of jBj at the bottom boundary 299.4

aLf and Ld are defined in equations (13) and (14), and the unit of length in
the calculations is one pixel. The nonzero values of Lf and Ld for the
analytical solution are due to the discrete grid points and the finite-
difference method used in the calculations.

bInner volume is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 1], with 32�
32 � 32 grid.

cEntire volume is bounded by x, y 2 [�1.0, +1.0] and z 2 [0, 2], with
64 � 64 � 64 grid.

Table 2. Integral Measures Lf and Ld of the Extrapolated Field for

Case IIa

Analytical
Solution

Extrapolated
Field

Lf over the inner volumeb 3.561 80.28
Ld over the inner volume 3.134 52.48
Lf over the entire volumec 0.4244 9.901
Ld over the entire volume 0.3734 6.555
Lf at the bottom layer of inner volume 80.76 1050.4
Ld at the bottom layer of inner volume 69.46 646.7
Lf at the bottom layer of entire volume 19.56 255.1
Ld at the bottom layer of entire volume 16.82 160.8
Maximum of jBj at the bottom boundary 2517.7

aLf and Ld are defined in equations (13) and (14), and the unit of length in
the calculations is one pixel. The nonzero values of Lf and Ld for the
analytical solution are due to the discrete grid points and the finite-
difference method used in the calculations.

bInner volume is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 1], with
32 � 32 � 32 grid.

cEntire volume is bounded by x, y 2 [�1.0, +1.0] and z 2 [0, 2], with
64 � 64 � 64 grid.
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[24] Several techniques are introduced in the code of the
new extrapolation scheme to save computing time as
described in section 2. To calculate the NLFFF in a volume
with a 64 � 64 � 64 grid for Case I, the current code of the
new scheme needs about 13 h on an 1.86 GHz Intel
processor in IDL programming language, while the code
of the original scheme of Yan and Li [2006] (also in IDL
programming language) needs about 104 h on the same
computer.

3.4. Comparing With Other Integration Scheme for
NLFFF Extrapolation

[25] Five evaluation metrics Cves, CCS, E
0
n, E

0
m and e are

introduced by Schrijver et al. [2006] to quantify the degree

of agreement between the analytical fields B and the
extrapolated field b in the modeling volume. The first metric
Cves are defined in equation (12), the other four metrics are
defined as [Schrijver et al., 2006]:

CCS ¼ 1

M

X

i

Bi 	 bi
jBijjbij ; ð15Þ

E0
n ¼ 1�

P
i jbi � BijP

i jBij ; ð16Þ

Figure 12. The curve of Cvec versus height for Case I by using the original computational scheme
proposed by Yan and Li [2006] (dashed line), compared with the curve produced by using the new
upward boundary integration scheme (dotted line). Cvec is defined in equation (12) and is calculated at
each layer in the inner volume (x, y 2 [�0.5, +0.5] and z 2 [0, 1], with 32 � 32 � 32 grid).

Table 3. Evaluation Metrics for Case Ia

Cves CCS E0
n E0

m �
New scheme of DBIE (entire volumeb) 0.97 0.86 0.57 0.045 1.08
New scheme of DBIE (inner volumec) 0.98 0.94 0.72 0.41 1.06
New scheme of DBIE (lower central domaind) 0.99 0.97 0.81 0.70 1.04
Original scheme of DBIE (lower central domain) 0.98 0.85 0.75 0.60 0.96
Integral scheme implemented by Liu (entire volume)e 0.88 0.47 �0.10 �3.00 1.10
Integral scheme implemented by Liu (inner volume) 0.98 0.85 0.71 0.44 0.87
Integral scheme implemented by Liu (lower central domain) 0.98 0.94 0.77 0.69 0.86

aThe five evaluation metrics are defined in equations (12) and (15)– (18). In the new and original computational schemes of DBIE, only bottom boundary
data (x, y 2 [�1, +1] with 64 � 64 grid) were used for extrapolation, while in the scheme of Liu, data of the bottom boundary and the four side boundaries
of the modeling volume were used.

bEntire volume is bounded by x, y 2 [�1, +1] and z 2 [0, 2], with 64 � 64 � 64 grid.
cInner volume is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 1], with 32 � 32 � 32 grid.
dLower central domain is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 0.5], with 32 � 32 � 16 grid.
eThe values of the integral scheme implemented by Liu are recalculated by courtesy of Yang Liu. The small differences between the values listed here

and the values in the paper of Schrijver et al. [2006] are due to the different accuracies of the numerical solutions for the analytical field.
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Table 4. Evaluation Metrics for Case IIa

Cves CCS E0
n E0

m �
New scheme of DBIE (entire volumeb ) 0.97 0.65 0.077 �12.4 1.06
New scheme of DBIE (inner volumec) 0.97 0.81 0.48 �2.5 1.05
New scheme of DBIE (lower central domaind) 0.98 0.90 0.65 0.044 1.04
Original scheme of DBIE (lower central domain) 0.97 0.63 0.60 �0.075 0.99
Integral scheme implemented by Liu (entire volume)e 0.97 0.41 �0.04 �14.1 1.04
Integral scheme implemented by Liu (inner volume) 0.97 0.54 0.47 �2.2 1.03
Integral scheme implemented by Liu (lower central domain) 0.98 0.74 0.62 �0.043 1.03

aThe five evaluation metrics are defined in equations (12) and (15)– (18). In the new and original computational schemes of DBIE, data of the bottom
boundary area x, y 2 [�1, +1] (64 � 64 grid) were used for extrapolation, while in the scheme of Liu, data of the bottom boundary area x, y 2 [�3, +3]
(192 � 192 grid) were used.

bEntire volume is bounded by x, y 2 [�1, +1] and z 2 [0, 2], with 64 � 64 � 64 grid.
cInner volume is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 1], with 32 � 32 � 32 grid.
dLower central domain is bounded by x, y 2 [�0.5, +0.5] and z 2 [0, 0.5], with 32 � 32 � 16 grid.
eThe values of the integral scheme implemented by Liu are recalculated by courtesy of Yang Liu. The small differences between the values listed here

and the values in the paper of Schrijver et al. [2006] are due to the different accuracies of the numerical solutions for the analytical field.

Figure 13. Results of the NLFFF extrapolation for active region NOAA 9077 by using the code of the
new scheme. (a) The vector magnetogram used by the code. The white contours represent the positive
polarity of Bz, the black contours represent the negative polarity of Bz, the contour levels are ±50, 100,
200, 500, 1000, 1500, 2000, 3000 G. Small arrows overlying the contours represent Bt (transverse
component). The data was observed at 0414 UT on 14 July 2000 by the Solar Magnetic Field Telescope
(SMFT) at Huairou Solar Observing Station. The field of view is 26900 � 26900 with pixel number as 64 �
64 (4.200/pixel). The square dashed line indicates the central domain (32 � 32 grid) of the magnetogram.
(b) The top view of the extrapolated field. (c) The top view of the extrapolated field in the central domain.
(d) The 3-D view of the extrapolated field in the central domain along the direction of the polarity
inversion line as indicated by an arrow in the right margin of Figure 13c. Closed field lines are plotted in
blue color, field lines that leave the modeling box are in red color. All field lines are plotted from layer 1
(see Figure 17) to avoid the influence of noises in the data of bottom boundary.

A05S90 HE AND WANG: NLFFF EXTRAPOLATION SCHEME BASED ON DBIE

10 of 17

A05S90



E0
m ¼ 1� 1

M

X

i

jbi � Bij
jBij ; ð17Þ

� ¼
P

i jbij2P
i jBij2

; ð18Þ

where Bi and bi are the field vectors of the analytical field B
and the extrapolated field b at each grid point i, M is the
total number of vectors in the volume. If B and b are
identical, all of the five metrics equal one.
[26] To have a quantitative comparison to other integra-

tion schemes and other NLFFF extrapolation methods, we
calculated the five metrics for the extrapolated field of the
newcomputationalschemeintheentirevolume(x,y2 [�1,+1]
and z 2 [0, 2], with 64 � 64 � 64 grid), inner volume
(x, y 2 [�0.5, +0.5] and z 2 [0, 1], with 32 � 32 � 32 grid),
and the lower central domain (x, y 2 [�0.5, +0.5] and z 2
[0, 0.5], with 32 � 32 � 16 grid). The results for Case I and
Case II are listed in Tables 3 and 4, respectively. The values
of the integral scheme implemented by Liu in the paper of
Schrijver et al. [2006] and the original computational
scheme proposed by Yan and Li [2006] (only for lower
central domain) are also included in Tables 3 and 4 for
reference.
[27] It should be noted that the boundary conditions in

our calculations are somewhat different to the boundary
conditions used by Schrijver et al. [2006]. In the work of
Schrijver et al. [2006], the data on all six boundaries of the

modeling volume are available for Case I, the data on the
bottom boundary area x, y 2 [�3, +3] (with 192 � 192 grid)
are provided for Case II. In our calculations, we use the
bottom boundary data in the area x, y 2 [�1, +1] (with 64 �
64 grid) for both Case I and Case II. Tables 3 and 4 show
that the degree of agreement of the new scheme is better
than the integral scheme implemented by Liu [Schrijver et
al., 2006].

4. Applying the Code to the Observed Vector
Magnetogram of Solar Active Region

[28] In this section, we check the validity and compati-
bility of the extrapolation code to deal with the observed
boundary data of solar active regions. The vector magneto-
gram employed for testing was observed by Solar Magnetic
Field Telescope (SMFT) [Ai, 1987], which is located at
Huairou Solar Observing Station of NAOC (National
Astronomical Observatories, Chinese Academy of Sciences)
in Beijing. The active region associated with the magnetogram
is NOAA 9077. The data were observed at 0414 UTon 14 July
2000, several hours before theBastille Day event (X5.7 flare) at
1024 UT [Deng et al., 2001; Yan et al., 2001; Liu and Zhang,
2001; Zhang et al., 2001; Zhang, 2002; Tian et al., 2002;
Somov et al., 2002; Wang et al., 2005].
[29] The original field of view of the magnetogram is

31300 � 21800 from a 512 � 512 pixel size CCD. We
reformed the magnetogram to a square area (26900 �
26900) through cropping and interpolation and reduced the

Figure 14. (a) and (b) The whole 3-D views of the closed field lines and the U-shaped field lines in the
extrapolated field of NOAA 9077 (see section 4 and Figure 14e). The closed field lines are plotted from
layer 1 (see Figure 17) to avoid the influence of noises in the data of bottom boundary. The U-shaped
lines are plotted in the volume between layer 1 and layer 19. (c) and (d) The side views of the closed field
lines and the U-shaped field lines along the direction of Y-Axis. (e) Diagram to illustrate the X-shaped
structure of the field lines in the extrapolated field of NOAA 9077 as shown in Figure 13d. The dashed
curve represents the U-shaped field lines above the X-point, which are not plotted and thus are displayed
as a cavity in Figure 13d.
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Figure 15. Comparison between the extrapolated field lines of NOAA 9077 and the TRACE 195Å
image. (a) The vector magnetogram of the selected region which covers the main polarity inversion line
of NOAA 9077. The data were observed at 0414 UT on 14 July 2000. (b) The TRACE 195Å image of the
same region. The data were observed at 0412 UT on 14 July 2000. (c) The U-shaped field lines overlying
the magnetogram of Bz. (d) The U-shaped field lines overlying the TRACE 195Å image. (e) The closed
field lines overlying the magnetogram of Bz. (f) The closed field lines overlying the TRACE 195Å image.
The U-shaped lines in Figures 15c and 15d are plotted in the volume between layer 0 and layer 19. The
closed field lines in Figures 15e and 15f are plotted from layer 0 (see Figure 17).
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pixel number to 64 � 64 (4.200/pixel). The final magneto-
gram which is ready for the NLFFF extrapolation is shown
in Figure 13a. The extrapolated field lines are shown in
Figures 13b–13d. The lines in blue color are closed field
lines with both footpoints being anchored at the bottom
boundary, the red lines representing the field lines that leave
the modeling box. Figure 13b is the top view of the field
configuration in the modeling volume above the whole
magnetogram. Figures 13c and 13d show the detailed
structures above the central domain of the magnetogram
(32 � 32 grid, indicated by a square dashed line in
Figure 13a). Figure 13c is the top view of the field lines,
Figure 13d is the 3-D view of the field lines along the
direction of the polarity inversion line as indicated by an
arrow in the right margin of Figure 13c. All the field lines in
Figures 13b–13d are plotted from layer 1 (see Figure 17) to
avoid the influence of noises in the data of the bottom
boundary (the magnetogram observed in the photosphere).
[30] In Figures 13b and 13c, we can see the compact

loops with different orientations aligned over the polarity
inversion line of the magnetogram. The 3-D view of the

field lines in Figure 13d shows that the loops above the right
half of the polarity inversion line in Figure 13c is lower than
the loops above the left half of the polarity inversion line.
Figure 13d also shows that in the region with lower arcade
(right half of Figure 13c), the open field lines together with
the underlying compact loops present an X-shaped struc-
ture. The diagram to illustrate this X-shaped structure is
sketched in Figure 14e. The dashed curve in Figure 14e
represents the U-shaped field lines above the X-point, which
are not plotted and thus are displayed as a cavity in
Figure 13d. The whole 3-D views of the closed field lines
and the U-shaped field lines above the main polarity
inversion line of the magnetogram are shown in Figures 14a
and 14b, the side views of the field lines along the
direction of Y-axis are shown in Figures 14c and 14d,
respectively.
[31] To check the extent to which the extrapolated field

can reflect the real distributions of the coronal magnetic
fields, We compared the extrapolated field lines of NOAA
9077 with the EUV images of solar atmosphere obtained by
the Transition Region and Coronal Explorer (TRACE)
satellite [Handy et al., 1999]. The top views of the closed
field lines and the U-shaped field lines are plotted in
Figure 15, and are compared with the TRACE 195Å image
of the same region at almost the same time (0412 UT on
14 July 2000). It can be seen from Figures 15e and 15f that
the orientations of the closed field lines above the left half
of the polarity inversion line basically coincide with the
coronal loops observed in the TRACE 195Å image, while
in the region above the right half of the polarity inversion
line, Figures 15c and 15d show that the distribution of the
U-shaped field lines basically coincides with the configu-
ration of the filament channel.
[32] To check the extent to which the extrapolated fields

of the active region NOAA 9077 satisfy the force-free
constraint (1) and divergence-free constraint (2), we calcu-
lated the integral measure Lf and Ld at each layer of the
calculated field, and produced the curves of Lf versus height
and Ld versus height, as we have done for the analytical
field in section 3. The two curves are shown in Figure 16.
The profiles of the curves in Figure 16 show similar
properties to the analytical solutions in section 3. That is,
the measures Lf and Ld decrease to zero rapidly with the
increase in height, indicating that the force-free and
divergence-free constraints are well satisfied in the extrapo-
lated field.
[33] Being suitable for dealing with the noisy vector

magnetogram observations is one of the great advantages
of the BIE/DBIE method [Yan and Sakurai, 2000; Yan,
2005; Yan and Li, 2006]. The integration over the whole
boundary in the DBIE formulation (6) can efficiently
suppress the influence of the noises in the boundary data
to the convergence property of equation (11). Thus the
extrapolation code for the analytical solutions in section 3
can be applied to the real vector magnetograms directly.
Figure 17 shows the magnitude distribution of the extrap-
olated field for NOAA 9077 at four successive layers.
Figure 17a is the magnitude distribution of jBj at the bottom
boundary (layer 0), Figures 17b–17d are the magnitude
distribution at layers 1 to 3. Since the field are calculated

Figure 16. Lf versus height and Ld versus height curves of
the extrapolated fields by using the code of the new scheme
for NOAA 9077. Lf and Ld are defined in equations (13) and
(14) and were calculated at each layer. The unit of magnetic
field is Gauss; the unit of length in the calculation is one
pixel.
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layer by layer, the noises in the boundary data are elimi-
nated quickly with the increase in height.

5. Summary and Conclusion

[34] On the basis of DBIE formulation (6), we devised the
upward boundary integration scheme for the nonlinear
force-free field extrapolation. In this new scheme, the
bottom boundary for applying the DBIE formulation (6) is
moved upwardly layer by layer. That is, we always calculate
the field distribution at Gn+1 from the data of the new
bottom boundary Gn, as shown in Figure 2. While we take
into account the whole bottom boundary data information at
Gn through the DBIE formulation (6), the suitable value of
parameter l at a given field point in Gn+1 can be determined
locally through the force-free constraint condition (11) with
the help of only neighboring boundary data information at
Gn, as shown in Figures 2 and 3.
[35] The main techniques employed in the new scheme

include (1) the bottom boundary for applying the DBIE is
moved upwardly layer by layer to achieve the best conver-
gence property and accuracy, as shown in Figure 2; (2) the
parameter l at a given field point is calculated in a small
square pyramid (sketched in Figure 3) to fully utilize the
boundary data information at Gn, and thus save the com-
puting time; (3) the square area for computing the integra-
tion of DBIE (6) is enlarged gradually layer by layer to fit
the expanding field, at the same time, pixel number of the
square areas is fixed at all layers by resampling the grid
points to save the computing time as illustrated in Figure 5.

[36] The code of the new computational scheme was
tested by the analytical solutions of Low and Lou [1990]
and are applied to the observed vector magnetogram of solar
active region. In the direct comparison between the
extrapolated fields with the analytical solutions of Low
and Lou [1990], the orientations of the extrapolated field
lines are basically coincide with the analytical solutions.
The quantitative comparison shows that the extrapolated
fields deviate from the analytical fields gradually with the
increase in height. At the lower layers and in the central
domain, the best agreements are obtained. Since we only
use the finite bottom boundary data in the calculation, and
the analytical solutions of Low and Lou [1990] present
global configurations [Low and Lou, 1990; Wang and
Sakurai, 1998; Li et al., 2004; He and Wang, 2006], it is
natural that the extrapolated fields deviate from the analytical
fields at higher layers. The force-free constraint (1) and
divergence-free constraint (2) for the nonlinear force-free
field are well satisfied in the extrapolated field as discussed in
section 3.2.
[37] In the original computational scheme of Yan and Li

[2006], the equation (11) has better convergence property at
the field points with lower altitude (near the bottom bound-
ary) than the field points with higher altitude (away from the
bottom boundary). The new upward boundary integration
scheme is proposed for taking advantage of this property and
to avoid the increasing errors at higher altitude. The improve-
ment of the new scheme to the original computational
procedure of Yan and Li [2006] is significant as shown in
section 3.3. The accuracy of the new scheme is better than the

Figure 17. Magnitude distribution of the extrapolated field by using the code of the new scheme for
NOAA 9077 at four successive layers. (a) The magnitude distribution of jBj at the bottom boundary
(layer 0); (b)–(d) The magnitude distributions of jBj at layers 1 to 3. The unit of magnetic field (Z-Axis)
is Gauss.

A05S90 HE AND WANG: NLFFF EXTRAPOLATION SCHEME BASED ON DBIE

14 of 17

A05S90



integral scheme implemented by Liu [Schrijver et al., 2006]
as discussed in section 3.4. If we only care about the magnetic
field near the bottom boundary (at layers with very low
altitude), the integral scheme of Liu can also give reasonable
results as shown in Tables 3 and 4.
[38] The calculations using the observed vector magneto-

gram of solar active region NOAA 9077 in section 4
demonstrate that the DBIE formulation (6) and the upward
boundary integration scheme can be applied to solar active
regions for the nonlinear force-free field extrapolation. Only
the bottom boundary data in the photosphere are needed in
the calculation, and the DBIE method can suppress the
noises in the observed data through the integration over the
whole bottom boundary. The force-free and divergence-free
constraints are well satisfied in the extrapolated field as
shown in Figure 16.
[39] Since the computation is carried out point by point

and layer by layer as described in section 2, fine structures
can be preserved in the extrapolated field of NOAA 9077 as
illustrated in Figures 13–15. In the region above the left
half of the polarity inversion line of the magnetogram, the
orientations of the closed field lines basically coincide with
the coronal loops observed in the TRACE 195Å image as
shown in Figures 15e and 15f. In the region with the dark
filament above the right half of the polarity inversion line,
the extrapolated field lines present the X-shaped structure as
demonstrated in Figures 13–15. Beneath the X-point are the
low-lying compact loops along the polarity inversion line,
while above the X-point, the distribution of the U-shaped
field lines coincides with the configuration of the filament
channel as shown in Figures 15c and 15d, which can be
helpful for understanding the magnetic structure of the dark
filament as well as the magnetic reconnection process
during the Bastille Day flare [Tsuneta et al., 1992; Masuda
et al., 1994; Shibata et al., 1995; Tsuneta, 1996; Masuda et
al., 2001; Fletcher and Hudson, 2001; Priest and Forbes,
2002; Somov et al., 2002; Shibata, 2004].
[40] The application of the new DBIE extrapolation

scheme to the real vector magnetograms is still in a
preliminary stage. More efforts on the comparison between

the extrapolated field lines and the coronal loop observa-
tions are needed. The recent data obtained by Hinode
(Solar-B) satellite are very valuable for this purpose [Kosugi
et al., 2007]. Topological methods and techniques will be
useful for quantitatively analyzing the topological properties
of the extrapolated fields [Wang et al., 2000, 2001; Longcope,
2005; Zhao et al., 2005]. Moreover, the DBIE formulation
can be applied to the spherical boundary case [Aly and
Seehafer, 1993; Li et al., 2004; Yan, 2005; He and Wang,
2006]. The upward boundary integration scheme can also be
adapted to the case with a spherical boundary. By using the
full disk observations of vector magnetograms [UeNo et al.,
2004; Zhang et al., 2007; Su and Zhang, 2007], it is
possible to model the global or large-scale structures of a
coronal magnetic field with a spherical boundary and study
their relationships to the coronal mass ejections (CMEs)
[Chen and Shibata, 2000; Chen et al., 2002; Zhang and
Low, 2005; Zhou et al., 2006a, 2006b].

Appendix A: Convergence Property of the
Original Computational Procedure Proposed by
Yan and Li [2006]

[41] We use the analytical nonlinear force-free field
solutions of Low and Lou [1990] to investigate the conver-
gence property of the original computational procedure
proposed by Yan and Li [2006]. The boundary conditions
and boundary data are the same as Case I described in
section 3. The field distribution in the space above the
bottom boundary is calculated by using the original DBIE
extrapolation code provided by Yan and Li (http://
srg.bao.ac.cn/dbie-des.htm) [Yan and Li, 2006].
[42] The extrapolated field lines in the inner volume (x, y

2 [�0.5, +0.5] and z 2 [0, 1], with 32 � 32 � 32 grid) are
shown in Figure A1. The values of the extrapolated field are
smoothed with the help of nearest grid points before the
field lines are plotted. Figure A1 is the 3-D view, Figure A1
is the side view along the direction of Y-Axis.
[43] It can be seen from Figure A1 that the orientations of

the field lines at lower altitude basically coincide with the
analytical solution (Figure 7c). But the field lines at higher
altitude are contorted and lose regularity. This result indi-
cates that in the original computational procedure of Yan
and Li [2006], the equation (11), employed to find the
suitable l values for DBIE (6), has a better convergence
property at the field points with lower altitude (near the
bottom boundary) than the field points with higher altitude
(away from the bottom boundary). To take advantage of this
property and avoid the increasing errors at the field points
with higher altitude, we devised our new scheme for
nonlinear force-free field extrapolation based on the DBIE
formulation (6). In the new scheme, the values of magnetic
field are calculated layer by layer upwardly as described in
section 2.
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[1] Geomagnetically induced currents (GIC) flowing in ground-based conductor systems
during large geomagnetic storms are one of the most significant space weather
phenomena that affect our ground-based technological systems. Here we show that GIC
activity in subauroral latitudes depends on the storm phase and on the interplanetary
drivers, such as coronal mass ejections (CMEs) and corotating interacting regions (CIRs).
For example, it is shown that GIC amplitudes are relatively small during CIR storms in
comparison to CME storms. However, Pc3-5 pulsation activity during CIR storms
drives long-lasting GIC in the local prenoon sector. Despite of the differences between
CME and CIR storms, the relationship between GIC and the time derivative of the
horizontal ground magnetic field is always the same. A novel power law equation is
derived to accurately characterize the relation.

Citation: Kataoka, R., and A. Pulkkinen (2008), Geomagnetically induced currents during intense storms driven by coronal mass

ejections and corotating interacting regions, J. Geophys. Res., 113, A03S12, doi:10.1029/2007JA012487.

1. Introduction

[2] Geomagnetically induced currents (GICs) flowing in
long technological conductor networks on the ground are
one of the manifestations of geomagnetic storms and can be
thought as an end link of the chain of space weather
processes from the surface of the Sun to the surface of the
Earth. GIC poses a potential threat to the normal operation
of technological systems such as power lines, pipelines, and
railway systems [e.g., Lanzerotti, 1979; Boteler et al.,
1998].
[3] The fundamental challenge of GIC research is to

identify, understand, and model the different geophysical
processes associated with large GIC events. The present
understanding is that a number of different geophysical
processes are capable of driving large GICs; storm sudden
commencements (SSC), geomagnetic pulsations, and auro-
ral substorms have been identified as important causes for
large GICs [Boteler, 2001; Lam et al., 2002; Kappenman,
2003; Pulkkinen et al., 2003, 2005].
[4] Most of the earlier studies, like those cited above, on

the ionospheric and magnetospheric drivers of GICs have
been more or less event based and did not provide any direct
means for generalizations. Rigorous statistical analysis of
GIC and the time derivative of the horizontal ground
magnetic field (denoted hereafter dB/dt), a quantity closely
coupled to GIC via Faraday’s law of induction, have been

carried out by Viljanen [1997], Viljanen et al. [2001, 2006],
Weigel et al. [2002], Weigel and Baker [2003], Wintoft
[2005], and Pulkkinen et al. [2006].
[5] However, basic characteristics of GIC during intense

storms are still not well known. Recently, Pulkkinen and
Kataoka [2006] performed a time-frequency analysis of
GICs during the 10 greatest superstorms to show a clear
local time and storm phase dependence of the GIC spectra.
Such superstorms are driven by fast coronal mass ejections
(CMEs) [e.g., Kataoka et al., 2005]. Miyoshi and Kataoka
[2005] showed evidence that there are significant differ-
ences in the magnetospheric response between intense
storms driven by CMEs and corotating interaction regions
(CIRs), and therefore the GIC response is also expected to
be different for the CME and CIR storms. The purpose of
this study is to investigate the possible differences of GIC
variations between CME and CIR storms.

2. Data and the Analysis Method

[6] The main data to be analyzed is composed of GIC
measurements carried out since November 1998 in the
Finnish natural gas pipeline at the Mäntsälä pipeline section
[Pulkkinen et al., 2001]. The magnetic latitude of the
measurement site is about 57 degrees, and the magnetic
local time is about UT plus 3 h. The GIC data are obtained
with a 10 s temporal resolution. The IMAGE magnetometer
chain [Lühr et al., 1998] is used to provide more general
geomagnetic context. Nurmijärvi Geophysical Observatory
(NUR), a part of the IMAGE chain, is located about 30 km
southwest from the GIC measurement site. Also, the mag-
netometer data are obtained with a 10 s temporal resolution.
Table 1 lists the coordinates of the IMAGE magnetometer
stations used in this study.
[7] Figure 1 shows a correlation between minimum Dst

and maximum GIC for the isolated intense storms (mini-
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mum Dst < �100 nT) during solar cycle 23 (years 1996 to
2005) as identified by Kataoka and Miyoshi [2006]. Con-
tinuous GIC data are available for 32 CME storms and
3 CIR storms, as indicated by open and solid circles,
respectively. The superstorms investigated by Pulkkinen
and Kataoka [2006] are included in the CME storms only
if the superstorms are isolated without multiple occurrences
of intense storms within 4 d. The maximum amplitude of
GIC is calculated for the time interval 1 d before and after
the Dst minima. The correlation coefficient is 0.67 for CME
storms, implying that large GIC events tend to be associated
with large CME storms.
[8] As is seen from Figure 1, the three CIR storms are

smaller in amplitude both in terms of Dst and GIC. The
small number of CIR storms is due to the fact that CIRs
rarely produce intense storms. In fact, typical CIRs have a
limited interplanetary magnetic field strength of up to about
20 nT [Richardson et al., 2006]. However, since intense
CIR storms can be a potential cause for large GIC events, it
is worthwhile to include these events in our analysis.
[9] Generally, the waveform of GICs tends to be very

noisy and nonstationary [Pulkkinen and Kataoka, 2006].
The S-transform [Stockwell et al., 1996], capable of handing
the noisy nonstationary data, is a time-frequency analysis of
a time series h(t) and is defined as:

S t; fð Þ ¼
Z 1

�1
h tð Þ j f j

ffiffiffiffiffiffi
2p

p e
�f 2 t�tð Þ2

2 e�i2pftdt; ð1Þ

where t is time and f is frequency. The kernel of the S-
transform is defined by a Gaussian with the window width
of 1/f to give the best resolution in time-frequency space.
The normalized Gaussian kernel also gives a direct
mathematical connection to the Fourier transform via the
integration over t.
[10] Before calculating the S-transform spectra of GIC for

all 24-h long segments centered around Dst minima of
storm events, there are three preprocessing steps as follows:
(1) We include the margins of 2 h time series just before and
after the 24-h time series to reduce an artificial edge effects;
(2) Hanning window is applied on the 5% of the total 28 �
360 points at the edges to further reduce the edge effect;
(3) Hilbert transform is applied to obtain the analytic signal
in which the spectral power is localized into positive
frequencies. Finally, we apply the S-transform to the ana-

lytic signal, and the amplitude jS(t, f)j is color coded to
display the S-transform spectra.

3. Results

[11] First, we show typical examples of the GIC spectra
during comparable nightside CME and CIR storm events.
The Dst minima for the selected CME and CIR storms are
�110 nT at 1930 UT (2230 MLT) on 11 May 2002 and
�109 nT at 1730 UT (2030 MLT) on 11 February 2004,
respectively. Using the nightside events, we can directly
compare the results with the results for superstorms, as
shown by Pulkkinen and Kataoka [2006].
[12] Figures 2 and 3 show GIC and the S-transform of

GIC for the selected events. It is seen that around the storm
peak taking place in the nightside, turbulent broadband
spectra are seen in both CME and CIR storms. After the
storm peak, the CIR storm has a stronger and longer-lasting
GIC activity than that of the CME storm even though the
Dst minima for the storms are similar to each other. Local
daytime GIC in Pc3-5 pulsation ranges (0.3–10 min) are

Table 1. Coordinates of IMAGE Magnetometer Stations Used in This Study

Abbreviation Name GEO Latitude GEO Longitude CGM Latitude CGM Longitude

NAL Ny Ålesund 78.92 11.95 75.25 112.08
LYR Longyearbyen 78.20 15.82 75.12 113.00
HOR Hornsund 77.00 15.60 74.13 109.59
SOR Sørøya 70.54 22.22 67.34 106.17
KIL Kilpisjärvi 69.02 20.79 65.88 103.79
MUO Muonio 68.02 23.53 64.72 105.22
PEL Pello 66.90 24.08 63.55 104.92
OUJ Oulujärvi 64.52 27.23 60.99 106.14
HAN Hankasalmi 62.30 26.65 58.71 104.61
NUR Nurmijärvi 60.50 24.65 56.89 102.18
TAR Tartu 58.26 26.46 54.47 102.89

Figure 1. Scatterplot of maximum jDstj and jGICj for
each of the Dst < �100 nT storms used in this study.
Coronal mass ejection (CME) storms are indicated by open
circles and corotating interaction regions (CIR) storms by
solid circles.
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especially enhanced during the recovery phase of the CIR
storm. Comparing the Figures 2c and 3c, the GIC enhance-
ment in the Pc3-5 range during the CIR storm can also be
seen from the FFT spectra. Strong monochromatic GIC in
the Pc5 range (2.5–10 min), as was seen for superstorms by
Pulkkinen and Kataoka [2006], is not present during the
recovery phase of the CME storm. Although not shown
here, the spectral features observed above are common also
for the other CME and CIR storms studied in this work.

[13] We then compare the time derivative of the horizon-
tal magnetic field (dB/dt) observed at NUR with the GIC
using all of the CME and CIR storm events. The time
derivative is calculated by using the three-point central
difference formula. To compare the GIC and dB/dt, the
data are divided into 1 h intervals, each containing 360
sample points. The maximum amplitudes of jdB/dtj and
jGICj are calculated in each interval, and 1 h values are
obtained for four different time intervals: just after the storm

Figure 2. S-transform spectrum of a CME storm on 11 May 2002 showing (a) the waveform of
geomagnetically induced currents (GIC), (b) the S-transform spectral power, and (c) the FFT power
spectrum obtained by integrating the S-transform over time. The left half of Figure 2b is the local
nightside (1800–0600 MLT), and the right half is the local dayside (0600–1800 MLT). Red diamonds
indicate the Dst index. The storm peak is shown by a vertical dotted line.
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sudden commencement (SSC), main phase, recovery phase,
and 24 h after the end of the recovery phase.
[14] In this paper, the beginning of the main phase is

determined by the existence of minimum d(Dst)/dt or two
successive points of d(Dst)/dt < �20 nT/h, where the time
derivative is calculated using a two-point forward difference
formula. If it is not possible to detect the beginning by these
criteria, a typical time period of 6 h before the Dst minimum
is taken as the main phase interval. The end of the recovery
phase is determined by the recovery of the Dst index to 50%
of the Dst minimum. If it is not possible to detect the end by
these criteria, typical time period of 12 h after the Dst
minimum is taken as the recovery phase interval.

[15] From Figure 4 showing the scatterplot and histo-
grams of maximum jdB/dtj and jGICj for CME storms, it is
seen that from the main phase (red) to the recovery phase
(blue) the amplitudes of jGICj and jdB/dtj decrease more
than a half an order of magnitude on average. Further, from
the recovery phase (blue) to the 24 h after the end of the
recovery phase (green), the amplitudes decrease again more
than a half an order of magnitude on average. However,
independent of the storm phase, all of the data points
distribute around the same regression line. The correlation
coefficient is better for jdBy/dtj (CC = 0.97) than that of
jdBx/dtj (CC = 0.94), where the subscripts x and y denote
the geographic north-south and east-west components, re-

Figure 3. S-transform spectrum of a CIR storm on 11 February 2004. The format is the same as in
Figure 2.
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spectively. The difference in correlation clearly reflects the
geographical orientation of the pipeline; GIC flow in the
pipeline responds differently for east-west and north-south
geoelectric field in association with the temporal changes of
the magnetic field [Pulkkinen et al., 2001]. The relationship
between jdBy/dtj and jGICj can be approximated by power-
law equation,

jGICj Að Þ ¼ 100:67jdBy=dtj0:84 nT=sð Þ: ð2Þ

From Figure 5 showing the scatter plot and histograms of
maximum jdB/dtj and jGICj for CIR storms, it is seen that
although the correlation between the two quantities is
slightly worse, the basic trend of the regression line is the
same as that for the CME storms. Again, the correlation
coefficient is better for jdBy/dtj (CC = 0.91) than that of
jdBx/dtj (CC = 0.78). The approximately log-normal
histograms in Figures 4 and 5 suggest that the GIC
amplitude rarely exceeds the 10 A level even in the main
phase of CIR storms. From Figure 5 it is also seen that the
storm phase dependence of the jdB/dtj and jGICj amplitudes

Figure 4. Scatterplot and histograms of maximum jdB/dtj showing (left) the x-component and (right) y-
component and maximum jGICj during the main phase (red), recovery phase (blue), 24 h after the end of
recovery phase (green), and just after the storm sudden commencements (black) of CME storms.

Figure 5. Same as Figure 4 but for CIR storms.
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is relatively small for CIR storms, ranging well below an
order of magnitude on average. Comparing the recovery
phase (blue) and late recovery phase (green) in Figures 4
and 5, it is apparent, in agreement with Figures 2 and 3, that
the jdB/dtj and jGICj amplitudes during the recovery and
late recovery phases are larger for CIR storms on average.
Some statistical parameters of jGICj are summarized in
Table 2. The mean values are calculated after taking the
logarithm. This is reasonable since the hourly values of both
jGICj and jdB/dtj follow the log-normal distribution as
show in the histograms in Figures 4 and 5.

4. Discussion

[16] Figures 2 and 3 imply that partially different physical
mechanisms drive GIC during CME and CIR storms. The
most interesting observation is that, during CIR storms, GIC
is enhanced in the Pc3-5 pulsation range, especially in the
local dayside during the recovery phase. The Pc3-5 pulsa-
tions are related to the high-speed Alfvénic solar wind
streams originating from large coronal holes [see
Richardson et al., 2006]. Thus these coronal hole streams
are the origin for the long-lasting GIC activity during CIR
storms. On the other hand, for the February 2004 event
shown in Figure 3, the very quiet period of GIC lasting 8 h
just after the storm peak was associated with unusually
stable northward interplanetary magnetic fields embedded
within the CIR and is not necessarily a general feature of
CIR-associated storms.
[17] The well-known correlation of Pc3-5 pulsation wave

power with the solar wind speed [Singer et al., 1977;
Engebretson et al., 1998], suggests that the Kelvin-Helm-
holtz instabilities (KHI) at the magnetopause may act as a
possible energy source for the pulsations. Actually, using
multiple in situ satellite observations, Rae et al. [2005]
investigated very strong narrowband monochromatic Pc5
pulsation, as seen in GIC during superstorms [Pulkkinen
and Kataoka, 2006] and concluded that the discrete Pc5
pulsation is the result from the excitation of a magneto-
spheric waveguide mode driven by KHI at the magneto-
pause. Other mechanisms, however, possibly contribute to
large GIC in the Pc3-5 range. On the basis of the IMAGE
magnetometer data, Howard and Menk [2005] suggested
that the daytime Pc3-4 waves as observed in this paper are
generated by the upstream ion-cycrotron resonance and that
there is no evidence of generation by the KHI. Baker et al.
[2003] surveyed a 10-year data set of CANOPUS to
statistically investigate the Pc5 pulsation and suggested
from the property of field-line resonance that the energy

source of Pc5 pulsation is not only KHI but also that a
significant part of the Pc5 pulsations should have some
irregular or impulsive energy source such as traveling
indentations on the magnetopause [Mathie and Mann,
2000] or solar wind buffeting. They also noted that transient
events such as magnetic impulse events [e.g., Kataoka et
al., 2001] contribute to the largest power of Pc5 spectra in a
limited dawn sector between 65 to 70 magnetic latitudes.
[18] Despite the spectral differences found between CME

and CIR storms, hourly dB/dt is found always to be an
excellent indicator of the hourly GIC activity, and the
relationship between the GIC and the dB/dt is always the
same in a very large dynamic range of about three orders of
magnitude, as shown in Figures 4 and 5. This finding is in
agreement with earlier results [see, e.g., Viljanen et al.,
2001, and references therein]; the novel result is that the
relationship can be made very accurate by using the
functional form given in equation (2). It should be noted
here that there are examples [Trichtchenko and Boteler,
2006] where GIC behavior follows the magnetic field
strength (B) rather than its time derivative. However, by
making plots similar to Figures 4 and 5 for B, we have
confirmed that dB/dt is a better indicator for GIC activity
than B at Mäntsälä.
[19] For additional insights to jdB/dtj behavior, as shown

in Figure 6, we construct a polar map showing the global
distribution of average amplitude of the hourly maximum
jdB/dtj and root mean square of the hourly maximum jdBx/
dtj and jdBy/dtj. We use the eleven meridional magneto-
meters listed in Table 1. All six CIR events in the list of
Kataoka and Miyoshi [2006] and an additional recent CIR
event that occurred in the end of August 2005 are used in
constructing the map. However, even with the additional
CIR events the number of data points was, unfortunately,
too small to construct a map for the CIR main phase. A total
of 11 � 24 average points (11 points in latitude and 24
points in MLT) are linearly interpolated and color con-
toured. Note again that the average values are calculated
after taking the logarithm.
[20] Weigel et al. [2002, 2003] computed similar average

polar maps of jdB/dtj, but they did not make a classification
of different storm phases. The results here indicate that it
may be beneficial to separate predictions of jdB/dtj by
different classes based on, for example, storm phase and
interplanetary driver. For example, the prenoon peak of CIR
storms (Figure 6c) is about twice as strong on average than
that of CME storms (Figure 6b). Further, comparing the
Figures 6a and 6b, the local time sector having the greatest
activity may vary as a function of CME storm phase, for

Table 2. Statistical Parameters of |GIC| Amplitudes for Different Storm Phasesa

Interplanetary Driver Storm Phase
Total Number
of Storms

Total Number
of Hours Average (A) Maximum (A)

CME SSC 32 32 3.3 31.6
CME main 32 247 3.8 32.0
CME recovery 32 380 1.5 18.2
CME after recovery 32 403 0.6 13.0
CIR main 3 25 2.0 7.3
CIR recovery 3 29 1.3 4.1
CIR after recovery 3 69 1.0 4.3

aFrom left to right, columns show the storm driver, storm phase, the total number of the storm events, the total number of
sample hours, mean values, and maximum values.
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example, the greatest activity is appeared in the dawn and
postmidnight sector during the main and recovery phase,
respectively.

5. Conclusions

[21] It was shown that subauroral GIC activity depends
on the solar wind driver and phases of strong geomagnetic
storms. For example, GIC amplitudes are relatively small
during CIR storms in comparison to CME storms. However,
Pc3-5 pulsation activity during CIR storms drives long-
lasting GIC in the local prenoon sector. Despite of the
differences, the maximum hourly value of jdB/dtj is always
an excellent indicator for the maximum hourly amplitude of
jGICj in the Finnish pipeline for any local time and any
storm phase of CME/CIR storms. A novel power law
equation was derived to accurately characterize the relation-
ship between jdB/dtj and jGICj.
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Properties of AE indices derived from real-time global simulation and

their implications for solar wind-magnetosphere coupling
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[1] Real-time magnetohydrodynamic (MHD) simulation of the solar wind-
magnetosphere-ionosphere (S-M-I) coupling system was used to calculate auroral
electrojet (AE) indices. This simulation reproduces the magnetic field configurations in the
magnetosphere, magnetospheric convection, and field-aligned currents (FACs) using the
upstream boundary conditions with the interplanetary magnetic field (IMF), solar wind
speed, temperature, and proton number density measured by the ACE spacecraft. The
electrical potential at 3 RE (Earth radii) from the center of the Earth is mapped on the
ionosphere. The ionospheric currents are deduced from Ohm’s law to match the
divergence of Pedersen and Hall currents from FACs. The AE indices are obtained from
the magnetic field perturbation caused by the simulated ionospheric currents. We
compared the simulated AE indices for 247 d with the AE indices deduced from the
magnetic variations at up to 12 stations located around the auroral latitude. The results
show that the simulated AE reproduces the observed AE indices well. Of the 247 d, 64%
had cross-correlation coefficients of more than 0.5. We also found that the simulated AE
indices do not correlate well with the observed AE indices when the standard deviations of
variations in the observed AE indices are less than 100 nT. When variations in the AE
indices are small, some of the short-period perturbations of the electromagnetic energy
flowing from the solar wind into the magnetosphere is absorbed or filtered in the real S-M-
I coupling system by some mechanism that is not included in our MHD simulation and
that the resulting fluctuation in the AE indices is damped compared with the simulation.

Citation: Kitamura, K., H. Shimazu, S. Fujita, M. Kunitake, H. Shinagawa, and T. Tanaka (2008), Properties of AE indices derived

from real-time global simulation and their implications for solar wind-magnetosphere coupling, J. Geophys. Res., 113, A03S10,

doi:10.1029/2007JA012514.

1. Introduction

[2] Recent improvements in computer calculation speeds
have made it possible for simulations of large-scale phe-
nomena to be done. Global magnetohydrodynamics (MHD)
simulation has played a significant role in the field of the
interaction between the solar wind and the Earth’s magne-
tosphere. It has revealed the shape of the magnetosphere,
the structure of the distant magnetic tail, and how the
closure of the Region-1 field-aligned currents (FACs) are
reproduced [Walker et al., 1993; Fedder and Lyon, 1995;
Raeder et al., 1995; Spicer et al., 1996; Elsen and Winglee,

1997; Janhunen and Koskinen, 1997; White et al., 1998;
Song et al., 1999].
[3] The ACE spacecraft’s provision of real-time solar

wind data makes it possible to run a global MHD model
of the magnetosphere in real time. We have developed a
model that simulates real-time global MHD of the solar
wind interaction with the magnetosphere. The MHD code
used here was developed by Tanaka [1994] to enable highly
accurate calculations of the MHD simulation for systems
with a potential magnetic field (intrinsic geomagnetic field).
Tanaka’s [1995] MHD simulation reproduced the FACs in
the magnetosphere and indicated that the distribution of the
simulated FACs has signatures typical of the current pat-
terns of regions 1 and 2, which depend on the Z-component
of the interplanetary magnetic field (IMF). Tanaka also
advanced our understanding of the structure and origin of
magnetospheric convection [Tanaka, 1999].
[4] Another recent real-time simulation model of the

global magnetosphere has being implemented at the Com-
munity Coordinated Modeling Center (CCMC) (http://
ccmc.gsfc.nasa.gov) [Narock et al., 2004]. This model is
based on the space plasma simulation model of the Space
Weather Modeling Framework (SWMF) at the University of
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Michigan [Tóth et al., 2005]. These kinds of real-time
models are useful both in predicting the space weather
environment and in studying physical processes in space.
Another successful global magnetospheric model that can
also be used to derive global geomagnetic indices is the
Open Global Geospace Circulation Model (openGGCM),
which was originally developed as an MHD model of
Earth’s magnetosphere at UCLA in the early 1990s by
J. Raeder.
[5] Simulation is based on physical laws, but approxima-

tions and numerical errors are included in it. Thus all
simulations must be verified against real (observed) data.
Moreover, simulations in which conditions can be set freely
are indispensable tools in understanding the essential ele-
ments of the observed results. Because of these character-
istics, linking simulation results with observations is very
important.
[6] Real-time simulation data and observed data can be

complementary.With in situ observation by a satellite, even if
many satellites are used, it is difficult to get a global image of
the magnetosphere. In contrast, global simulation can visu-
alize the entire image and conditions of the magnetosphere.
[7] For a quantitative comparison of observed and simu-

lated data to be valid, the two types of data must have the
same physical parameters. We use geomagnetic indices for
this comparison. The most typical indices deduced from the
ground magnetic variations are Dst and auroral electrojet
(AE) indices. The Dst index represents the axially symmet-
ric component of magnetic variations at low latitudes on the
ground and is generally used as a measure of the intensity of
magnetic storms. However, MHD simulation cannot accu-
rately reproduce the Dst index because lack of the particle
dynamics in MHD cannot reproduce the ring current that
contributes strongly to the Dst index.
[8] The AE index, on the other hand, is deduced from

magnetic variation at auroral latitudes on the ground, which
is produced mainly by an ionospheric current called the
auroral electrojet. The auroral electrojet is generated by the
electric field imposed on the polar ionosphere and by
confined high electric conductivities, which are mainly
associated with substorms. The AE indices are derived from
data generated by up to 12 geomagnetic observatories near
the aurora oval located at roughly longitudinally equidistant
intervals [Takahashi et al., 2004]. Using 1-min sampling
magnetic data, the H- (horizontal) component magnetic
variation at each station whose base line is subtracted is
superposed on the same time axis. In this plot the upper and
lower envelopes are defined as the AU and AL indices,
respectively. These provide the measure of the maximum
eastward and westward electrojet currents at any time
[Davis and Sugiura, 1966; Kamei et al., 1981]. The AE
and AO indices are derived from the AL and AU indices as
follows:

AE ¼ AU � AL

AO ¼ AU þ ALð Þ=2

Comparing the result of simulation with these indices as
well as satellite observation is very valuable because the
indices are derived by superposing data from a wide area.
[9] We aim to determine whether our real-time MHD

simulation is practical in actual space weather forecasting.

We introduce our real-time global MHD simulation model
first. Then, we derive the AE index from the simulation and
compare it with observed indices. Finally, we discuss the
implications for the characteristics of the model that concern
solar wind-magnetosphere-ionosphere (S-M-I) coupling.

2. Real-Time Global MHD Simulation Model

[10] Tanaka [1994, 1995] developed a three-dimensional
(3-D) MHD simulation model to investigate S-M-I cou-
pling. He based his simulation code on an unstructured grid
system to cope with the differences between the scales for
the magnetosphere and the ionosphere and on a finite
volume total variation-diminishing (TVD) scheme to cap-
ture discontinuity. The inner boundary of the grid system is
set at 3 Earth radii (RE) from the center of the Earth. The
ionospheric potential can be deduced from the electric
potential at 3 RE, which is mapped on the ionosphere along
the dipole field lines. The ionospheric current, which can be
decomposed into the Pedersen and Hall currents, is derived
from Ohm’s law in the ionosphere. The current closes in the
ionosphere as follows:

r 	 srFI ¼ Gm rot B1 	 nbð Þ ¼ Jjj;
s ¼ sEUV þ k1sDiff P;rð Þ þ k2sJ Jjj

� �
;

Fm ¼ FI � k3f1 Jjj
� �jJjjj;

where s is the ionospheric conductivity tensor, FI is the
ionospheric potential, Fm is the magnetospheric potential,
B1 is the variable component of the magnetic field, nb is an
outward unit vector, Jk is the electric current parallel to the
magnetic field, and Gm is a geometrical factor associated
with the mapping along the field lines from r = 3 RE to r = 1
RE. The current in the ionosphere closes with the FAC.
Values sEUV, sDiff, and sJ are the conductivities due to the
solar EUV, the diffuse auroral precipitation, and the FAC,
respectively. The diffuse auroral precipitation sDiff is
defined as a function of the pressure P and density r. Here
f1 is a function being 1 at the upward FAC and 0 at the
downward FAC, and k1 � k3 are scaling constants [Tanaka,
2000]. In this simulation the geographical north and the
geomagnetic north are defined on the same axis. The
resistivity (h) is defined in the present MHD simulation as:

h ¼ k4 f2 xð ÞjJ j2=jBj2

where f2 (x) is a time-independent fixed function (x indicates
pointing to the Sun from the Earth), k4 is a scaling constant.
Here f2 (x) is small in the near-Earth region at x > �20 RE,
linearly increases down tail, and saturates at x > �60 RE

[Tanaka, 2000].
[11] Using the simulation code developed by Tanaka

[1994, 1995], Den et al. [2006] started real-time global
MHD simulation using the supercomputer at the National
Institute of Information and Communications Technology
(NICT). They used the density, velocity, temperature, and Z-
and Y- components (in the GSM coordinate system) of the
IMF of real-time solar wind data, which were recorded by
the Advanced Composition Explorer (ACE) spacecraft
located near the L1 point [Zwickl et al., 1998]. We use
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the modified spherical coordinates [Tanaka, 2000], and grid
numbers 44, 56, and 60 for the r, theta, and phi directions,
respectively.
[12] Processing the real-time solar wind data and calcu-

lating the MHD simulations takes only a few minutes,
enabling us to obtain the 3-D distribution of the magnetic
field and plasma parameters in the magnetosphere during
the travel time of the solar wind. The travel time of the solar
wind from the position of the ACE spacecraft to the
magnetopause is approximately 1 h, though travel time
basically depends on the solar wind velocity and the distance
between the ACE spacecraft and the Earth. Thus real-time
simulation is used to forecast the space weather of the
magnetosphere for the 1-h period following the simulation.
[13] We generally simulate a period of 24 h a day for

365 d. The results are illustrated visually, and the resulting
images can be posted to our Web site in almost real time
(http://www2.nict.go.jp/y/y223/simulation/realtime/). The
four kinds of graphics we post on the Web site are shown
in Figure 1. The upper left panel shows magnetic field lines

around the Earth, and the upper right one shows the plasma
pressure on the meridian plane. The circle in the center of
the latter represents the Earth. Figure 1 shows that our
simulation reproduces the bow shock and the tail plasma
sheet. In the lower left panel, the contour lines represent the
electric potential, and the color code shows the electric
conductivity of the polar ionosphere viewed from the North
Pole. The lower right panel shows input parameters ob-
served by the ACE spacecraft: solar wind velocity, density,
and the Z- and Y-components of the IMF. The images are
archived in a movie format, and current and archived
images can be accessed on the Web site.
[14] The example shown in Figure 1 is for a period after

an interplanetary shock impacted the magnetopause. A
pressure pulse propagates from the subsolar point to the
magnetotail. When the Z-component of the IMF becomes
negative, the current sheet thinning and plasmoid ejection
can be reproduced intermittently. When the plasmoid is
ejected, the conductivity of the polar ionosphere is en-
hanced on the nightside. When the Y-component of the

Figure 1. Types of graphics posted on Web site, showing (top left) magnetic field lines connected to the
Earth. Blue and red lines are connected to northern and southern hemispheres, respectively. Some field
lines with ends connected to both hemispheres are blue and some red. Also shown are (top right) plasma
pressure on meridian plane, where the circle in the center represents Earth, (bottom left) contour lines
represent electric potential and color code shows electrical conductivity of polar ionosphere viewed from
North Pole, and (bottom right) input parameters observed by ACE spacecraft: solar wind velocity,
density, and Z- and Y-components of IMF, respectively.
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IMF is not oscillatory, a clear convection cell structure (a
round cell and a crescent cell) can be observed [Tanaka,
2001]. The shape of the cells depends on the direction of the
Y-component of the IMF.

3. Comparison of the Simulated and Observed
AE Indices

[15] The geomagnetic variations on the ground are the
consequence of the energy propagation furthest downstream

in the S-M-I coupling system and contain integrated infor-
mation about the magnetosphere. Therefore the derivation
of the magnetic field disturbance on the ground is suitable
for verifying the availability of the actual space weather
forecast using our simulation. The magnetic fields generated
by the ionospheric current in the simulation are used to
derive the AE index in real time. Although the actual AE
index is deduced from the H-component variations in the
magnetic field at the selected geomagnetic stations, which
are located at the auroral latitudes, the simulated AE index
here is deduced from the H-component magnetic variations
at all grid points located at latitudes between 60� and 70�.
There are seven grid points in the latitudinal direction and
40 in the longitudinal direction used to derive the AE index
[Den et al., 2006].
[16] We use digital data from the Quick-Look (QL) AE

indices, which are calculated and distributed by the World
Data Center (WDC) for Geomagnetism, Kyoto (http://
swdcwww.kugi.kyoto-u.ac.jp/AEasy/index.html) as the ob-
served AE indices. In general, the QL AE indices are based
on semi-real-time magnetic data, which may include spike
noises or data errors, so it is not always appropriate to use
the QL indices for precise analysis. It is also noted that data
from all 12 stations was not always available. When this
happened, we used the magnetic variation data from the
observatories that were operating to derive the QL AE
indices. The real-time solar wind data measured by ACE
are not processed by accurate data cleaning. Here, the QL
AE index can be appropriately compared with the simulated
AE index because one purpose of this study is to evaluate
how well the AE index using real-time data predicts space
weather.
[17] The simulated AE indices are calculated using real-

time solar wind data obtained by the ACE spacecraft at a
point more than 200 RE upstream from the Earth, so the
observed AE indices lag the simulated AE indices by a
duration that depends on the speed and the structure of the
solar wind. To obtain the time lag, we calculate the cross-
correlation coefficients of the observed AE indices to the
simulated AE indices whose time series are shifted from 0 to
120 min in 1-min steps. The time lag is defined as the
shifted time with the maximum correlation coefficient
between the observed AE index and time-shifted simulated
AE index. We obtain daily correlation coefficients and lags
using 1-min sampling data over 24 h. The AU, AL, and AO
indices are calculated in the same way as the AE indices. In

Figure 2. (a) Comparison of simulated and observed
indices for 28 July 2006. AE, AU, AL, and AO indices are
shown in respective order from top to bottom. Blue and red
lines represent observed and simulated indices, respectively,
calculated from all the grid points located at latitudes between
60� and 70�. Black dotted lines are simulated indices
calculated from 12 grid points closest to AE observatories.
Time lag between simulated and observed AE indices is
71 min. MaxCCs shown in upper right of each panel are
maximum correlation coefficients between observed and
simulated (all stations) indices. Also shown is the (b) time
lag and cross-correlation coefficients between simulated and
observed AE indices for 28 July 2006.
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this procedure, if the solar wind speed changes drastically in
1 d, the results of the analysis for that day may contain
significant errors. To clarify this effect, we calculated the
daily mean solar wind speed (Vmean), the daily maximum
speed (V max ) and the minimum speed (V min) for 398 d
from August 2005 to September 2006. The ratio Rsw =
(V max � V min )/Vmean for 398 d shows that 78% of
Rsws are less than 0.3, that is, the errors caused by changes
in the solar wind speed within a day are generally small.
[18] The simulated and observed indices for the interval

between August 2005 and September 2006 were used in the
calculations. Because of an interruption in computer oper-
ations, data for some simulated indices are missing. We also
removed data that included obvious errors for either simu-
lated or observed AE indices. As a result, to calculate the
AE, AU, AL, and AO indices, we used data collected for
247, 238, 247, and 201 d, respectively.
[19] Figure 2a shows a comparison of simulated and

observed indices for 28 July 2006. The AE, AU, AL, and
AO indices are shown in respective order from the top to the
bottom panel. The blue and red lines indicate observed and
simulated indices, respectively, calculated from all grid
points located at latitudes between 60� and 70�. The black
dotted lines represent the simulated index calculated from
the 12 grid points closest to the 12 AE observatories, which
are overwritten in each panel. We used the geomagnetic
coordinates for the 12 stations to derive the index.
[20] The figure shows that, as expected, the absolute

values of the simulated AL and AU indices derived from
the all grid-point data are generally larger than those from
the 12-grid-points. Since there are two stations whose
geomagnetic latitude is above 70�, the 12-grid-points index
exceeds the all-grid-points index in some places. If we
compare the AL and AU indices, the difference between
all-grid-points indices and the 12-grid-points indices is

rather large in the AU index. High-latitude eveningside
stations contribute to the AU index [Allen and Kroehl,
1975]. The UT variation in the AU index shows this
tendency.
[21] However, the difference between the 12-grid-points

indices and the all-grid-points indices is small compared
with the difference from the observed indices. This indicates
that the derivation in the AE index from all grid points
between 60� and 70� does not cause serious discord for the
statistical analysis. Hereafter, we use as the simulated
indices those calculated from all the grid point data.
[22] We calculate the cross correlation coefficient be-

tween the simulated index and the observed one. The
correlation coefficients of the AE index for the time lags
are shown in Figure 2b. The correlation coefficients are
distributed according to a quadratic function of the time
delay. In this case, the maximum correlation coefficient
(maxCC) between the simulated (red line) and observed AE
indices (blue line) is 0.77 at a 71-min lag. This value is
roughly accurate when the solar wind speed for the day,
�330 km/s, is taken into account.
[23] The observed AE index shows clear auroral activities

from 0200 UT to 0500 UT with a maximum amplitude of
�1000 nT. The simulated AE index (red) also shows
activities from 0200 UT to 0530 UT with a peak amplitude
of �1700 nT, which is larger than that of the observed AE
index. In addition, a large fluctuation with an amplitude of
�700 nT appears in the simulated AE index, whereas no
such fluctuation appears in the observed AE index. The
amplitude of the fluctuation in the simulated AE index is
generally larger than that in the observed AE index. In
contrast, the simulated AE index for the AE activities from
0600 UT to 0800 UT with an amplitude of �800 nT,
corresponds well to the observed AE index.
[24] The AE index is derived by subtracting the AL from

the AU, so the difference between the simulated and
observed AE indices can be considered in terms of the
difference between the AU and AL indices. We calculate
the maxCC for the AE and for the AU, AL and AO indices.
The maxCCs of the AL and AO indices are 0.766 and 0.596,
respectively, while the maxCC of the AU index is 0.162,
which is much less than those of the other indices. The
envelopes of the simulated AL index correlate well with
the observed AL index during 0200–0500 UT and 0600–
0800 UT, though the large fluctuation in the simulated AL
index from 0200 UT to 0600 UT does not appear in the
observed AL index. The amplitudes of the simulated AL
activities during the above-indicated intervals are roughly
comparable to that of the observed AL index. In contrast,
the time variation of the simulated AU index is quite
different from that of the observed AU index. The intensity
of the simulated AU index is larger than that of the
observed AU index almost all day long, especially during
the above-indicated intervals. The difference between the
amplitudes of the simulated and observed AU indices
reaches 500 nT in some cases.
[25] This indicates that the westward electrojets are

reproduced well by the present simulation, whereas the
eastward electrojets are sometimes not reproduced well. In
general, the intensity of the auroral electrojet is predominant
in the westward direction during the interval of the sub-
storm. Therefore during the substorm, the simulated AE

Figure 3. Comparison between time lag and 1/V (V: solar
wind speed) for events in which maximum correlation
coefficients (maxCCs) are more than 0.4. Solid line
represents least-square fitting. Broken line represents
expectation from propagation of solar wind from position
of ACE (220 RE) to Earth.
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index can be reproduced well. We used one event as an
example of a typical substorm event and as one of the best-
correlated events. Similar signatures are observed in other
substorm events. To clarify what constitutes a factor limit-
ing the reproducibility of the simulation, it is necessary to
statistically investigate the correlations between the simu-
lated and observed indices.
[26] The time lags between the observed and simulated

AE indices are also important in evaluating the results of the
simulations. The time lag mainly represents the travel time
of the solar wind from the position of the ACE spacecraft to
the Earth. Thus the time lag should decrease as solar wind
speed increases. Figure 3 shows the relationship between
the time lag and the solar wind speed observed by the ACE
spacecraft. Although the data points scatter, 1/V (V: the solar
wind speed) increases as the time lag increases, and the
correlation coefficient between the two parameters is 0.53.
The distribution of the data points can fit the linear function
y = 1.26 � 10�5 x + 1.40 � 10�3 (x: time lag [min], y: 1/
(solar wind speed) [1/km/s]). This indicates that the time lag
basically corresponds to the travel time of the solar wind
speed. However, the y-intercept of 1.40 � 10�3 suggests
that the time lag is not due to solar wind speed alone. The
broken line in Figure 3 represents the expected relationship
between 1/V and the time lag under the assumption that the
ACE spacecraft is located 220 RE upstream from the Earth.
The figure shows that most of the events have a longer-than-
expected time lag. This means that the time lag cannot be

explained by the propagation time of the solar wind from
ACE to the Earth alone. The time constant of the magne-
tospheric response to the solar wind may significantly affect
the time lag between the observed and simulated AE
indices.
[27] Figure 4 shows the occurrence frequencies of the

maxCCs for AE, AU, AL, and AO indices. In Figure 4a,
most of the maxCCs for the AE index are distributed in the
range between 0.4 and 0.8. Of the total of 247 d, 158 (64%)
showed a maxCC of more than 0.5. This shows that
simulation can accurately reproduce the AE activities for
most days and is useful in predicting the AE index for the
next hour. However, there were also 89 d (36%) for which
the maxCCs were less than 0.5, which is not accurate
enough to be used in prediction.
[28] The occurrence frequencies of the maxCCs for the

AU, AL, and AO indices are shown in Figures 4b, 4c, and 4d,
respectively. The distribution of the occurrence frequency
of the AL indices is similar to that of the AE indices; 54%
of the days analyzed had maxCCs of over 0.5. In contrast,
the occurrence frequencies of the maxCCs for the AU and
AO indices have rather different distributions. As can be
seen in Figure 4b, the occurrence of the maxCCs for the AU
indices was broadly distributed, with a formless peak
around 0.4, and only 37% of the days had maxCCs of more
than 0.5. Of the four types of indices, the AO indices
showed the worst correlation, with 96% of the days having
maxCCs of less than 0.5.

Figure 4. Occurrence frequency of maximum correlation coefficients of (a) AE, (b) AU, (c) AL, and
(d) AO indices. Vertical and horizontal axes represent occurrence of days and maximum correlation
coefficient (maxCC), respectively. Range of horizontal axis is between 0 and 1, and negative maxCCs
(less than 1% of total) are not shown here.
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[29] A statistical analysis of the cross-correlations for the
247 d shown in Figures 3 and 4 indicates that the simulated
AE index corresponds fairly well to the observed AE index,
but that, for 36% of the days, the simulated AE indices show
very little correlation with the observed AE indices. The
factors in these lower maxCCs should be researched further.
[30] It is well known that the AE index is correlated with

solar wind parameters and the IMF. Variations in the AE
index and substorms occur as a consequence of the pro-
cesses in the solar wind-magnetosphere coupling system.
However, the triggering mechanism of substorms is still
unknown. Lyons et al. [1997, 2005] found that a large
majority of the substorms with well-defined onset times are
triggered by northward turning of the IMF. In addition, the
external cause of the triggering, that is, change in the
dynamic pressure under a strong southward IMF, also
causes auroral brightening of the substorm [Shi et al.,
2005, 2006]. In contrast, Kitamura et al. [2003, 2005]
reported that quasi-periodic substorms occur during steady
southward IMFs with no prominent northward turning. This
means that the electromagnetic energy that flows continu-
ously into the magnetosphere during the southward IMF is
released as quasi-periodic substorms not by an external
trigger but by an internal process of the magnetosphere.
Even if the internal process is related to the substorm
trigger, the AE index still correlates fairly well with the
IMF and solar wind parameters.
[31] To compare the solar wind conditions and maxCCs

of the AE indices, we used the Z-component of the IMF,
solar wind speed, and proton number density, all of which
are measured by the ACE spacecraft, to calculate the cross-
correlation coefficients with the maxCC obtained as de-
scribed above. The results showed no direct influence of the
solar wind parameters on the maxCCs. We also calculated
the cross-correlation coefficients between the maxCCs and
the standard deviations of these solar wind parameters to

investigate the influence of the fluctuations of these solar
wind parameters on the maxCCs. All the correlation coef-
ficients calculated this way were less than 0.1 (data not
shown here), which indicates that solar wind fluctuations
have no direct influence on the maxCCs.
[32] To predict activities of the AE index, we should pay

more attention to cases of intense AE activity rather than to
mild AE activity. For this reason, we calculated the standard
deviations of the observed AE indices (STD(AEobs)) for
24 h and compared them with the maxCCs. Figure 5 shows
the results for this comparison. The distribution of the plots
seems to be scattered, and no obvious linear relationship can
be observed in Figure 5. There were 120 d (out of 247) for
which the STD(AEobs) was over 100 nT. The maxCCs for
74% of these 120 d were over 0.5. This means that the
correlations between the simulated and observed AE indices
are better for days with observed AE indices with large-
amplitude standard deviations.
[33] In contrast, most of the data points for the small

maxCCs are distributed in the STD(AEobs) range between 0
and 100 nT. As indicated in the discussion of Figure 2a, the
maxCCs of the AE indices for 89 of the 247 d were less than
0.5. For 57 of the 89 d (64%), the STD(AEobs) were less
than 100 nT. This means that the simulated AE indices do
not correlate well with the observed AE indices when the
STDs are small. We discuss the reasons for this signature
below.

4. Discussion and Summary

[34] In previous studies, the relationships between the
variation in the AE index and the solar wind are analyzed
using the linear prediction filter [Bargatze et al., 1985]. This
study implied that the solar wind-magnetosphere coupling
should be described by nonlinear dynamics. Klimas et al.
[1996] reviewed autonomous analysis and nonlinear input-
output data-based methods for solar wind-magnetosphere
coupling problems. They showed that unloading process
should be included for realistic replications of the AL index.
Using the Faraday Loop model, Baker et al. [1997] also
showed that a realistic model including the loading and
unloading process is necessary to describe the general
substorm dynamics, as reflected in the AL index. These
studies used mathematical models that describe the solar
wind-magnetosphere coupling and demonstrated specific
events. In the present study, we use the MHD simulation
including the S-M-I coupling and statistically analyze a
large number of events.
[35] We have shown that the AE indices derived from the

MHD simulation using real-time solar wind data as up-
stream boundary conditions are accurate enough to be used
in predicting the AE indices for the following hour. The
comparison of the simulated and observed AE indices
generally showed a good correlation. However, the corre-
lation of these two indices is not good for 36% of the days
analyzed. What is the reason for such inconsistency?
[36] We first consider this question from the simulation

model side. One possible reason for the inconsistency is that
the geomagnetic north and geographical north of the coor-
dinate system of the present simulation are defined on the
same axis as the spherical coordinate system [Den et al.,
2006]. We think this is the most significant problem in our

Figure 5. Relationship between maximum cross-correla-
tion coefficients (maxCC) and standard deviation of
observed AE (STD(AEobs)). Dashed horizontal line repre-
sents maxCC of 0.5, and dashed vertical line represents
STD(AEobs) of 100 nT.
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simulation model. The agreement of the geographic and
geomagnetic coordinates causes some deviation in the
current flow in the polar ionosphere and leads to errors in
calculating the AE index. The simulation model should be
modified to correct this.
[37] Here, we consider the solar wind structure to discuss

the effect on the statistical results shown in Figure 5. The
relationship between the time lag and the solar wind speed
shown in Figure 3 indicates that the time lag increases as the
solar wind speed decreases, although the correlation coef-
ficient of 0.53 might not be valid. We used real-time solar
wind data at a point L1 upstream of the Earth. Although the
solar wind properties monitored at the L1 point generally
represent the solar wind conditions near the magnetopause
[e.g., Paularena et al., 1998; Richardson et al., 1998], the
spatial structure of the solar wind may affect the time lag.
Solar wind structure was recently investigated using multi-
spacecraft observations in near-Earth interplanetary space
[Eastwood et al., 2002; Lepping et al., 2003]. These studies
compared the solar wind data measured by the ACE
spacecraft with those measured by IMP-8 and Cluster
satellites and showed a difference significant enough to
account for the spatial structure of the heliospheric current
sheet and MHD discontinuities. Such an inhomogeneity of
the solar wind structure becomes more significant when
there are large-amplitude variations in the solar wind speed
for 24 h. Thus modifying the solar wind property during the
propagation from the L1 point to the upstream boundary of
the simulation may reduce the correlation between the time
lag and the solar wind speed. This may also affect the
signature of the maxCC shown in Figure 5. Although the
solar wind properties observed at the L1 point are statisti-
cally correlated with those reported near the Earth by the
studies mentioned above, Paularena et al. [1998] also
indicated that the average solar wind flux correlation
between the two spatially separated spacecraft decreases
as the standard deviation of the solar wind flux decreases.
This suggests that the IMF and the plasma parameters may
change significantly during the propagation from ACE to
the upstream boundary of the simulation, reducing the
maxCCs for days when the observed AE indices have small
standard deviations.
[38] Next, we consider the properties of the AE, AU, AL,

and AO indices. In Figure 4, the simulated and observed
indices show good correlations for the AE and AL indices.
The AL index mainly represents substorm activities because
the westward electrojet associated with substorm expansion
is generally observed as a sudden decrease in the AL index.
The good correlation between simulated and observed AL
indices indicates that the present simulation model repro-
duces the substorm expansion and the resulting westward
electrojet currents well.
[39] The occurrence frequencies of maxCCs of the AU

and AO indices show quite different distributions from those
of the AE and AL indices. Days with AU and AO indices
with maxCCs over 0.5 represent 37% and 4% of the total
days, respectively. What does this variation in AU indices
mean? Unlike the westward electrojet, the eastward iono-
spheric currents do not flow in the confined region during
the substorm expansion [Kamide et al., 1994, 1996]. Also,
the intensity of the AU index and the ionospheric potential
in the dusk cell are generally no greater during the substorm

than under nonsubstorm conditions [Weimer, 1999]. It has
also been reported [Weimer, 1999] that the AU index is a
statistical linear function of the polar cap potential. How-
ever, the mechanism and causes of the AU variation seem
not to have been observationally well proven. The lower
correlation between the simulated and observed AU indices
may indicate that the processes that cause the AU variations
are not correctly included in the simulation. This should be
more carefully investigated in future work.
[40] Although both AE and AO indices are deduced from

the combination of the AU and AL indices, the correlation of
the simulated and observed AO indices is statistically much
lower than that of the AE index. This can be explained by
the overestimation of the variation in the simulated indices.
When the simulated AU index is larger (smaller) than the
observed AU index, the simulated AL is also larger (smaller)
than the observed AL index. (The AL is usually negative. A
larger AL means a smaller absolute AL value.) In this case,
the overestimated variations of the simulated AL and AU
indices cancelled each other out by the subtraction used to
derive the AE index and enhanced by the addition used to
derive the AO index. As a result, the correlations between
the simulated and observed AE (AO) indices are better
(worse).
[41] Finally, we consider the reasons for the larger fluc-

tuations in the simulated AE index. Figure 5 indicates that
the simulated and observed AE indices show worse corre-
lations when the standard deviations of the observed AE
indices are less than 100 nT. These fluctuations may be the
result of the difference of the magnetospheric response to
the solar wind between the actual magnetosphere and the
simulation. The other factor in the fluctuations may arise
from the time resolution of the present simulation. The time
step depends on the CFL (Courant-Friedrichs-Lewy) con-
ditions, but it is usually much shorter than 1 s. We used the
1 min value for the simulated index, but it may be that the
shorter time scale fluctuations appear in the simulated AE
index rather than in the observed index.
[42] Tanaka [2000] showed that the MHD simulations

that assumed that the magnetotail becomes more diffuse as
it goes further down tail can reproduce substorms. In his
simulation, the southward IMF caused the typical signatures
of the substorm growth phase, which are plasma sheet
thinning, increase in the size of the auroral oval, and
increase in the FAC in the polar ionosphere. This means
the substorm onset may be directly caused by the dipolari-
zation of the magnetic fields, which is hastened by the
northward turning of the IMF. The onset of the substorm
occurs as an abrupt change in the pressure distribution in the
near-Earth plasma sheet and moving of the convection flow
into the inner magnetosphere. The signatures of the sub-
storm expansion phase (dipolarization, plasma injection into
the inner magnetosphere, and increase in the intensities of
the FACs connected to the nightside ionosphere) were well
reproduced in the simulations.
[43] These simulation results were obtained under ideal

solar wind conditions to enlarge the magnetospheric con-
vection associated with the substorm. In contrast, the AE
indices derived from real-time MHD simulation using real-
time solar wind parameters reflected actual solar wind
disturbances, which consist of fluctuations and discontinu-
ities with various ranges of temporal and spatial variations.
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Thus the inconsistency in the statistics between the simu-
lated and observed AE indices shown in Figures 4 and 5
may be caused by the magnetospheric responses to the
realistic solar wind disturbances, which are not included in
the simulation. The present result indicates that the simula-
tion responds sensitively to small fluctuations in the IMF
and dynamic pressure of the solar wind. Sometimes, small
substorm-like enhancements of the AE indices appear in the
simulation even if the observed AE shows no substorm
signatures. Uritsky et al. [2001] indicated from a self-
organized criticality model that the scaling features in the
AE index are independent of the solar wind input for a time
scale shorter than 3.5 h. Our results also show that short-
period fluctuations in the solar wind do not appear in the
observed index, but that they do appear in the simulation.
Thus the real S-M-I coupling system seems to have a
function that absorbs some of the short-period perturbations
in the electromagnetic energy flowing from the solar wind
into the magnetosphere by some mechanism that is not
included in our MHD simulation and that dampens the
resulting fluctuations in the AE indices compared with the
simulation.
[44] The particle effect and phenomena smaller than the

mesh size were not included in the simulation model.
Moreover, bursty events whose timescale is shorter than
the time step of the simulation may not be reproduced well
in the present simulation. These phenomena may affect the
results. If we include such effects, the simulation may
reproduce the AE index more accurately. These problems
should be resolved in the future.
[45] We have shown that simulated AE indices are fairly

well correlated with observed AE indices. We have also
examined when and how they did not agree. The disagree-
ment between the simulated and observed AE indices has
given us a significant clue about the processes of substorms
and S-M-I coupling. A more detailed comparison between
the simulation using the real solar wind data and the various
kinds of observations in the magnetosphere should be done
in the future.
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[1] The spontaneous fast reconnection model is applied to the earthward fast flow events
observed in the near-Earth plasma sheet. Here, the earthward fast flow events include both
of bursty bulk flow events and flow burst events. In order to apply it directly to actual
observations, virtual probes are located in the plasma sheet region in the three-dimensional
simulation domain so that we can directly observe the temporal variations of plasma
quantities in accordance with the growth and proceeding of the fast reconnection. In this
model, magnetic reconnection drastically evolves and Alfvénic fast plasma jet flows in the
very restricted narrow channel, and a large-scale plasmoid is formed ahead of the fast
plasma jet. The results of virtual observation of these evolutions are found to be in good
agreement with actual satellite observations. At the same time, in the lobe region,
travelling compression regions (TCRs) are observed in connection with the fast flow
events. The temporal profiles of magnetic fields detected by the virtual probes are also in
good agreement with actual satellite observations. It is concluded that the earthward fast
flow events and earthward TCR events result from the fast reconnection mechanism.

Citation: Kondoh, K., and M. Ugai (2008), Numerical studies on three-dimensional earthward fast plasma flows in the near-Earth

plasma sheet by the spontaneous fast reconnection model, J. Geophys. Res., 113, A03S07, doi:10.1029/2007JA012707.

1. Introduction

[2] It is widely accepted that magnetic reconnection plays
crucial role on large dissipative events, such as geomagnetic
substorms and solar flares [Shibata, 1999, 2004]. In space
plasmas of extremely large magnetic Reynolds number,
magnetic reconnection can convert magnetic energy to
plasma energies most effectively by slow shocks. A possible
fast reconnection configuration, involving standing slow
shocks, was first proposed by Petschek [1964]. In this
respect we have proposed the spontaneous fast reconnection
model. This model predicts that the fast reconnection
mechanism spontaneously develops from inside the system
by the self-consistent interaction between plasma micro-
scopic processes and macroscopic reconnection flows
[Ugai, 1984, 1986]. The previous MHD simulations have
demonstrated that the spontaneous fast reconnection model
works quite effectively even in three-dimensional situations
[Ugai and Kondoh, 2001; Ugai et al., 2004, 2005]. Once
the fast reconnection builds up, an Alfvénic fast flow is
caused, and if the fast flow is obstructed, the reconnected
field lines are piled up, and a magnetic loop is formed. A
magnetic loop in our simulations is allowed to be formed
because of a wall boundary assumed at one edge of a
current sheet system [Ugai et al., 2003].

[3] Here, we are interested in the flow enhancements (Vx^
300 km/s) in the near-Earth (X ^ �30 RE) plasma sheet
which are called bursty bulk flows (BBFs) or flow bursts
(FBs) [Angelopoulos et al., 1992]. The existence of these
earthward fast flow events and sharp compression of the
magnetic field in the near-Earth plasma sheet during active
magnetospheric conditions have been pointed out by a lot
of individual case studies [Sergeev et al., 2000, 2001;
Angelopoulos et al., 1992]. In particular, Sergeev et al.
[2000] showed a narrow transient flow jet using five
spacecraft measurements. They showed that the �3 Re

wide fast plasma jet propagates from ^40 Re in the midtail,
and is able to reach the inner magnetosphere at 6.6 Re in
about 10 min.
[4] Statistical studies (superposed epoch analyses) have

also been carried out in order to understand the general
characteristics of BBF [Ohtani et al., 2004; Angelopoulos et
al., 1992; Schodel et al., 2001]. To construct the superposed
epoch, it is necessary to define the reference time. The
physical quantity of each event is superposed about the
reference time. Previous studies used some reference times
based on the flow velocity [Angelopoulos et al., 1992;
Ohtani et al., 2004] or the magnetic field [Ohtani et al.,
2004] or the electric field [Schodel et al., 2001]. By this
averaging method, any fluctuation in the parameter is
preserved in the average, whereas fluctuations shifting in
time are averaged out. Before constructing a superposed
epoch, consideration should be given to the selection of
event. Most of studies define the earthward BBF event as
the interval during which (1) the ion plasma beta bi > 0.5,
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and (2) the ion bulk velocity is continuously greater than
100 km/s and the maximum value is greater than 300 km/s.
In each analysis, the other conditions are added in order to
much strictly exclude suspicious events. They used the data
set, which are satisfied the above conditions, observed in X >
�31 Re from the midtail region to the near-Earth region.
[5] These previous studies have shown that earthward

BBFs are generally accompanied by dipolarization of the
plasma sheet, and BBFs are directed either earthward or
tailward. BBFs are therefore often considered signatures of
bursty and localized reconnection in the plasma sheet
[Ohtani et al., 2004; Schodel et al., 2001]. However, there
is still no agreement about their origin [Angelopoulos et al.,
1992; Lui, 1996].
[6] The main theme of the present paper is to investigate

the relationship between fast magnetic reconnection and
earthward fast flow using MHD simulations on the basis of
the spontaneous fast reconnection model. At first, we will
explain the simulation model in section 2 and show the
three-dimensional evolution of magnetic reconnection and
magnetic loop in section 3.1. Then, we will introduce an
example of the results on superposed epoch analysis for the
earthward fast flow events in section 3.2 and compare our
simulation results with it using virtual satellite observation
in simulation domain in section 3.3. It is well known that
these earthward fast flow events are accompanied with
earthward moving traveling compression regions (TCRs)
[Slavin et al., 2003]. Therefore we will introduce an
example of the magnetic field measurements in earthward
moving TCRs and compare our simulation results with it
using virtual satellite measurements as well as the case of
earthward fast flow events and show the connection be-
tween the earthward fast flow events and the earthward
moving TCRs using the simultaneous virtual satellite obser-
vations in section 3.4. Finally, section 4 is a summary and
discussion.

2. MHD Simulations

[7] In the present study, we are interested in the under-
lying physical mechanism of earthward fast flow evolution,
so that the simulation model will be idealized and simplified
in view of precise numerical computations. Also, the
earthward fast flow is closely related to the formation of
magnetic loop (or magnetic dipolarization), so that the
present simulation model is similar to the one of the 3-D
magnetic loop dynamics [Ugai et al., 2003].

2.1. Simulation Modeling

[8] Simulation model in this study is the same as that in
the previous simulations on the three-dimensional magnetic
loop [Ugai et al., 2003] except for the initial density
condition. It is assumed in this study that the initial
temperature is constant everywhere, while the initial density
was constant in the previous study. Our previous magnetic
loop simulations using the wall boundary showed that the
fast magnetic reconnection produces fast reconnection jet,
and it flows in plasma sheet and is suddenly braked at the
boundary between the dipolar and tail-like magnetic fields
because of the counterward pressure force, and the recon-
nection jet is decelerated [Ugai et al., 2003]. This situation
may be consistent with the earthward flow, and these results

are in good agreement with the situation inferred from the
observation results of earthward flow [Shiokawa et al.,
1997]. This wall boundary is, of course, not the real one
but is simply assumed in the present paper.
2.1.1. Basic Equations
[9] Our interest is directed to the evolution of fast flows,

and the MHD approximations are valid for these macro-
scopic phenomena. The compressible MHD equations are

Dr
Dt

¼ �rr 	 u

r
Du

Dt
¼ �rP þ J� B

@B

@t
�r� u� Bð Þ ¼ �r� hJð Þ ð1Þ

r
De

Dt
¼ �Pr 	 uþ hJ2

J ¼ r� B

m0

r 	 B ¼ 0

where, D/Dt 
 @/@t + u 	 r; the gas law, P = (g � 1)re is
assumed (e is the internal energy per unit mass, and g is the
specific heat ratio with g = 5/3 assumed here (an adiabatic
case)), as is Ohm’s law, E + u � B = hJ (h may be an
effective resistivity). The basic equations (1) are trans-
formed to a conservation-law form, and the modified
Lax-Wendroff scheme is used for the numerical computa-
tion [Ugai, 1987].
2.1.2. Initial-Boundary-Value Problem
[10] As an initial configuration, the one-dimensional anti-

parallel magnetic field B = [Bx(y), 0, 0] is assumed as: Bx(y) =
sin(py/2) for 0 < y < 1;Bx(y) = 1 for 1 < y <Y1;Bx(y) = cos[(y�
Y1)p/1.2] for Y1 < y < Ym(= Y1 + 0.6); Bx(y) = 0 for Ym < y;
also, Bx(y) = �Bx(�y) for y < 0. The plasma pressure P(y)
initially satisfies the pressure-balance condition,

P þ B2
x ¼ 1þ b0 ð2Þ

where b0 is the ratio of plasma pressure to the magnetic
pressure in the ambient magnetic field region 1 < y < Y1, so
that P(y = 0) = 1 + b0 initially (in the present study, b0 =
0.15 is taken). Initially, fluid velocity u = (0, 0, 0), and,
constant temperature T = P/r = 1 + b0 is assumed, so that
the plasma density r initially satisfies

r yð Þ ¼ P yð Þ= 1þ b0ð Þ; ð3Þ

The normalization of quantities, based on the initial
quantities, is self-evident; distances are normalized by the
half-width of the current sheet d0, B by the field strength in
the magnetic field region Bx0, P by Bx0

2 /(2m0), and r by ri =
r(y = 0); also, u by VAx0(= Bx0/

ffiffiffiffiffiffiffiffiffi
m0ri

p
), time t by d0/VAx0,

current density J by J0 = Bx0/(m0 d0), and so forth. Note that
the Alfvén velocity in the ambient magnetic field region (1 <
y < Y1) at initial state is given by VAe = VAx0/

ffiffiffiffiffi
re

p
(re is the

density there).
[11] Here, the conventional symmetry boundary condi-

tions are assumed on the (x, y), (y, z), and (z, x) planes.
Initially, Bz = 0 because of this symmetry boundary on the
(x, y) plane. Hence the computational region can be restrict-
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ed to the first quadrant only and taken to be a rectangular
box, 0 < x < Lx, 0 < y < Ly, and 0 < z < Lz; also, for
simplicity, the conventional symmetry boundary condition
is assumed on the outer boundary plane x = Lx, and on the
other boundary planes(y = Ly and z = Lz) the free boundary
conditions are assumed.
[12] Current-driven anomalous resistivities have been stud-

ied theoretically and experimentally [Lui, 2001; Treumann,
2001; Ono et al., 2001]. Here, as in the 2-D model, the
anomalous resistivity model is assumed in the form,

h r; tð Þ ¼ kR Vd r; tð Þ � VC½ � for Vd > VC ;

¼ 0 for Vd < VC ð4Þ

where Vd(r, t) = jJ(r, t)/r(r, t)j is the relative electron-ion
drift velocity, and VC may be a threshold for microinst-
abilities, and the fast reconnection evolution for different
functional forms and parameters has been studied [Ugai,
1984, 1992; Ugai and Kondoh, 2001; Ugai and Zheng,
2005]. Here, kR = 0.003 and VC = 12 are taken.
[13] Ugai [1986] demonstrated the current-sheet thinning

drastically proceeds when there is no resistivity in t > 4 due
to the similar effect to the pinch one. Here, the ion-electron
drift velocity Vd is in inverse proportional to the half-width
of current sheet d, Vd / 1/d. Therefore anomalous resistivity
builds up when d � d0/VC from equation (4), where d0 is the
initial half-width of the current sheet. If we assume that
the anomalous resistivity builds up when the half-width of
the current sheet d becomes the ion inertial length li, VC =
12 means that initial half-width of the current sheet d0 �
10 � li.
[14] In order to disturb the initial static configuration, a

localized resistivity model is assumed around the point (Lx,
0, 0) in the 3-D form,

h rð Þ ¼ h0exp � x� Lxð Þ=kxð Þ2� jyj=ky
� �3� jzj=kzð Þ3

h i
ð5Þ

Here, we take kx = ky = 0.8 and h0 = 0.02 in the manner
similar to the previous 2-D simulations. Also, kz provides
the 3-D effects. Previous studies showed that the kz specifies
the effective extent of diffusion region in the z-direction,
and magnetic reconnection cannot effectively grow in the
case of small kz, kz < 3 say, [Kondoh et al., 2006], so that
kz = 5 is taken in the present study.
[15] The disturbance (5) is imposed only in the initial

time range 0 < t < 4, and the anomalous resistivity model (4)
is assumed for t > 4. Hence the fast reconnection mecha-
nism may be triggered at x = Lx in this model.
[16] It should be noted that sufficiently small mesh sizes

are required for precise computations of the spontaneous
fast reconnection evolution, so that we assume Dx = 0.04,
Dy = 0.015, and Dz = 0.1. Also, we take the magnetic field
region size Y1 = 4, and the whole computational region size
is assumed to be Lx = 10, Ly = 9.6 and Lz = 9.8.
[17] Here, we should notice that the positive x, y,

z-directions in this paper correspond to the tailward,
southward, and eastward directions in the usual GSM
coordinate system, respectively, as shown in Figure 1. The
coordinate system whose axis names are parenthesized in
this figure is that employed in our simulation. Hereafter, this
coordinate system is used in this paper.

3. Results

3.1. General Remarks

[18] At first, let us show the general results of three-
dimensional MHD simulations. Initiated by the disturbance
(5) given at x = Lx in the finite extent jzj < kz = 5, the current
sheet thinning occurs near the x = Lx, giving rise to distinct
enhancement of the current density. Once the drift velocity
Vd exceeds the given threshold (4) at time t � 27, fast
reconnection drastically grows as nonlinear instability be-
cause of the positive feedback between the anomalous
resistivity and the reconnection flow. Ahead of the Alfvénic
reconnection jet flowing to negative x-direction, a large-
scale 3-D plasmoid is formed and propagates, and the
plasmoid collides with the x = 0 wall boundary at t � 39,
giving rise to a 3-D magnetic loop. Here, we define the
‘‘plasmoid’’ as high pressure plasma wrapped by the recon-
nected magnetic filed lines.
[19] Now, we show the resulting three-dimensional con-

figurations of some physical quantities. Figure 2 shows the
magnetic field configuration (light lines) and plasma pres-
sure configuration(isosurfaces of P = 1.3, 1.45, 1.6 and
contour lines in the x � z plane) at different times t = 36.75
(Figure 2, left), 37.5 (Figure 2, middle), and 38.25 (Figure 2,
right). The grid size shown in Figure 2 is taken to be 2.0. The
magnetic field lines shown in this figure are traced from the
points on the x � z plane; namely, all of these field lines are
the reconnected magnetic field lines. The spatial interval of
the start point of these field lines in the z-direction is 0.4. The
grid size and the spatial interval are taken to be the same also
in the similar figures that will appear. Most of the start points
of magnetic field lines in this figure exist in the region z ]
1.6; that is, the magnetic reconnection mainly occurs in z ]
1.6 near the x = Lx. The 3-D plasmoid propagates to the
negative x-direction as it grows. This plasmoid is pushed by
the slow shock formed behind it, and the high pressure region

Figure 1. The relationship between coordinate systems,
usual GSM one and that used in our three-dimensional
simulations.
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is produced in the plasmoid, whereas the plasma pressure
decreases in the upstream region of it.
[20] We find that the 3-D configuration of plasma density

is considerably different from that of plasma pressure; in
particular, those configurations inside the plasmoid are quite
different. Figure 3 shows the magnetic field configurations
(light lines) and the plasma density configurations (isosur-
faces of r = 1.02, 1.07 and contour lines in the x � z plane)
at the times same as those in Figure 2. The magnetic field
lines are the same as those in Figure 2. We see that the
plasma density is rather low in the plasmoid, where
the plasma pressure is very high there. This means that
the plasma temperature in the plasmoid is high. Dense plasma
in the region ahead of the plasmoid, shown by the multi-
isosurfaces, consists of the initial current sheet plasma. This
region is enclosed by the magnetic field lines that have been
reconnected. Therefore the high-density region does not
significantly expand in the y-direction, whereas the plasmoid
(high-pressure region) tends to expand in the y-direction. In the
region behind the plasmoid (x(t = 38.25)^ 4.0) and jzj] 2.0,
the plasma density is low near the x-axis in connection
with the fast reconnection jet and strongly depends on the

z-position, whereas the plasma pressure is almost uniform
in the z-direction.
[21] The plasma density configuration behind the plas-

moid is closely related to the fast plasma flow configuration.
Figure 4 shows the magnetic field configurations (light
lines) and the plasma flow configurations (isosurfaces of
Vx = �0.4, �1.2, �2.0 and arrows in the x � y and x � z
plane) in the similar manner as before. It is clear that the
fast plasma jet flows in the very narrow channel, and the
plasma density is low in the channel where the plasma flow
is fast. Very fast plasma jet jVxj > 1.2 is especially localized
in jzj < 1.0, although the magnetic reconnection occurs in z]
1.6 near x = Lx. The relatively slow plasma jet, jVxj � 0.4,
flows in the somewhat wide channel, jzj < 2.0. After the
plasma arrives at the magnetic loop top, it flows mainly along
the magnetic loop boundary.
[22] In order to see the temporal evolution of fast plasma

flow, Figure 5a shows the plasma flow profile along the
x-axis at different times. The horizontal dotted line
indicates the Alfvén velocity VAe (�2.7) in the ambient
lobe magnetic field region (1 < y < Y1). As time passes, the
maximum velocity of the reconnection outflow jVxj rapidly

Figure 2. Magnetic field (light lines) and plasma pressure (isosurfaces (P = 1.3, 1.45, 1.6) and contour
lines in the x � z plane) configurations at time t = 36.75, 37.5, 38.25. All the similar figures that will
appear will be shown in this way.

Figure 3. Magnetic field (light lines) and plasma density (isosurfaces (r = 1.02, 1.07) and contour lines
in the x � z plane) configurations at time t = 36.75, 37.5, 38.25.
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increases until t � 39. After t � 39, reconnection outflow
reaches the Alfvén velocity and the profile has the flat
plateau.
[23] Next, let us consider the variation of Vx at different

positions in the z-direction in order to see the z-directional
range of the narrow channel of the fast plasma jet. Figure 5b
shows the x-directional variations of jVxj along the differ-
ent lines at y = 0 in the positive z-direction at time t = 42,
when the magnetic loop has fully developed and the
maximum velocity attains the lobe Alfvén velocity. We
see that the outflow velocity becomes notably smaller for
the larger z-positions; only in jzj < 1.0, it becomes
comparable with lobe Alfvén velocity VAe. In fact, in jzj >
1.5, the maximum value is less than �30% of VAe, so that
the spatial range in the z-direction of this narrow channel
may be jzj ] 1.0, and that of the region observable fast flow
may be jzj ] 2.0.
[24] As mentioned above, these four physical quantities

(P, r, Vx, B) have different time evolutions in each other,
and three-dimensional evolutions of plasma pressure and
density configurations are different from those of plasma
flow and reconnected magnetic field lines configurations.
The extent, especially in the z-direction, of fast flow and
reconnected field lines are restricted in the narrow channel
differently from that of dense plasma region and high
pressure region.

3.2. Comparison With Superposed Epoch Analysis

[25] Here, let us introduce the actual satellite observa-
tions. Since the fast flow events have individually different
characteristics, we may compare the simulation results with
the results of statistical analyses of satellite observations.
Superposed epoch analysis introduced in section 1 has been
conducted in order to understand the generic magnetic field
and plasma parameter change in the course of the fast
plasma flow in the plasma sheet.
[26] Figure 6 shows the stack plots of the various physical

quantities superposed over the 818 fast earthward flow
events reported by Ohtani et al. [2004]. These events were
observed at �31 < XGSMA < �5 RE during October 1993 to
July 2001 by Geotail satellite. The reference time in this
analysis, which is shown by the vertical solid line (dTV = 0)
in this figure, is the start of the fast flow. The horizontal axis

covers the 20-min interval centered at the reference time.
We should notice that the coordinate system in this figure is
GSM system differently from that used in our simulations.
In order to prevent the confusion due to this difference
between coordinate systems, we use the coordinate system
in our simulation in text and we put the variables in
parenthesis, which is corresponding one in our coordinate
system, in this figure.
[27] At first, let us focus to the time profiles of the flow

velocity component jVxj (Figure 6a), the three magnetic
field components Bx, jByj, jBzj (Figure 6b), the plasma
density r (Figure 6c) and the plasma pressure P
(Figure 6e). The peak times, when these intensities reach
peak values, are different from each other, and the order of
their appearance time is r, P, jByj, and jVxj. The peak time of

Figure 4. Magnetic field (light lines) and plasma flow (isosurfaces of x-component (Vx = �0.4, �1.2,
�2.0) and arrows in the x � y, x � z plane) configurations at time t = 36.75, 37.5, 38.25.

Figure 5. (a) Profiles of jVxj(x, y = z = 0) along the x-axis
at different times, and (b) x-directional profiles of jVxj(x, y =
0, z) at t = 42 at different z locations.
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plasma pressure is coincident with the reference time. Bx

decreases in association with the fast flow, then it falls down
to the lowest point around the reference time, and then it
recovers to the same level as jByj in association with the
slowing down of the fast flow. jByj stays at levels higher
than the previous levels after overshooting, namely the local
magnetic field dipolarizes.
[28] The ion temperature Ti (Figure 6d) increases around

the reference time. The decrease in r overcompensates for
that increase of Ti. The value of bi (Figure 6f) decreased in
the course of the fast flow; however, we note that the
minimum value of bi is 4.0. Judging from the above, they
inferred that the near-Earth reconnection is the responsible
mechanism for most flow events.
[29] The magnetic field component Bx is nonzero (2.5 ]

jBxj] 4.5) and the maximum flow velocity is only 300 km/s.
From this, we can infer that the major part of these events
are observed at the region off the neutral sheet in the

y-direction and outside the fast flow narrow channel in
the z-direction.
[30] In their paper, they also examined the temporal

structure of the fast flow using simulations, and compared
them with the observations. In their simulations, the con-
vergent flows generated by two X lines produces a signif-
icant enhancement of density and strong density peak in the
magnetic island. Virtual satellites, which are located in the
symmetry plane at the center of the current sheet, observed a
strongly bipolar signature in By with a sudden enhancement
in the density. They mentioned the discrepancies in r
variation between the observations and the simulations.
The superposed profile of r showed a transient enhance-
ment followed by a sharp decrease. On the other hand, the
modeled density decrease was much more gradual than the
preceding density enhancement. They mentioned two possi-
ble reasons, (1) the distance from the reconnection site and
(2) large density difference between the central plasma sheet
and the lobes. Another discrepancy in r is that the peak
coincides with the minimum of By in the superposed epoch
analysis, which can also be confirmed for some individual
events. Namely, the density starts to decrease before the
reference time.

3.3. Virtual Observation

[31] In order to compare the simulations directly with the
satellite observations, let us consider such a virtual probe
that is located at a spatial point (x, y, z) in the plasma sheet.
For simplicity, we assume that the probe does not move in
spite of the progress of time. Then, the virtual probe can
readily detect the temporal changes of plasma quantities at
its location on the basis of the simulation results. In what
follows, we examine what the virtual probe observes as the
fast reconnection mechanism builds up and proceeds.
[32] As mentioned in section 3.2, it seems that a lot of

events are observed in the region off the neutral sheet in
the y-direction and outside the fast flow narrow channel in
the z-direction. Therefore the virtual probe is located at the
position (x = 4.0, y = 0.4. z = 0.6), and we compare the
virtual probe observations with the actual satellite obser-
vations. Figure 7 shows the temporal variations of the
plasma flow velocity (Figure 7, top), magnetic field com-
ponents (Figure 7, middle), plasma pressure and plasma
density (Figure 7, bottom) detected by the virtual probe
located at the above position. Solid vertical line indicates
the peak time TP of plasma pressure P, and the other dotted
vertical lines indicate the peak times Tr, TB, TVof r, jByj, and
jVxj, respectively. The order of these peak times are consis-
tent with those in Figure 6. Namely, first, the plasma density
r slightly increases until t = Tr, and then abruptly decreases.
Second, the plasma pressure P largely increases until t = TP,
and then abruptly decreases. Third, the y-component of
magnetic field jByj sharply increases from t � Tr until t =
TB, and then decreases to the higher level than the previous
level until t � TV and keeps the level. Finally, the
x-component of plasma flow velocity jVxj gradually
increases and sharply increases at t � TP, and then decreases
after t = TV.
[33] The magnetic field component Bx starts to decrease

at the same time with the start of the enhancement of jVxj,
and then slightly recovers from Tr, and then falls down
again at TB, and it starts to recover at the peak time of jVxj.

Figure 6. Various magnetic field and plasma quantities
superposed over the 818 fast earthward flow events in GSM
coordinate system. The start of the fast flow is used as a
reference time (from Ohtani et al. [2004]). The variables in
parenthesis indicate the corresponding ones in our coordi-
nate system.
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The former slight recovery of Bx, whose amount of en-
hancement is much smaller, synchronizes with the enhance-
ment of jByj. The latter recovery of Bx means that the virtual
probe goes out from the narrow channel of fast plasma jet.
This profile of Bx and the relationship between Bx and Vx

variations are also consistent with those in actual satellite
observations. Therefore, the earthward fast plasma flow can
be regarded to be the direct outcome of the fast reconnection
evolution itself.

3.4. Traveling Compression Regions

[34] Earthward fast plasma flow in the plasma sheet is
often accompanied by traveling compression regions
(TCRs) in the magnetic lobe region [Slavin et al., 1984,
1993, 2002]. Ugai and Zheng [2006a, 2006b] examined
tailward moving TCRs in the Earth’s magnetotail using the
similar model with that in this paper. They demonstrated
that the general features of TCR, obtained by the simula-
tions, are in good agreement with the actual satellite
observations, and the virtual satellite which is located
behind the plasmoid formation observes the unipolar struc-
ture of the southward field component. Then, they concluded
that the TCR event is directly caused by the fast reconnection
mechanism itself. In their model, free boundary is used
instead of the wall boundary adopted in our simulation, so
that the plasmoid propagates freely without any obstacle,
whereas it collides with (x = 0) wall boundary in our present

model. Also, it is important to examine simultaneously
earthward moving TCR in this model. In this section, we
examine particularly the connection between earthward fast
plasma flow and earthward moving TCR.
[35] At first, we show an example of an earthward

moving TCR in the Cluster FGM measurements on 10
September 2001 reported by Slavin et al. [2005] in Figure 8.
In this figure, we put the variables in parenthesis, which is
corresponding one in our coordinate system and use the
coordinate system in our simulation in text in order to
prevent the confusion in the same way of the Figure 6.
The peak compression in �Bx (Figure 6, top), which is
indicated by the vertical dashed line, occurs near the center
of the DBy variations. The profile of �By is unipolar, and it
stays at level higher than the previous level after the
overshooting. On the other hand, �Bx stays at lower level
after the overshooting. It means that the lobe magnetic field
lines gently slope down tailward.
[36] In order to compare the simulation results directly to

the satellite observations, let us consider such a virtual
satellite that is located at a spatial point (x, y, z) in the 3-D
simulation domain in the similar manner to the previous
investigations on the fast flow events in the plasma sheet. Top
four panels in Figure 9 show the temporal variations of the
field components, �Bx, �By,�Bz and B, observed at x =
4.0, y = 1.8, z = 1.8 in our simulation domain. We then
find that the characteristic compression signature in Bx and
draping signature in By are consistent with the actual
satellite observations in Figure 8. The unipole variation
of By and tailward slope down of lobe magnetic field are
also consistent. Inferring from the results of Ugai and
Zheng [2006a, 2006b], these unipole variations of By in
actual and virtual satellite observations are attributed to the
satellite location, namely, these satellites were located
behind the plasmoid formation. The variation of Bz in this
figure synchronizes with that of By. On the other hand, no
clear variation is seen in Bz in Figure 8. We find, however,
that such variation in Bz as seen in Figure 9 is usually
found out in the other cases [Slavin et al., 2005]. In order
to examine the relation to earthward fast plasma flow, the
temporal variations of the plasma pressure P (third and
second panel from the bottom), observed at x = 4.0, y =
0.4, z = 1.8 (third panel from the bottom) and z = 0.6
(second panel from the bottom) are shown in Figure 9.
The time of peak compression in Bx is coincident with the
peak time of plasma pressure enhancement in both of
bottom two panels. At the location just under the probe
position in the magnetic lobe region (third panel from the
bottom), the enhancement of plasma pressure is not so
large, while the profile of plasma pressure varies much
larger at the location inner the position (second panel from
the bottom). This three-dimensional effect seems to be
effective to the compression of the lobe magnetic field in
extensive region in the z-direction. This compression of
lobe magnetic field is due to the passage of plasmoid in
the plasma sheet, so that this TCR observation is closely
relation to the earthward fast flow event.

4. Summary and Discussion

[37] In this paper, the spontaneous fast reconnection
model was applied to the earthward fast flow events

Figure 7. Time profiles of jVxj, Bx, jByj, jBzj, P, and r
observed at position x = 4.0, y = 0.4, z = 0.6.
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observed in the near-Earth plasma sheet. The 3-D plasma
configurations found in the present simulation are summa-
rized as follows: (1) The fast reconnection jet, which attains
the Alfvén velocity VAe, flows in the very narrow channel,
and the decrease in the plasma density becomes much larger
in the region where the flow velocity is faster. (2) The
plasmoid is formed ahead of the fast reconnection jet and
develops in three dimensions, and the plasma inside the
plasmoid becomes high pressure and high temperature.
(3) The plasma pressure in the fast flow channel tends to
decrease, where the temperature (P/r) is remarkably en-
hanced. (4) The dense plasma ahead of the plasmoid, which
consists of the initial plasma sheet plasma, is confined by
the initially reconnected magnetic field lines. (5) The high
pressure region and the high density region tend to expand
in three dimensions, whereas the fast flow and the intense
magnetic field, accumulated behind the plasmoid, remain to
be restricted in the very narrow channel.
[38] On the basis of the simulation results, virtual probes

were located in the plasma sheet and the lobe region, so that
they could directly observe the temporal variations of these
plasma quantities. The observations by these virtual probes
were in good agreement with the actual satellite observa-
tions on both events in the very fine structure. In particular,
the sequence of peak times of the plasma quantity variations

was a complete agreement. The order of this is Tr, TP, TB,
and TV. This order reflects the results of three-dimensional
plasma configurations mentioned above.
[39] Now, let us discussed about the plasma density

profile in the course of fast flow. We have introduced the
discrepancy between the observations and simulations in the
work of Ohtani et al. [2004], that is, the superposed profile
of r showed a transient enhancement followed by a sharp
decrease, and the density starts to decrease before the
reference time. In their model, they assumed multi X line,
so that the plasma density enhances in the magnetic island.
As the result of it, the density does not decrease before the
plasma pressure enhancement. On the other hand, the
profile of plasma density in our simulation was in the good
agreement with superposed profile, since the plasma density
increase before the start of fast flow and decrease in the
course of fast flow.
[40] Ohtani et al. [2004] compared the earthward flows

with the tailward ones using the satellite observations. They
found that the ion temperature increases for the earthward
flow and decreases for the tailward flow, and inferred that
this contrast may be attributed to different physical con-
ditions surrounding the flow, that is, the associated structure
gets confined in the x-direction for the earthward flow. In
fact, the superposed profile of Ti obtained for earthward
flow in Figure 6 shows a increase in the course of fast flow.
On the other hand, the profile of plasma temperature T,
which is observed at x = 4.0, y = 0.4, z = 0.6 in our
simulation domain, shown in the bottom panel in Figure 9
similarly shows a increase in the course of fast flow. We
note that the peak time of plasma pressure was coincident
with the start of fast flow. Hence it may be reasonable to
model the earthward flow by the wall boundary, which
significantly confine the reconnection flow in the x-direction.
[41] It may be important to explicitly give the normali-

zation units employed in the present simulation. Some
laboratory experiments detected such an anomalous resis-
tivity when the half-width of the current sheet becomes
smaller than the ion inertial length li [Yamada, 2001; Ono
et al., 2001]. In the present model, the current-driven
anomalous resistivity builds up when the width of the
current sheet becomes thin to about one-tenth of the initial
width as mentioned in section 2.1.2. Hence the present unit
length d0 may be considered to be about 10li. If we
typically take the field strength in the lobe region Bx0 =
20 nT, the number density in the center of plasma sheet
n0 = 1 cm3 and li � 1000 km, we have the unit velocity
VAx0 = 450 km/s; therefore, the present unit time becomes
d0/VAx0 � 20 s. Applying these quantities to Figures 7
and 9, we see that the simulation results are consistent with
the actual observations in Figures 6 and 8, respectively.
[42] In summary, we have demonstrated that the earth-

ward fast flow event and TCRs signatures are directly
caused by the fast reconnection mechanism. The virtual
probe observations in the simulation domain are in the good
agreement with the actual satellite observations, despite the
simulation model is simplified and idealized. For instance,
the present simulations are done in the first-quadrant do-
main, so that the initial shear field in the plasma sheet is
not considered; also, a realistic geomagnetic initial dipole
field is not considered. These conditions may be important

Figure 8. An example of earthward moving traveling
compression region in the Cluster measurements on
10 September 2001 in GSM coordinate system (from Slavin
et al. [2005]). The variables in parenthesis indicate the
corresponding ones in our coordinate system.
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in the real time predictions, which will be taken into account
in the future work.
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[1] The Earth’s outer radiation belt electrons increase when the magnetosphere is
surrounded by the high-speed solar wind stream, while the southward interplanetary
magnetic field (IMF) is also known as an important factor for the flux enhancement.
In order to distinguish the two different kinds of solar wind parameter dependence
statistically, we investigate the response of the outer belt to stream interaction regions
(SIRs). A total of 179 SIR events are identified for the time period from 1994 to 2005.
We classify the SIR events into two groups according to the so-called ‘‘spring-toward
fall-away’’ rule: IMF sector polarity after the stream interface is toward in spring or away
in fall (group A) and vice versa (group B). According to the Russell-McPherron
effect, groups A and B have a significant negative and positive offset of the IMF Bz after
the stream interface, respectively. Comparing groups A and B by superposing about the
stream interface, only IMF Bz dependence can be obtained because the other solar wind
parameters change in the same manner. As a result, the greatest flux enhancement is found
in the highest-speed streams with a southward offset of the IMF Bz, indicating that only
the solar wind speed by itself is not a sufficient condition for the large flux enhancement.
It is also found that the large flux enhancement tends to be associated with weak
geomagnetic activities with minimum Dst of about �50 nT on average, implying that the
existence of intense magnetic storms is not essential for the flux enhancement.

Citation: Miyoshi, Y., and R. Kataoka (2008), Flux enhancement of the outer radiation belt electrons after the arrival of stream

interaction regions, J. Geophys. Res., 113, A03S09, doi:10.1029/2007JA012506.

1. Introduction

[2] Understanding and modeling the flux enhancement of
the outer belt electrons is a central topic of the space
weather research because the energetic electrons can cause
anomalies of the satellites that provide weather observations,
communications, and other important services to modern life
[Baker et al., 1987, 1998; Kataoka and Miyoshi, 2006]. The
energetic electrons of the outer belt are accelerated up to the
energy range of a few MeV in the inner magnetosphere.
Classically, the inward radial diffusion and the betatron
acceleration are thought to be a fundamental process to
accelerate the energetic electrons [Schulz and Lanzerotti,
1974; Elkington et al., 1999; Li, 2006]. Wave-particle
interaction is also known as another essential mechanism
to accelerate the energetic electrons [Summers et al., 1998;
Meredith et al., 2001; Miyoshi et al., 2003; Horne et al.,
2006]. Both processes are expected to be effective to work
simultaneously for the acceleration [O’Brien et al., 2003],
although there is still no consensus about the relative
importance.

[3] The outer radiation belt fluxes are not stable, showing
a somewhat systematic change especially during magnetic
storms; rapid decrease in the main phase and gradual
increase in the recovery phase. Reeves et al. [2003] showed
that about a half of magnetic storms produce the flux
enhancement of the outer belt. Miyoshi and Kataoka
[2005] found that the flux enhancement is controlled by
the interplanetary driver of storms, such as coronal mass
ejections (CMEs) and stream interaction regions (SIRs),
suggesting that the large amplitude fluctuation of the
interplanetary magnetic field (IMF) directions which has a
significant southward component within the high-speed
coronal hole stream following a SIR is important for the
acceleration of energetic electrons. In fact, Kataoka and
Miyoshi [2006] showed that a strong flux enhancement at
geosynchronous orbit followed the 5 of 6 SIR-associated
storms, while only 20 of 49 CME-associated storms have
such strong enhancements. The solar wind structure depen-
dence possibly places observational restrictions on the
effective acceleration mechanism.
[4] Another important observational restriction is the

solar wind parameter dependence. It has been well known
that the outer belt flux enhancements are well correlated
with the high-speed solar wind [Paulikas and Blake, 1979;
Baker et al., 1986; O’Brien et al., 2001;Weigel et al., 2003].
Several case studies have shown that the southward IMF is
another important parameter for the acceleration [Blake et
al., 1997; Iles et al., 2002; Miyoshi et al., 2007].
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[5] It is important that the statistical research of the solar
wind parameter dependence should take into account the
solar wind structure dependence at the same time, although
most of the previous studies did not handle this point
comprehensively. One straightforward way to do that is
collecting a number of SIR events to find a pure solar wind
parameter dependence on the flux enhancement without
structure dependence. McPherron and Weygand [2006]
examined a number of SIR events to clarify some statistical
properties of geomagnetic activities and fluxes of the outer
belt, while they have not shown parameter dependences on
the flux enhancement. In this paper, we show the pure solar
wind parameter dependence for the flux enhancement in the
outer belt associated with the SIR statistically.

2. Data Analysis

[6] SIRs are the regions of compressed plasma formed at
the leading edge of high-speed streams as they interact with
the preceding slow solar wind. In this study, the stream
interfaces of SIRs are detected from the OMNI-2 data (http://
omniweb.gsfc.nasa.gov) using the simple criteria of (1) a
large change in the azimuth angle of the solar wind velocity
(>5�/hour), (2) positive slopes in the speed and temperature
and negative slope in density, and (3) the magnetic field
strength higher than the weekly average. We use these
parameters because stream interfaces are usually character-
ized by these parameters [Gosling et al., 1978] and using
these parameters work successfully to detect a number of
stream interfaces [McPherron and Weygand, 2006]. We
further restrict our selection of the events with relatively
stable magnetic fields for 72 hours after the stream interface,
where 75% of the magnetic fields directing in the away
quadrant (the IMF azimuthal angle from the x axis ranges
from 90� to 180�) or 75% of the magnetic fields directed in
the toward quadrant (the IMF azimuthal angle from the x
axis ranges from 270� to 360�). As a result, a total of 179 SIR
events are identified for the time interval from 1994 to 2005.
It is worthwhile to note that in this paper we identify the SIR
events regardless of the storm amplitude.
[7] In order to categorize the SIR events into different

IMF Bz conditions, we consider the Russell-McPherron
effect [Russell and McPherron, 1973]. The Russell-
McPherron effect controls the IMF Bz of GSM coordinate
through the projection of the IMF By of GSE coordinate.
According to the Russell-McPherron effect, geomagnetic
activities are enhanced during the time intervals of so-called
‘‘spring-toward fall-away’’ (STFA) because the IMF polar-
ities of toward and away have a large projection component
of the southward IMF around the spring and fall equinox,
respectively. The southward component of IMF in a high-
speed stream is always significantly suppressed or enhanced
because of the STFA rule, because of comparable ampli-
tudes of both the Russell-McPherron effect and the Alfvénic
IMF fluctuation of a high-speed stream.
[8] According to the STFA rule, we classify the SIR

events into two groups: IMF sector after the stream interface
is toward in spring (February, March, April, May) or away
in fall (August, September, October, November) (group A)
and vice versa (group B). As a result of this categorization,
two sets of SIR events with the same solar wind structure of
different IMF offset after the stream interface can be

obtained. Hereafter we call the group A as SBZ events,
and the group B as NBZ events. The total numbers of the
SBZ and NBZ events are 75 and 43, respectively.
[9] Figure 1 shows the result of superposed epoch anal-

ysis about the solar wind parameters and geomagnetic
activities. The reference time (t = 0.0; time unit is shown
in days) of the superposed epoch analysis is chosen at the
time of a stream interface. The fluctuation of the magnetic

field dB is calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
Bx þ s2

By þ s2
Bz

q
, where sBx, sBy,

and sBz are the standard deviations of the x, y, and z
components, respectively. The typical solar wind parameter
changes associated with a SIR can be found, i.e., speed and
temperature increase accompanied with density drop, fol-
lowing high-speed stream [e.g., Gosling et al., 1978;
Richardson et al., 2006; McPherron and Weygand, 2006].
Following the STFA rule, the average IMF Bz is systemat-
ically shifted to southward after t = 0.0 day in SBZ events,
while the IMF Bz is shifted to northward in NBZ events.
Modest Kp activity continues for a few days during SBZ
events, while the Kp index is significantly less enhanced in
NBZ events. Although the AE index has not been available
during the whole period, continuous Kp activities indicate
the continuous substorms and enhanced convections, i.e.,
High Intensity Long Duration Continuous AE Activity
(HILDCAA)-like activities [Tsurutani and Gonzalez, 1987;
Tsurutani et al., 2006]. The solar wind speed is slightly
higher in NBZ events, causing slightly hot and tenuous
plasma parameters, although the slightly different plasma
parameters do not affect the essential results of this paper.
[10] As a direct measurement of the outer belt variation,

we use the flux of >2 MeV electrons observed in situ by the
GOES satellites at geosynchronous orbit. In addition, the
radiation belt electrons over a wide range of L value are
continuously monitored by the low-altitude NOAA/POES
satellites. Note that L value in this study is McIlwain’s L
derived from IGRF. We use NOAA 12 and 15 satellites,
orbiting 0730–1930 local time meridians, before and after 1
July 1998, respectively. We use the 90� detectors mostly
measuring the local mirroring >300 keV electrons. Though
>300 keV electron detectors are also sensitive to >440 keV
protons [see Evans and Greer, 2000], we confirmed that the
contamination is not a severe problem by examination of the
240–800 keV ion measurement.

3. Results

[11] First, we show that the flux enhancement in SBZ
events is faster and stronger than that in NBZ events.
Figures 2a and 2b show the superposed flux of >2.0 MeV
electrons for SBZ and NBZ events as observed by the GOES
satellites with the superposed Dst index. About 0.5 day
before the stream interface, the electron flux begins to
decrease in both groups. The flux decrease in SBZ events is
relatively faster than that in NBZ events. Figure 2a shows that
the average flux begins to increase just after the stream
interface during SBZ events. The flux recovers to the pre-
SIR level at t = 1.0 day and then increases above the pre-SIR
level. Figure 2b shows that the flux continues to decrease
till one day after the stream interface, and then gradually
recovers to the pre-SIR level at t = 2.0 day during NBZ
events. After t = 3.0 day, although the flux is over the pre-
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SIR level, the amount of the flux enhancement is relatively
weak.
[12] Secondly, we examine the location of the outer belt

using the data from NOAA/POES satellites. Figures 3a

and 3b are the superposed L � t diagrams of the radiation
belt electrons for SBZ and NBZ events, respectively.
Similar to the GOES observations, the flux of the outer
belt electron begins to decrease just before the stream
interface. Note that the flux decrease occurs only at the
outer belt at L > 4.0 and the flux does not change at the
inner portion. Figure 3a shows that flux recovers quickly to
the pre-SIR level and then increases over the pre-SIR level
during SBZ events. The flux enhancement after the stream
interface at the lower L shell is faster than that at the higher
L shell. Figure 3b shows that the flux gradually recovers to
the pre-SIR level after the stream interface during NBZ
events. As same as Figure 3a, the flux recovers to the pre-SIR
level till t = 1.0 day at L < 4.5, while the recovery takes much
time at the outer portion. Similar to the GOES observations
in NBZ events (Figure 2b), the flux recovers to the pre-SIR
level and the amount of the flux enhancement is relatively
weak.
[13] The above results showed that the flux enhancement

in the outer radiation belt is significantly controlled by the
STFA rule. As a next examination, in order to clarify the
effect of the solar wind speed for the flux enhancement, we
further categorize SBZ events into two different sets in
terms of the solar wind speed. We calculate the average
solar wind speed Vsw for 72 hours after the stream interface.
In SBZ events, 37 events are identified as the solar wind
speed more than 500 km/s (hereafter, SBZ-fast), while
38 events are identified as the solar wind speed less than
500 km/s (SBZ-slow). Comparing SBZ-fast and SBZ-slow
events, we can investigate the effect of the solar wind speed
for the evolution of the outer belt with the same southward
IMF offset.
[14] The solar wind parameters and geomagnetic activities

for SBZ-fast and SBZ-slow events are shown in Figure 4.
The offsets of the southward IMF in both groups are almost
the same, while the solar wind speed after the stream
interface is clearly different from each other. In SBZ-fast
events, the solar wind speed increases up to 600 km/s on
average and remains above 500 km/s till t = 2.0 day. The
temperature of the solar wind in SBZ-fast events is higher
than that in SBZ-slow events, which is consistent with
statistical results that the solar wind temperature is well
correlated with the solar wind speed [e.g., Borovsky et al.,
1998; Borovsky and Steinberg, 2006a]. Although the Kp
index of both groups shows continuous activities after the
stream interface, the amplitude of the Kp index in SBZ-fast
events is larger than that in SBZ-slow events. As same as
the variation of the Kp index, the Dst index in SBZ-fast
events is smaller than that in SBZ-slow events and keeps
small values for several days after the stream interface.
[15] The solar wind speed difference can be clearly seen

in Figures 5 and 6 where the format is the same as Figures 2
and 3, respectively. It is interesting to note that the flux
recovery and enhancement are very different between
SBZ-fast and SBZ-slow events. The flux recovery starts at
t = 0.0 day in SBZ-fast events, while the recovery start at t =
0.5 day in SBZ-slow events as shown in Figure 5. The flux
enhancement is faster and stronger in SBZ-fast events,
which is similar variation to the SIR-driven storms of
Dst < �100 nT [Miyoshi and Kataoka, 2005]. During
SBZ-fast events, the flux recovers to the pre-SIR level
within one day after the stream interface, and the enhanced

Figure 1. Superposed time series of solar wind parameters
and geomagnetic activities. SBZ and NBZ events are shown
in red and blue, respectively (see text for the categorization
in detail). Shown are (top to bottom) magnetic field strength
B, southward magnetic field Bz, fluctuation of the magnetic
field dB, solar wind speed V, the logarithm of density N, the
logarithm of proton temperature T, and the Kp and Dst
indices.
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flux is about ten times of the pre-SIR level at t = 1.0 day.
In contrast, the flux recovery takes a longer time in SBZ-
slow events, where the flux recovers to the pre-SIR level
at t = 2.0 day, and the increase after t = 2.0 day is
relatively weak. In SBZ-fast event, the flux increase takes
place so quickly at L = 4.5 and then the region of the flux
increase spreads over the outer belt as shown in Figure 6a.
The flux increases more than the pre-SIR level within one
day after the stream interface. Again, there exists the L
shell dependence for the period of the flux recovery and
enhancement: the flux enhancement at the lower L shell is

faster than that at the higher L shell. In SBZ-fast events,
after the recovery to the pre-SIR level, the flux continues
to increase and the amount of enhancements is large. On
the other hand, in SBZ-slow events, again the flux
recovers to the pre-SIR level at t = 1.0 day but the flux
enhancement is significantly weak.
[16] The above results are summarized in Figure 7,

showing a scatter diagram of the daily maximum flux of
geosynchronous orbit at t = 3.0 day for all events. Figure 7a
shows the SIR events that Vsw is faster than 500 km/s, and
Figure 7b shows the SIR events that Vsw is slower than

Figure 2. Superposed time series of the logarithm of the flux of >2.0 MeV electrons as observed by
the GOES satellites for (a) SBZ and (b) NBZ events. The bottom plots show the superposed Dst index.
The gray region indicates the standard deviation.

Figure 3. Superposed L-t diagram of >300 keVelectrons as observed by the NOAA/POES satellites for
(a) SBZ and (b) NBZ events. Average values after taking the logarithm of the flux are color coded. The
bottom plots show the superposed Dst index. The gray region indicates the standard deviation.
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500 km/s. It is clearly demonstrated that the flux enhance-
ment in the outer belt depends on the STFA rule. Comparing
Figures 7a and 7b, the dependence of solar wind speed is
also apparent. The greatest flux enhancement is achieved in
a high-speed coronal hole stream with a southward IMF
offset of a few nT.
[17] Before finishing to show the results, from a different

point of view, it may also be interesting to see the correla-

tion between fluxes of pre-SIR and post-SIR considering the
STFA rule and solar wind speed because it has been
reported that prestorm and poststorm fluxes are highly
uncorrelated [Reeves et al., 2003]. Figure 8 shows the
maximum >2 MeV electron flux at geosynchronous orbit
for 72 hours after the stream interface against the maximum
flux for 72 hours before the stream interface. Figure 8a
corresponds to events that Vsw is faster than 500 km/s, and
Figure 8b is for events with Vsw below 500 km/s. Colors are
the same as Figure 7. It is found that the correlation between
the fluxes of pre-SIR and post-SIR depends on the solar
wind speed and the STFA rule. Correlation coefficients for
SBZ, NBZ, and other SIR events are 0.36, 0.77, 0.42 for
fast stream events as shown in Figure 8a, and 0.44, 0.82,
and 0.86 for slow stream events as shown in Figure 8b,
respectively. The correlations of fast stream events are
basically smaller than that of slow stream events. The
smallest correlation (0.36) is seen in the SBZ-fast events;
the increased fluxes are almost independent of the pre-SIR
fluxes. The highest correlation (0.77) in the fast stream
events is seen in NBZ events, indicating that the flux after
the SIR does not largely increase or decrease relative to the
pre-SIR level. In the slow stream events, the high-correlation
coefficients (more than 0.8) are found in NBZ events and
other SIR events; flux variations are small in the events
between before and after the SIR. This may suggest that the
slow stream without the southward IMF offset do not work
for the net flux variation at geosynchronous orbit. The
correlations of other SIR events for fast and slow stream
events are natural, regarding the events as somewhere
between SBZ and NBZ events.

4. Discussion

[18] The main result of this paper is that the southward
IMF as well as the solar wind speed controls the flux
enhancement of the outer belt in the SIR events. The most
effective solar wind stream to produce the large flux
enhancement is the highest-speed stream with the south-
ward offset of IMF because of the STFA rule. The depen-
dence on the STFA rule itself is not a new finding. Similar
results about the outer belt flux variation caused by the
STFA rule were reported byMcPherron [2006], but they did
not investigate the solar wind speed dependence. Although
the excellent correlation for the solar wind speed is consistent
with past studies [Paulikas and Blake, 1979; Baker et al.,
1986; O’Brien et al., 2001; Weigel et al., 2003], the result of
this study indicates for the first time that only the solar wind
speed by itself is not a sufficient condition for the large
acceleration.
[19] The significant role of the STFA rule for the flux

enhancement would be reasonable because the small am-
plitude southward IMF within a coronal hole stream, which
cannot be a driver for the storm main phase, can be a driver
for continuous substorms and enhanced convections, so-
called HILDCAAs [Tsurutani andGonzalez, 1987; Tsurutani
et al., 2006]. The southward IMF offset is a preferable
condition for substorms and enhanced convections, while
the northward IMF offset suppresses such activities in the
magnetosphere. There have been several reports on the effect
of substorms and enhanced convections for the flux enhance-
ment in the outer belt through the nonadiabatic acceleration

Figure 4. Superposed time series of solar wind parameters
and geomagnetic activities. SBZ-fast and SBZ-slow events
are shown in red and orange, respectively (see text for the
categorization in detail). The format is the same as Figure 1.
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[Meredith et al., 2002; Miyoshi et al., 2003, 2007; Lyons et
al., 2005]. Meredith et al. [2002] suggested that the gradual
acceleration of electrons during storms can be effective when
there are periods of prolonged substorm activity during the
storm recovery phase. Lyons et al. [2005] claimed that the
enhanced convection leads to the enhanced dawnside chorus
waves which accelerate the relativistic electrons. Further,
they suggested that the large-amplitude IMF Bz fluctuation
which has a large southward component and large IMF jByj
with a high solar wind speed are expected to lead to enhanced
convection. Miyoshi et al. [2007] examined two magnetic
storms driven by typical SIRs occurred in November 1993, in
which the IMF sector polarities were different from each
other: the outer belt electrons strongly increased in one storm,

but did not increase in another storm. Dynamics of seed
electron population and chorus waves were quite different
between two storms because of different activities of sub-
storms and enhanced convection, and these differences
produced the different evolution of the outer belt.
[20] The results of superposed epoch analysis of the

NOAA data (Figures 3 and 6) showed that flux enhance-
ments during the events take place at L > 4. That is, the SIR
generally causes the flux enhancement at the outer portion
and is less effective in the flux variation at the inner portion
such as the slot region. Since the Dst index during the SIR
events is greater than �50 nT on average, this is consistent
with the statistical result between the peak L shell and the
Dst index [O’Brien et al., 2003]. It is worthwhile to note

Figure 5. Superposed time series of the logarithm of the flux of >2.0 MeV electrons as observed by
the GOES satellites for (a) SBZ-fast and (b) SBZ-slow events. The format is the same as Figure 2.

Figure 6. Superposed L-t diagram of >300 keVelectrons as observed by the NOAA/POES satellites for
(a) SBZ-fast and (b) SBZ-slow events. The format is the same as Figure 3.
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that the solar wind driver dependences of peak L shell
control the solar cycle variation of the outer belt. Since the
number of SIRs with fast coronal hole streams increases
during the solar declining phase, it is expected that the flux
at the outer portion of the outer belt increases largely during
the declining phase. Moreover, CME-driven great storms
with average minimum Dst of �200 nT cause the flux
enhancement at the inner portion [Miyoshi and Kataoka,
2005] and the number of CME-driven great storms
increases during the solar active period [e.g., Kataoka and
Miyoshi, 2006], so it is also expected that the flux at the
inner portion increases during the solar maximum. This is

consistent with the observational results: the outer portion
of the outer belt develops during the solar declining phase,
while the inner portion develops during the solar active
period [Miyoshi et al., 2004].
[21] Here we discuss the relationship between relativistic

electron flux enhancements and magnetic storm amplitudes.
The statistical examination showed that the flux enhancement
of the outer belt does not depend on the storm amplitude
[Reeves et al., 2003]. Recently, Kim et al. [2006] showed
that the average of minimum Dst indices for which the
relativistic electron flux increased is above �50 nT, and
they are normally classified as weak magnetic storms or

Figure 7. Scatter diagram of the daily maximum flux of geosynchronous orbit at t = 3.0 days for SIR
events from 1994 to 2005. Horizontal axis is the 72 hour average of GSM Bz after the stream interface.
Shown are (a) fast and (b) slow SIR events (see text for more detail). Red and blue circles correspond to
SBZ and NBZ events, and green circles show other SIR events.

Figure 8. Flux of geosynchronous orbit for 72 hours before and after the stream interface. Horizontal
axis is the pre-SIR flux, and vertical axis is the post-SIR flux. Shown are (a) fast and (b) slow SIR events
(see text for more detail). Red and blue circles correspond to SBZ and NBZ events, and green circles
show other SIR events.
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absence of magnetic storms. This is consistent with our
results as shown in Figure 5a: the superposed Dst index for
SBZ-fast events, in which the greatest flux enhancement in
the outer belt was observed, is greater than�50 nT. Since the
period of a high-speed stream that produces the flux en-
hancement typically corresponds to the storm recovery
phase, the flux enhancement is independent of the storm
main phase which is driven by different structure such as
CMEs or SIRs.McPherron andWeygand [2006] also pointed
out that different solar wind structures relative to a stream
interface of SIRs are important for the flux enhancements.
Thus intense magnetic storms are not essential for the flux
enhancement in the outer belt. This is consistent with
discussions of Meredith et al. [2002]. Moreover, time delay
between the storm main phase and the flux enhancement of
the outer belt is readily understood from this consideration.
[22] The Dst effect should be important for the loss of

electrons during the main phase [Kim and Chan, 1997]. The
adiabatic Dst effect, however, can be negligible because in
the superposed epoch analysis in this study (e.g., Figure 2),
the loss of the outer belt were observed around the SIR
when the Dst index did not show significant evolution. As
shown by Green et al. [2004] and Kim et al. [2006], when
relativistic electrons decrease at geosynchronous orbit, the
ambient magnetic field is less dipolar, implying that a
distortion of the ambient magnetic field causes a net
reduction in the outer belt. The result in this study suggests
that the SIR is one of the interplanetary loss drivers,
probably leading to nonadiabatic loss due to the distortion
of the magnetic field. This is consistent with the report of
Onsager et al. [2002] showing that several nonadiabatic
flux decreases at geosynchronous orbit are correlated with
discontinuities in the solar wind. Note that the loss associ-
ated with the SIR during weak magnetic storms or absence
of magnetic storms takes place only around the outer
portion at the outer belt, and the inner portion is less
sensitive. This suggests that the field distortion associated
with the SIR would be typically limited at the outer portion.
[23] The small correlation between pre-SIR and post-SIR

fluxes in SBZ events in Figure 8 results from resetting the
outer belt by rapid loss during the storm main phase and
subsequent large enhancements during the recovery phase.
One of the mechanisms for the rapid loss of the outer belt in
SBZ events (Figure 5a) may be caused by enhanced pitch
angle scattering within plasmapause drainage [Borovsky and
Steinberg, 2006b]. According to the paper by Borovsky and
Steinberg [2006b], SBZ events are likely to produce so-
called ‘‘calm’’ just prior to the SIR and ‘‘calm’’ stimulates
the formation of plasmapause drainage by the precondition-
ing effect. The high correlation found in NBZ events is also
interesting. During NBZ events, the outer belt electrons
show slow decrease and recovery to the pre-SIR level,
suggesting that the loss balances with the acceleration.
Although this high correlation in NBZ events may not be
consistent with Reeves et al. [2003], we have to note that
their statistical correlation analysis does not involve most of
our NBZ events because the Dst minima in NBZ events are
somewhat large, and hard to detect the events as storms.
[24] The obtained fact that the flux enhancement of the

outer belt is controlled by both the solar wind speed and the
STFA rule would be important for application of the space

weather forecast. One can predict which coronal hole stream
produces the large flux enhancement by looking at the solar
wind speed and the IMF sector polarity. In fact, the
diagrams for the probabilistic forecast are presented by
Miyoshi and Kataoka [2008], which predict probability of
the flux enhancement associated with the SIR events on the
basis of the STFA rule and the solar wind speed. Further-
more, the results shown in this paper can give a possible
observational restriction to determine the acceleration mech-
anism of the energetic electrons in the outer belt, and can
contribute as a basic research to future inner magetospheric
satellite missions such as RBSP (US), ORBITALS (Canada),
and ERG (Japan).

5. Conclusion

[25] We evaluated the solar wind parameter dependence
of the outer belt to find that both the IMF Bz and solar wind
speed are important for the large flux enhancements in SIR
events. The STFA rule plays a significant role to control the
flux enhancement via the IMF Bz offset of large-amplitude
IMF fluctuations in a high-speed stream, that is, only the
solar wind speed by itself is not a sufficient condition for the
large acceleration. The largest flux enhancement is found in
the highest-speed streams with a southward IMF offset. The
strong flux enhancements tend to be associated with weak
geomagnetic storms with minimum Dst of about �50 nT on
average.
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[1] The quantitative relationship between the magnetohydrodynamic (MHD) activity of
solar coronal arcade and the magnetic helicity injection, which is caused by shearing
motion, has been investigated, using azimuthally symmetric model of MHD simulation.
We have calculated several cases in which the width of the shearing region is varied and
examined the relationship between the magnetic arcade dynamics and magnetic helicity
evolution. As a result, it is found that as the shearing motion is imposed on narrower
regions along each side of the magnetic inversion line, the magnetic arcade can be easily
destabilized by the resistive tearing mode. However, in this case, even though
reconnection driven by the tearing mode produces plasmoids, the plasmoid elevation is
almost in proportion to the total amount of magnetic helicity contained in the arcade, and it
is too slow to explain the trigger process of coronal mass ejections (CMEs). On the other
hand, in the case where the shearing motion is imposed on the entire region, much
larger magnetic helicity injection is required to injected arcade in order to destabilize the
system, compared to practical helicity injection measured in the solar corona. The results
suggest that it may be difficult to trigger a CME just by the axisymmetric shearing
motion and that some other mechanisms should be involved in the triggering process of a
CME. The results also imply that the relation between the magnetic helicity and the
overlying magnetic flux can be a key parameter for the CME occurrence.

Citation: Shiota, D., K. Kusano, T. Miyoshi, N. Nishikawa, and K. Shibata (2008), A quantitative MHD study of the relation among

arcade shearing, flux rope formation, and eruption due to the tearing instability, J. Geophys. Res., 113, A03S05,

doi:10.1029/2007JA012516.

1. Introduction

[2] Coronal mass ejections (CMEs) are the most explo-
sive phenomena in the solar corona, whose triggering
mechanism is one of the major problems in the solar
physics. In addition, it is also important for the understand-
ing of CMEs and space weather forecasting to make clear a
kind of critical condition to determine whether CMEs can
be launched as the result of eruptions of coronal fields.
[3] CMEs are defined as ejections of a large amount of

mass within magnetic flux, which are produced by eruptions
of the coronal magnetic field. In many observations with
coronagraphs, CMEs have been observed to have fine
complicated density structures which are thought to be
traces of magnetic field lines due to freezing of the plasma

to the magnetic field. Usual structures in CMEs are helical
structures, i.e., twisted magnetic flux ropes, and in some of
them there are dense cores corresponding to erupted
chromospheric prominences (see Hundhausen [1999] for
review). This results suggested that the magnetic structures
in prominences are closely related to the CME initial
processes. Furthermore, because twisted magnetic flux
ropes represent current carrying magnetic flux, they are
thought to be the most essential features of CMEs.
[4] Since the discovery of CMEs in the early 1970s,

many attempts to understand the mechanism of CMEs
theoretically or numerically have been made by many solar
physicists. There are some reviews for such historical works
[Forbes, 2000; Priest and Forbes, 2002; Lin et al., 2003;
Forbes et al., 2006], and we do not duplicate them here.
Most of theoretical works about CMEs since the 1990s can
be roughly classified into two major categories: flux rope
models and sheared arcade models.
[5] Studies with the former models focused only on the

energy release process assuming initial conditions including
a twisted magnetic flux rope [Forbes and Priest, 1995; Lin
and Forbes, 2000; Chen and Shibata, 2000; Kliem and
Torok, 2005]. These works succeeded in explaining the
rapid energy release and acceleration in the initial phase
of CMEs due to loss of equilibrium or stability of the initial
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conditions containing high magnetic energy but do not
discuss how such the initial conditions can be formed.
[6] In contrast, the other group studies the shearing of

the coronal potential magnetic arcades whose magnetic
energy is minimum [Mikic et al., 1988; Steinolfson,
1991; Inhester et al., 1992; Mikic and Linker, 1994; Linker
and Mikic, 1995; Kusano et al., 1995; Choe and Lee, 1996;
Antiochos et al., 1999; Amari et al., 2003; MacNeice et al.,
2004]. These works succeed in explaining the energy
buildup and release processes with slow velocity on the
lower boundary, starting from initial minimum energy
conditions. In these models, twisted flux ropes are pro-
duced as a result of magnetic reconnection in the sheared
arcades, and the flux ropes are ejected without remaining in
equilibrium states as with the initial conditions of the flux
rope models.
[7] Because the magnetic configuration of each model is

too simple, these results show no continuity between these
scenarios. To avoid the incompleteness due to the simpli-
fication, recent studies tend to simulate as realistically as
possible. Manchester et al. [2004] performed MHD sim-
ulation of magnetic buoyant processes and the initiation of
eruptions starting from the initial condition where the
twisted magnetic flux rope embedded below the photo-
sphere. Their results show that the emergence of the
twisted magnetic flux ropes achieves shearing motion of
the initial coronal arcades on the photosphere. Because of
the stratification in the solar interior, the buoyant process
proceeds with nonuniform speed due to mass accumulated
in the concave part inside the flux rope. As a result, most
of the poloidal flux has footpoints anchored to the surface
and appears to bind the strongly sheared arcade
corresponding to the axis of the original large-scale flux
rope (also investigated by Magara [2006]). These result
suggests that a strong sheared arcade embedded in a
weakly or unsheared arcade, i.e., a magnetic configuration
where its shear component is localized, could be a
common magnetic configuration in an emerging flux
region.
[8] On the other hands, the formation process of a coronal

twisted flux rope has been studied with the model of
magnetic field evolutions [van Ballegooijen and Martens,
1989; MacKay and van Ballegooijen, 2005, 2006a, 2006b].
Those studies suggests that the important process for the
formation is ‘‘magnetic cancellation’’ of a sheared arcade
which is achieved by the motion of opposite magnetic
elements on the photosphere, toward the polarity inversion
line. The cancellation process leads to formation of a current
sheet and then reconnection, which results in the formation
the flux rope. However, these authors did not include the
dynamical effect of current sheet formation (inhibition of
reconnection), and the effect on CME occurrence of the
impulsive energy release by reconnection On the basis of
these results, in this paper, we developed a classical arcade
shearing model in a simple axisymmetric configuration to
investigate the questions: how coronal twisted flux rope can
be formed via magnetic reconnection and what is an
appropriate condition for CME occurrence. Specifically,
we use a single potential arcade across the equator and
impose shearing motion on its bottom boundary.
[9] In this study, we focus on the relation between the

condition for a CME and the following quantities: magnetic

helicity, magnetic flux, and electric resistivity. Magnetic
helicity [Berger and Field, 1984] defined as

H ¼
Z

A 	 BdV : ð1Þ

The magnetic helicity is an important quantity related to the
topology of magnetic field and the free magnetic energy
where B and A are magnetic field and the corresponding
vector potential. In order to exclude their gauge arbitrary,
we use relative helicity uniquely defined as

Hrel ¼
Z

Aþ Ap

� � 	 B� Bp

� �
dV ; ð2Þ

where Bp and Ap are the potential magnetic field and the
corresponding vector potential, whose details are described
in section 2.2. It is widely accepted that a CME is the
process in which magnetic helicity in the solar corona is
expelled into interplanetary space, and therefore the
existence of magnetic helicity is the necessary condition
for a CME occurrence. However, how the minimum amount
of helicity leads to a CME is not clear. Magnetic flux is
another key quantity for determining whether an eruption in
a sheared arcade can evolve into a CME or not. That is, if
enough magnetic flux exists outside of the reconnecting
arcade, it can confine and stabilize the ejected plasmoid
(flux rope) by magnetic tension force. Therefore the amount
of overlying flux is thought to be an essential quantity for a
CME occurrence. Finally, resistivity is known as the
essential quantity to determine the magnetic reconnection
process and the growth rate of a tearing-mode instability. In
this study we try to make clear the quantitative relations
among these quantities and the condition for a CME
occurrence.
[10] Here we briefly summarize the contexts of this paper.

In the next section, we describe the detailed methodology of
the numerical simulation. In section 3, the numerical results
of different shear and different resistivity cases are shown.
We discuss the quantitative relations suggested by the
numerical results in section 4. Finally, we summarize this
paper in section 5.

2. Numerical Model

2.1. Numerical Scheme

[11] In a numerical simulation performed in this work, we
solve the following MHD equations using a finite volume
method with the HLLD nonlinear Riemann solver [Miyoshi
and Kusano, 2005], the third-order TVD MUSCL, and the
Runge-Kutta time integration:

@r
@t

þr 	 rvð Þ ¼ 0; ð3Þ

@rv
@t

þr 	 rvv� BBþ pT êð Þ ¼ rg; ð4Þ

@B

@t
þr 	 Bv� vBþ yêð Þ þ r � hJð Þ ¼ 0; ð5Þ
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@e

@t
þr 	 eþ pTð Þv� v 	 Bð ÞB½ � ¼ 0; ð6Þ

@y
@t

þ c2pr 	 Bþ cdy ¼ 0; ð7Þ

where

J ¼ r� B; ð8Þ

e ¼ rv2

2
þ p

g � 1
þ B2

2
� rY; ð9Þ

pT ¼ pþ B2

2
; ð10Þ

ê ¼
ex;r ey;r ez;r
ex;q ey;q ez;q
ex;f ey;f ez;f

0

@

1

A ð11Þ

G0 ¼ GM�r0
R�p0

; ð12Þ

g ¼ �G0r=r
3; ð13Þ

Y ¼ �GM�
r

: ð14Þ

Note that we introduce a new variable y and the
corresponding equation (7) in order to remove numerical
r 	 B from the domain of interest. Detail of this method
is described in the next paragraph. All other variables are
defined as standard usages. The vector potential, which is
used for the calculation of magnetic helicity, is also time
integrated with the following equation:

@A

@t
¼ �E; ð15Þ

where

E ¼ �v� Bþ hJ: ð16Þ

[12] Here we briefly introduce the divergence-free cor-
rection method [Dedner et al., 2002]. Equations (4), (5), and
(6) are derived assuming the Solenoidal condition of the
magnetic field; i.e., these equations have the following
neglected right-hand terms: �(r 	 B)B, �(r 	 B)v, and
�(r 	 B)(v 	 B), respectively. Generally, in the result of the
time integration of equation (5) in a three-dimensional
simulation, r 	 B cannot be kept to zero, and the resulting
finiter 	 B generates numerical errors through the neglected
terms above. Because an accumulation of the errors causes
wrong solutions, it is very important to keep the magnitude of

numerical r 	 B small so it does not change the solution
significantly. The essential point of the method of Dedner et
al. [2002] is that introducing a new variable y and equation
(7) with the divergence of equation (5)

@ r 	 Bð Þ
@t

þr2y ¼ 0; ð17Þ

we can establish a hyperbolic and parabolic system about
r 	 B and y. The coefficient cp in equation (7) is the
propagation speed of numerical r 	 B, and the coefficient
cd is the diffusion coefficient of y which has finite value
only near the outer boundary (r > 3). When nonzero values
of r 	 B are generated somewhere in the numerical
domain, this method distributes that value to the all
direction as a wave, thus reducing its local magnitude.
Furthermore, when the wave approaches the outer
boundary, the amplitudes of both r 	 B and y reduces
rapidly. On the other hand, the curl procedure of equation
(5) vanishes the second term of the right-hand side, i.e., the
term due to the correction method. Hence this method does
not directly affect the evolution of the current density,
which is significant in resistive MHD processes. This
means that the correction method developed for ideal MHD
process can be adopted to resistive MHD simulations.
[13] Parameters are chosen to realistic value: the solar

radius R� = 6.998 � 1010 cm for length, sound speed cs for
velocity, free-fall time t0 = R�/cs for time, and B0 =

ffiffiffiffiffiffiffiffiffiffi
8pp0

p
for magnetic field. When these values are chosen to be
characteristic values of the solar corona, such as n0 = 1 �
109 cm�3 and T0 = 2 MK with a specific heat ratio g = 1.02,
the normalization parameters become cs = 1.83 � 102 km
s�1, t0 = 3.81 � 103 s, and B0 = 3.72 Gauss.
[14] Thermodynamic effects, such as coronal heating and

radiative cooling, are neglected in this study, and we assume
the specific heat ratio g is set to be 1.02 for simplicity. The
electric resistivity h is set to be uniform: zero from cases A
to E, 10�4 for case F, 10�5 for case G, and 10�6 for case H.
However, when the width of the current sheet becomes as
small as the grid size, TVD limiter, installed in order to
avoid numerical oscillations at discontinuities, behaves as
anomalous resistivity which could lead to fast reconnection.
[15] The numerical domain is set to a sector in the

spherical coordinate, i.e., (Rmin < r < Rmax, 0 < q < p, 0 <
f < 2p/Nd) where Rmin = 1, Rmax = 5, and Nd = 256. The
domain is discretized by (Nr, Nq, Nf) = (510, 255, 1) grid
points which are distributed nonuniformly to enhance the
resolution in the equatorial and lower regions. The radial
and latitudinal location of grid points are determined so that
its first and second derivatives of the grid coordinate
become continuous between uniform and nonuniform
distributions, as follows:

r ið Þ ¼ Rmin þ dr1i i � ic
Rmin þ ari

3 þ bri
2 þ cr þ dr1ð Þiþ dr i > ic

�

ð18Þ

where dr1 = (Rmax � Rmin)er/Nr, 0 < er � 1, and

ar
br
cr
dr

0

B
B
@

1

C
C
A ¼ Rmax � Rmin � dr1Nr

Nr � icð Þ3

1

�3ic
3i2c
�i3c

0

B
B
@

1

C
C
A: ð19Þ
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q jð Þ ¼

p=2þ dq1j0 � aq cos bq j0 þ jcð Þ½ � � 1f g
�cq j0 þ jcð Þ2 �jh � j0 < �jcð Þ

p=2þ dq1j0 �jc � j0 � jcð Þ
p=2þ dq1j0 þ aq cos bq j0 � jcð Þ½ � � 1f g

þcq j0 � jcð Þ2 jc < j0 � jhð Þ;

8
>>>><

>>>>:

ð20Þ

where j0 = j � jh, jh = (Nq + 1)/2, dq1 = peq/(Nq + 1), 0 <
eq � 1, and

aq
bq
cq

0

@

1

A ¼
p=2� dq1jhð Þ=2p2
2p= Nq � jc � jhð Þ

p=2� dq1jhð Þ= Nq � jc � jhð Þ2

0

@

1

A: ð21Þ

Parameters (ic, jc, er, eq) are set to be (0.4 Nr, 0.0625 Nq,
0.125, 0.0625), so that minimum and maximum grid size
are (drmin, drmax,dqmin, dqmax) = (9.8 � 10�4, 3.5 � 10�2,
p/4096, 2.5 � 10�2).

2.2. Initial Condition

[16] Pressure, velocity, and density throughout the nu-
merical domain are determined by assuming hydrostatic
equilibrium at uniform temperature. Potential magnetic field
is obtained from a boundary value problem of Laplace
equation for F [Altschuler and Newkirk, 1969], defined as
follows:

r 	 Bp ¼ r 	 �rFð Þ ¼ �r2F ¼ 0: ð22Þ

With the outer boundary at infinity, the solution is
determined by the boundary condition at the solar surface
(r = 1). When the normal component on the surface Bp,r0 is
given as Neumann condition of F, we get the solution

F ¼
XN

n¼1

Xn

m¼0

1

r

� �nþ1

gmn cosfþ hmn sinf
� �

Pm
n cos qð Þ

( )

; ð23Þ

where Pn
m(cos q) are associated Legendre polynomials, and

gn
m and hn

m are coefficients obtained by spherical harmonics
analysis. Then we get the potential magnetic field as,

Br ¼ �
XN

n¼1

Xn

m¼0

	 nþ 1ð Þ 1

r

� �nþ2

gmn cosfþ hmn sinf
� �

Pm
n cos qð Þ

( )

; ð24Þ

Bq ¼
XN

n¼1

Xn

m¼0

1

r

� �nþ2

gmn cosfþ hmn sinf
� � dPm

n cos qð Þ
dq

( )

;

ð25Þ

Bf ¼ �
XN

n¼1

Xn

m¼0

m
1

r

� �nþ2

gmn sinf� hmn cosf
� �Pm

n cos qð Þ
sin q

( )

:

ð26Þ

[17] Once Bp is obtained, using the gauge as Ap,r = 0, we
can get the vector potential Ap by integration of Bp = r �
Ap. Assuming limr!1Ap = 0, we get a simple solution for
the vector potential:

Ap;q ¼
XN

n¼1

Xn

m¼0

m

n

1

r

� �nþ1

gmn sinf� hmn cosf
� �Pm

n cos qð Þ
sin q

( )

ð27Þ

Ap;f ¼ �
XN

n¼1

Xn

m¼0

1

n

1

r

� �nþ1

gmn cosfþ hmn sinf
� � dPm

n cos qð Þ
dq

( )

:

ð28Þ

[18] In this study, the mode limit N is set to 64 and only
the axisymmetric component (m = 0) is used. Thus Bf and
Aq vanish. The coefficients g and h are determined from the
boundary condition

Bp;r0 qð Þ ¼ B0c exp � q� qc
qr

� �2
" #

tanh
q� qc
qd

� �

; ð29Þ

where the normalized coefficient c is determined as max
(Bp,r0(q)) = B0 = 3.0, and (qc,qr,qd) = (0.5p, 0.1p, 0.05p).

2.3. Boundary Conditions

[19] The bottom boundary (r = 1) is a line-tied boundary
on which the normal component of the magnetic field (29)
is conserved. If we assume that the photosphere can be
treated as a no-slip wall, then the normal and meridional
components of velocity vr and vq are set to be zero. In order
to energize the magnetic field, we impose only azimuthal
(toroidal) shearing motion vy,sh(q, t) to the footpoints of the
arcade. We carried out five different simulations, cases A
through E, with the five different patterns of shear motion,
as shown in Figure 1. Only in case A, is the shearing motion
imposed on the whole area between the magnetic poles, that
is,

vy;sh q; tð Þ ¼ v0R tð ÞBp;r0 qð Þ
B0

; ð30Þ

where v0 is maximum speed and R(t) = min(t, 1) is a ramp
function. The function is useful for reducing the fluctuation
due to a sudden velocity injection. The maximum velocity
v0 is set to be 0.03; that is, about 1% of Alfvén wave in the
arcade region. In cases B through E, only a limited region
near the magnetic neutral line between the latitudes qp,max

and qp,min, where max(Br) and min(Br), respectively, are
sheared by means of the following forms:

vy;sh q; tð Þ ¼ v0R tð Þ
0 for q < qp;min or qp;max < q
@f qð Þ
@q

for qp;max � q � qp;min

8
<

:
; ð31Þ

in case B,

f qð Þ ¼ 1� 1� jBp;r0 qð Þj
B0

� �2
( )2

Bp;r0 qð Þ� 2
sgn Bp;r0 qð Þ� �

:

ð32Þ
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In case C,

f qð Þ ¼ 1� 1� jBp;r0 qð Þj
B0

� �2
( )2

Bp;r0 qð Þ: ð33Þ

In case D,

f qð Þ ¼ 1� 1� jBp;r0 qð Þj
B0

� �2
( )2

sgn Bp;r0 qð Þ� �
: ð34Þ

Finally, in case E,

f qð Þ ¼ 1� 1�min 2
jBp;r0 qð Þj

B0

; 1

� �� �2
( )2

sgn Bp;r0 qð Þ� �
:

ð35Þ

We have also carried out other simulations with different
finite resistivities in cases F through H, with the same shear
pattern used for case D.

3. Results

3.1. No Overlying Flux Case

[20] In case A the imposed shearing motion has a distribu-
tion that is proportional to the radial component of the
magnetic field shown in equation (30). This case is similar
to that of Choe and Lee [1996]. All the magnetic flux in the
arcade is sheared, and there is no overlying arcade which
confines the nonpotential flux injected by the shearing motion.
[21] The time evolution of the magnetic field and the

toroidal current density is shown in Figure 2 in which the
magnetic field lines are illustrated as the contours of
the toroidal flux function defined as rAf. The evolution of
the arcade is almost the same as that of rectangular case
studied by Choe and Lee [1996]. As in their simulation, the

arcade quasi-statically evolves by three steps; in the first
step the toroidal component of the magnetic field increases
without expanding, in the second step the arcade begins to
expand vertically, and in the third step the vertically
expanded arcade begins to thin and form a vertical current
sheet. Note that the ‘‘vertical’’ direction means to be parallel
to the opposite direction of the gravity, and hence it
corresponds to the radial direction. As a result, the initial
potential arcade evolves into a vertically elongated sheared
arcade with an inverse Y-shape current structure (see
Figure 2). Further shearing motion leads to continual
thinning of the current sheet. When the width of the current
sheet approaches the grid scale, numerical diffusion
becomes significant and a tearing mode instability ensues.
The reconnection which results from the instability forms
a magnetic island (a helical flux rope in three dimensions
(3-D)), as shown in Figure 2d; this flux rope subse-
quently ejected into interplanetary space.
[22] Figure 3 shows the time evolution of the toroidal flux

function and the toroidal current density. In the axisymmetric
spherical coordinates system, the flux function evolving in
time  is  rAf(r, q, t). Figure 3 plots the contour of the flux
function at the equator determined rAf(r, p/2, t) = const
with the solid lines and indicates the toroidal current density
with grey. The contours of the flux function correspond to
the trajectories of plasma frozen in the same magnetic field
lines across the equator, and the vertical distance from a
contour to the next contour are inversely proportional to the
strength of Bq.

3.2. Partially Sheared Cases

[23] In cases B, C, D, and E, shearing motions are
imposed only on the footpoints of the inner region of the
initial potential arcade. From case B to case E, the area
where shear motion is imposed becomes narrower (see
Figure 1). The behavior in these cases is similar to that
found by Choe and Cheng [2000]. In contrast to case A
described in the previous subsection, there are two distinct
flux systems; i.e., one corresponds to the overlying
unsheared arcade and the other to the inner sheared arcade.
Figure 4 shows the current density distribution and contours
of the flux function displaying magnetic field lines. In
Figure 4, the overlying flux region can be recognized as
the region where Bq is dominant and field lines are
concentrated, while the sheared region is where Bf is
dominant and the distances among the field lines are large.
Between these two regions there is a separatrix surface
where the current is enhanced slightly as shown in Figure 4.
[24] A vertical current sheet similar to case A is also

formed above the inversion line inside the sheared arcade
(see Figure 4b). An inverse Y-shape current structure also
forms, and the upper sheet of this structure eventually
becomes tearing unstable. When this happens an X point
forms at the center of the current sheet. The reconnection at
the X point produces a magnetic island corresponding to a
helical flux rope in 3-D. However, the speed of the helical
flux rope soon decreases because the system approaches a
new equilibrium state. Indeed, the newly formed helical flux
rope overruns the new equilibrium state and bounces around
it (see Figure 3). In the downward phase of the bounce, a
horizontal current sheet between the flux rope surface and

Figure 1. Velocity profiles of the boundary shearing
motion.
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the sheared arcade is formed in which reconnection repet-
itively occurs.
[25] In the other cases (B, C, and E), the evolution is

similar to those described above, except for the start times
and intervals of the repeated disruption of the sheared arcade.
Figure 3 shows the time evolution of the current density
distribution above the equator in cases B, C, D, and E.

3.3. Partially Sheared Case With Finite Resistivity

[26] In cases F, G, and H, a shearing motion whose
distribution is the same as that in case D is imposed. From
case F to case H, the resistivity becomes smaller raging
from 10�4 to 10�6.
[27] In the case H (h = 10�6), the evolution is almost the

same as that in case D. This suggests that effective numer-
ical diffusion is of the order of 10�6.
[28] In case F, a large resisitivity case, the evolution of the

magnetic field is much different from the cases described
above (Figure 5). The evolution of the field in this case is
similar to that in case D during the initial phase when
current distribution is smooth (first and second stages
discussed in section 3.1). However, as the sheared arcade
starts to develop a vertical current sheet (in the third stage),
the evolution differs significantly from that in case D. As
shown in Figure 5, an extended vertical current sheet is
never formed. Instead an elongated sheared arcade (like an
inverse V-shape) is formed during this simulation. This
result suggests that the timescale of the current dissipation

is shorter than the Alfven timescale in the sheared arcade in
this case.
[29] The evolution in case G is the intermediate case

between cases D and F. As shown in Figure 3, the start time
of the tearing instability is much later than in case D. The
reason seems to be the same as for case F and that the
inverse V-shape arcade forms before the tearing start time.
In contrast to case F, however, reconnection due to the
tearing instability is sufficient to form a flux rope. The
interval of the repetitive reconnection events are shorter
than those in case D.

4. Discussion

4.1. Evolution of Energy, Helicity, and Flux

[30] The change of helicity can be written as follows
[Priest and Forbes, 2000, chap. 8] with the use of the vector
potentials Ap of equations (27) and (28):

dH

dt
¼ �2

Z

V

E 	 BdV þ
Z

S

Ap � E 	 ndS ð36Þ

then

dH

dt
¼ �2

Z

V

hJ 	 BdV þ
Z

S

B 	 Ap

� �
v 	 nð Þ � v 	 Ap

� �
B 	 nð ÞdS:

ð37Þ

Figure 2. Meridional distribution of the toroidal current density (Jf) in case A. Arrows show the
velocity field meridional component. Solid lines projected the magnetic field lines.
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In this study, Ap = Ap,f ef and v = vsh,f ef on the bottom
boundary. Therefore equation (37) reduces to

dH

dt
¼ �

Z

S

vsh;fAp;fBp;r0dS: ð38Þ

which is constant as long as the shearing motion is constant.
This relation is confirmed in Figure 6a which shows the
time evolution of the total magnetic helicity in the entire
numerical domain in each case.

[31] On the other hand, the time evolution of the magnetic
energy (Figure 6b) shows three stages in the evolution. In
the first stage, the magnetic energy increases until it is about
twice that of the potential magnetic energy; in the second
stage, the rate of energy increase gradually slows; and in the
third stage, the rate of energy increase becomes almost
constant. In the third stage, we find many fluctuations of
both the magnetic and kinetic energies. These correspond to
the disruption of the arcade due to the tearing-mode
instability in the central current sheet. These three evolution
stages correspond to those of the topological evolution

Figure 3. Time evolution of the toroidal current density (Jf) above the equator (q = p/2) in each case.
Solid lines are trajectories of the magnetic field.
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described in the previous section. This behavior is also
similar to that of Choe and Cheng [2000].
[32] There are a few observations which succeed in

detecting features that result from tearing-mode instability
such as plasmoid in the current sheet [e.g., Ko et al., 2003;
Lin et al., 2005; Lin et al., 2007] and numerically illustrated
by Riley et al. [2007]. However, these features were found
in the current sheet behind some CMEs where reconnection
might continue and accelerate the CMEs. Therefore these
features were thought to be not the results of instability in a
sheared arcade which discussed in this study, but the results
of some instability of a reconnecting current sheet, such as
secondary tearing [Shibata and Tanuma, 2001].
[33] The relation of kinetic energy to helicity (Figure 6e)

shows that the maximum kinetic energy produced by the
tearing instability appears to have an upper limit (pink line)
which is a function of helicity. This result suggests that the
upper limit of released magnetic energy is closely related to
the total helicity or energy.

4.2. Relation of Evolution to Energy, Helicity, and Flux

[34] As discussed in section 1, it is thought that the
magnetic fluxes in various domains are an important factor
in determining whether a CME occurs or not. We first
examine how much initial potential magnetic flux is in-
volved in the sheared arcade. The initial potential magnetic
flux is calculated by the following surface integral as

Yp ¼ 1

2

Z

S

jBp;r0jdS; ð39Þ

where S is the bottom boundary. Considering the intersec-
tion between the surface and the separatrix, the bottom
boundary is divided into two areas Sov and Ssh. The total
poloidal magnetic flux involved in sheared arcade and
overlying arcade as follows:

Ysh ¼ 1

2

Z

Ssh

jBp;r0jdS; ð40Þ

Figure 4. Current density distribution and its time evolution in case D. The meaning of each panel is the
same as that of Figure 2.
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Yov ¼ 1

2

Z

Sov

jBp;r0jdS: ð41Þ

The results are tabulated in Table 1. It is found that a largest
part of the magnetic flux is involved in the overlying arcade.
This is the reason why the newly formed flux rope did not
eject like a CME in cases B-E. If the condition for CME
ejection depends on both the magnetic helicity and the
overlying magnetic flux, then there may be some relation
between them. The dimensionless parameter

aCME ¼ Y2
ov

H
ð42Þ

could be a key parameter for CME triggering. In case A the
flux rope appears to ejected to the outer boundary as a CME
(before it reached the boundary the simulation was halted),
while in other cases it clearly increases and bounces around
an equilibrium point. From Table 1 we get

0 caseAð Þ < aCME < 1:7 caseBð Þ: ð43Þ

Because this limitation is too broad, more investigation is
necessary.
[35] In order to examine how the total helicity is related to

the evolution of the field, we compare the evolution in cases

A to E based on the total helicity amount. Figure 7 plots the
heights of the separatrix and the center of the vertical
current sheet versus the total helicity. It is found that the
heights of the separatrix in each case, are almost the same,
which suggests that the vertical extension of the sheared
arcade is closely correlated to the total amount of helicity;
i.e., the rise velocity of the separatrix is correlated to the
helicity injection rate at the bottom boundary, as long as the
magnetic helicity is conserved. As described in section 3.2,
a plasmoid (a twisted flux rope) are generated as the result
of the nonlinear evolution of tearing-mode instability, and
the repeating eruption due to the tearing instability feeds the
magnetic flux to the plasmoid in each of cases B through E.
Because the flux ropes are confined within the separatrix,
which is closely related to the total magnetic helicity, the
elevation of the flux ropes is also related to the total
magnetic helicity. Figure 8
[36] The growth rate of the tearing-mode instability

depends on the aspect ratio of the current sheet, i.e., the
height and width of the sheet. As discussed above, the
height of the sheared arcade is closely related to the total
helicity. Comparing two fields with the same helicity but
with different sheared region widths, the growth rate in the
field whose sheared region is the most narrow should be the
largest. In fact, Figure 3 shows that the interval of the
eruption becomes shorter from case B to case E. This result
is consistent with that of Kusano et al. [1995].

Figure 5. Snapshots of the current density toroidal (Jf) component distribution in the meridional plane
(f = 0) in case F. Solid lines are projected magnetic field lines.
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Figure 6. (a) Time profile of total magnetic helicity, (b) total magnetic energy, and (c) total kinetic
energy in each case. Also shown is (d,e) the total magnetic energy and the kinetic energy relative to the
total helicity. The unit of energy is 1.88 � 1032 erg. Also shown is (f) the maximum current density in the
vertical current sheet relative to the total helicity.
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[37] However, when the area of the sheared region is
small, the amount of the overlying flux is large. As
discussed above, the amount of overlying flux contributes
to confine the eruption and stabilize the newly formed flux
rope as the result of reconnection. Therefore the flux rope
does not erupt but finds a new equilibrium state in the lower
corona. The necessary condition for this to occur can be
determined by the relation between the magnetic helicity
and the square of the overlying flux. Hence there is a kind
of trade-off between the condition for the tearing instability
and that for the eruption of a CME. Consequently, a vast
amount of helicity is needed for eruption in an axisymmetric
system. In the real solar corona the amount of magnetic
helicity injected into the corona is much smaller than that
used in this simulation [Kusano et al., 2002; Maeshiro et
al., 2005; Yamamoto et al., 2005]. This suggests that it may
be difficult to trigger a CME just by the axisymmetric
shearing motion and that some other mechanisms should be
involved in the trigger process of CME, such as helicity
annihilation [Kusano et al., 2004], flux cancellation, or
emergence [Chen and Shibata, 2000].
[38] From the point of view of magnetic flux, we compare

our results with those of other works. Note that their
concepts are different from this study because these studies
concentrated on only the way to cause CMEs. However, the
comparisons give us important suggestions.

[39] Mikic and Linker [1994] performed an early study of
arcade shearing in the spherical geometry. In the study, the
initial magnetic field is a dipole field and shearing motion is
imposed on a localized region beside the equator. It is
common to our studies that the shearing motion is imposed
only in the inner loops of the initial magnetic field, but a
significant difference is that the initial magnetic field is the
dipole field. Our results suggest that the confinement of
sheared flux by an overlying magnetic flux is an important
process for determining whether a CME can occur. How-
ever, in the case of the dipole field, the spatial scale gap
between the overlying unsheared magnetic flux and the
sheared flux is so large (comparable to the solar radius) that
magnetic tension force of the unsheared flux is much
smaller than our cases. Thus the spatial scale of the region
involved in the CME may be one of the key factors for
determining the CME occurrence condition.
[40] The breakout model [Antiochos et al., 1999;

MacNeice et al., 2004] is also an important model of
CME initiation. In these studies, the initial magnetic
field is a quadrupole field and a shearing motion is
imposed on the inner region beside the equatorial inversion
line where the magnetic field radial component becomes 0.
As shear is injected to the inner arcade, it swells upward,
similar to our results and others. The essential point of the
model is that the direction of the magnetic field further above
the inner arcade is opposite so that reconnection can strip the
magnetic flux which confines the innermost sheared flux.
This result and our results suggest that the ambient magnetic
field structure may be also one of key factors for determining
CME occurrence condition. By the same reason, the effect of
open field due to the solar wind should be taken into account.

4.3. Effect of Resistivity

[41] Electric resistivity is another factor governing the
tearing instability. The fastest growth rate is

w ¼ 1

tdtA

� �1=2

; ð44Þ

where td = l2/h and tA = l/VA are the diffusion and Alfvén
timescales, and l is the width of the current sheet. Therefore
in a case with a larger resistivity, the tearing instability will
grow faster. This finding is confirmed by the fact the
interval for the reconnection events in case G is shorter than
in case D.
[42] On the other hand, the larger resistivity can prevent

the formation of a current sheet. A current sheet is formed
by the thinning of a current containing a sheared arcade.
However, if the current diffusion due to resistivity is faster

Table 1. Fraction of the Magnetic Flux of the Sheared Arcade, the Overlying Arcade, its Square, and the Total Helicity When the

Simulation is Stopped

Case Sheared Arcade Overlying Arcade Overlying Arcade2 Final Helicity

A 5.59 0 0 14.72
B 1.06 4.53 20.52 12.11
C 0.76 4.83 23.33 10.88
D 0.60 4.99 24.90 10.59
E 0.34 5.25 27.56 5.03

Figure 7. Variations of height of the separatrix between
the sheared and unsheared portions of the arcade (shown by
diamond symbol) and the center of the central current sheet
(shown by cross symbol) versus the total magnetic helicity.
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Figure 8. (a) Time profile of total magnetic helicity, (b) total magnetic energy, and (c) total kinetic
energy in each case. Also shown are (d,e) the total magnetic energy and the kinetic energy relative to the
total helicity. The unit of energy is 1.88 � 1032 erg. Also shown is (f) the maximum current density in the
vertical current sheet relative to the total helicity.
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than the current enhancement due to thinning, the current
sheet is never formed, as in case F.
[43] In cases A to E we set explicit resistivity to be 0, and

therefore the evolutions are caused due only to the effective
resistivity, numerical diffusion. In cases F, G, and H the
resistivity values are set to be 10�4, 10�5, and 10�6,
respectively. The evolution in case D is almost the same
as that in case H, while it is a little different from that in case
G. This result suggests that the effective resistivity due to
numerical diffusion is larger than 10�6 and less than 10�5.
[44] In our simulation (case G for example) the magnetic

Reynolds number is Rm = VA L/h � 1/h � 105 for the spatial
scale of the active region �0.3 R�. In the solar corona,
considering just the Spitzer type resistivity, the magnetic
Reynolds number is 1014 for an active region. Furthermore,
Lin et al. [2007] derived the electric resistivity from the
recent observations of reconnecting current sheets [Ko et
al., 2003; Lin et al., 2005]. The obtained magnetic
diffusivities of quiet corona and anomalous resistivity in
the cgs units hdif = 4 phe/c are

hdif ;c ¼ 1:7 � 4:6ð Þ � 10�6cm2s�1 ð45Þ

and hdif,a = (1.1 � 4.2) � 102 cm2s�1. The corresponding
magnetic Reynolds numbers Rm = VAL/hdif � csR�/h are
Rm,c = (7.6 � 2.8) � 1023 cm2s�1 and Rm,a = (12. � 3.1) �
1015 cm2s�1 for the spatial scale of the active region. Hence
the resistivity in this study is much larger than that in the
solar corona because of the following limitation of the
numerical simulation. In the numerical simulation the width
of the current sheet is limited to the minimum grid scale.
This limitation makes the numerical diffusion large, so the
tearing instability grows easily. Future investigations with
different resolutions will be necessary to extrapolate our
results to real coronal conditions. We need more under-
standing about the anomalous resistivity which might be
caused by a plasma microinstability.

5. Conclusion

[45] We have investigated the quantitative relations be-
tween arcade shearing, flux rope formation, and eruption
with a 2.5-dimensional axisymmetric MHD simulation. We
studied several cases with different velocity profiles of the
shearing motion and with different resistivity value cases. In
the case in which all magnetic flux is sheared, a vertical
current sheet is formed, and then reconnection due to
tearing-mode instability in the sheet forms helical flux rope
and leads to an eruption.
[46] On the other hand, in the cases in which only the

inner magnetic flux is sheared, a different structure is
formed. This structure consists of both sheared and
unsheared flux, and it has a vertical current sheet. As the
results of reconnection in the current sheet, a helical flux
rope is formed, but this flux rope remains in an equilibrium
state and is not ejected. Further injection of shear leads to
repeating eruptions of the sheared arcade, which feed
toroidal flux to the flux rope. As the results, although the
flux rope was elevated gradually, the flux rope has not been
ejected as a CME until the end of the simulation. The results
suggest that it may be difficult to trigger a CME just by the

axisymmetric shearing motion and that some other mecha-
nisms could be involved in the trigger process of a CME.
[47] Resistive cases have also been studied. The results

suggest that a sufficiently large resistivity can prevent the
current sheet from forming. However, somewhat smaller but
still large values enhance the growth rate of the tearing
instability.
[48] We examined the relations among evolution, magnetic

helicity magnetic energy, and fraction of magnetic flux. It is
found that the amount of magnetic helicity is closely related
to the topology of the shear configuration and the magnitude
of kinetic energy released in a confined eruption.
[49] The parameter ranges in this study are insufficient to

make clear the quantitative relations. In order to extrapolate
our results to real coronal conditions, we will investigate the
issue with wider parameter range and different resolutions
in our future studies.
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Dedner, A., F. Kemm, D. Kröner, C.-D.Munz, T. Schnitzer, andM.Wesenberg
(2002), Hyperbolic divergence cleaning for the MHD equations, J. Comput.
Phys., 175, 645–673.

Forbes, T. G. (2000), A review on the genesis of coronal mass ejections,
J. Geophys. Res., 105, 23,153–23,166.

Forbes, T. G., and E. R. Priest (1995), Photospheric magnetic field evolu-
tion and eruptive flares, Astrophys. J., 446, 377,doi:10.1086/175797.

Forbes, T. G., et al. (2006), CME theory and models, Space Sci. Rev., 123,
251–302, doi:10.1007/s11214-006-9019-8.

Hundhausen, A. (1999), Coronal mass ejections, in The Many Faces of the
Sun: A Summary of the Results From NASA’s Solar Maximum Mission,
edited by K. T. Strong et al., p. 143, Springer, New York.

Inhester, B., J. Birn, and M. Hesse (1992), The evolution of line-tied
coronal arcades including a converging footpoint motion, Sol. Phys.,
138, 257–281.

Kliem, B., and T. Török (2006), Torus instability, Phys. Rev. Lett., 96(25),
255,002, doi:10.1103/PhysRevLett.96.255002.

Ko, Y.-K., J. C. Raymond, J. Lin, G. Lawrence, J. Li, and A. Fludra (2003),
Dynamical and physical properties of a post-coronal mass ejection cur-
rent sheet, Astrophys. J., 594, 1068–1084, doi:10.1086/376982.

A03S05 SHIOTA ET AL.: MHD STUDY OF ARCADE SHEARING

13 of 14

A03S05



Kusano, K., Y. Suzuki, and K. Nishikawa (1995), A solar flare triggering
mechanism based on the Woltjer-Taylor minimum energy principle,
Astrophys. J., 441, 942–951, doi:10.1086/175413.

Kusano, K., T. Maeshiro, T. Yokoyama, and T. Sakurai (2002), Measure-
ment of magnetic helicity injection and free energy loading into the solar
corona, Astrophys. J., 577, 501–512, doi:10.1086/342171.

Kusano, K., T. Maeshiro, T. Yokoyama, and T. Sakurai (2004), The trigger
mechanism of solar flares in a coronal arcade with reversed magnetic
shear, Astrophys. J., 610, 537–549, doi:10.1086/421547.

Lin, J., and T. G. Forbes (2000), Effects of reconnection on the coronal
mass ejection process, J. Geophys. Res., 105, 2375–2392.

Lin, J., W. Soon, and S. L. Baliunas (2003), Theories of solar eruptions: A
review, New Astron. Rev., 47, 53–84.

Lin, J., Y.-K. Ko, L. Sui, J. C. Raymond, G. A. Stenborg, Y. Jiang, S. Zhao,
and S. Mancuso (2005), Direct observations of the magnetic reconnection
site of an eruption on 2003 November 18, Astrophys. J., 622, 1251–1264,
doi:10.1086/428110.

Lin, J., J. Li, T. G. Forbes, Y.-K. Ko, J. C. Raymond, and A. Vourlidas
(2007), Features and properties of coronal mass ejection/flare current
sheets, Astrophys. J., 658, L123–L126, doi:10.1086/515568.

Linker, J. A., and Z. Mikic (1995), Disruption of a helmet streamer by
photospheric shear, Astrophys. J., 438, L45–L48, doi:10.1086/187711.

Mackay, D. H., and A. A. van Ballegooijen (2005), New results in modeling
the hemispheric pattern of solar filaments, Astrophys. J., 621, L77–L80,
doi:10.1086/428904.

Mackay, D. H., and A. A. van Ballegooijen (2006a), Models of the large-
scale corona. I. Formation, evolution, and liftoff of magnetic flux ropes,
Astrophys. J., 641, 577–589, doi:10.1086/500425.

Mackay, D. H., and A. A. van Ballegooijen (2006b), Models of the large-
scale corona. II. Magnetic connectivity and open flux variation, Astrophys.
J., 642, 1193–1204, doi:10.1086/501043.

MacNeice, P., S. K. Antiochos, A. Phillips, D. S. Spicer, C. R. DeVore, and
K. Olson (2004), A numerical study of the breakout model for coronal
mass ejection initiation, Astrophys. J., 614, 1028–1041, doi:10.1086/
423887.

Maeshiro, T., K. Kusano, T. Yokoyama, and T. Sakurai (2005), A statistical
study of the correlation between magnetic helicity injection and soft X-ray
activity in solar active regions, Astrophys. J., 620, 1069 – 1084,
doi:10.1086/426806.

Magara, T. (2006), Dynamic and topological features of photospheric and
coronal activities produced by flux emergence in the Sun, Astrophys. J.,
653, 1499–1509, doi:10.1086/508926.

Manchester,W., IV, T. Gombosi, D. DeZeeuw, andY. Fan (2004), Eruption of
a buoyantly emerging magnetic flux rope, Astrophys. J., 610, 588–596,
doi:10.1086/421516.

Mikic, Z., and J. A. Linker (1994), Disruption of coronal magnetic field
arcades, Astrophys. J., 430, 898–912, doi:10.1086/174460.

Mikic, Z., D. C. Barnes, and D. D. Schnack (1988), Dynamical evolution of
a solar coronal magnetic field arcade, Astrophys. J., 328, 830–847,
doi:10.1086/166341.

Miyoshi, T., and K. Kusano (2005), A multi-state HLL approximate Rie-
mann solver for ideal magnetohydrodynamics, J. Comput. Phys., 208,
315–344, doi:10.1016/j.jcp.2005.02.017.

Priest, E., and T. Forbes (2000), Magnetic Reconnection, 612 pp., Cam-
bridge Univ. Press, Cambridge, UK.

Priest, E. R., and T. G. Forbes (2002), The magnetic nature of solar flares,
Astron. Astrophys. Rev., 10, 313–377, doi:10.1007/s001590100013.

Riley, P., R. Lionello, Z. Mikiæ, J. Linker, E. Clark, J. Lin, and Y.-K. Ko
(2007), ‘‘Bursty’’ reconnection following solar eruptions: MHD simula-
tions and comparison with observations, Astrophys. J., 655, 591–597,
doi:10.1086/509913.

Shibata, K., and S. Tanuma (2001), Plasmoid-induced-reconnection and
fractal reconnection, Earth Planets Space, 53, 473–482.

Steinolfson, R. S. (1991), Coronal evolution due to shear motion, Astrophys.
J., 382, 677–687, doi:10.1086/170755.

van Ballegooijen, A. A., and P. C. H.Martens (1989), Formation and eruption
of solar prominences, Astrophys. J., 343, 971–984, doi:10.1086/167766.

Yamamoto, T. T., K. Kusano, T. Maeshiro, T. Yokoyama, and T. Sakurai
(2005), Magnetic helicity injection and sigmoidal coronal loops, Astro-
phys. J., 624, 1072–1079, doi:10.1086/429363.

�����������������������
K. Kusano, Earth Simulator Center, Japan Agency for Marine-Earth

Science and Technology, Yokohama, Kanagawa, Japan.
T. Miyoshi, Facility of Science, Hiroshima University, Higashi-Hiroshima,

Hiroshima, Japan.
N. Nishikawa, Super Computer System Planning and Operations

Department, Japan Agency for Marine-Earth Science and Technology,
Yokohama, Kanagawa, Japan.
K. Shibata, Kwasan and Hida Observatories, Kyoto University,

Yamashina, Kyoto, Japan.
D. Shiota, Center for Computational Astrophysics (CfCA), National

Astronomical Observatory of Japan, 2-21-1 Ohsawa, Mitaka, Tokyo, Japan
181-8588. (shiota@cfca.jp)

A03S05 SHIOTA ET AL.: MHD STUDY OF ARCADE SHEARING

14 of 14

A03S05



Parametric decay of circularly polarized Alfvén
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[1] We present a magnetohydrodynamic (MHD) simulation study of the parametric decay
of the circularly polarized Alfvén waves propagating in the radial outflow of the solar
wind. Assuming the transonic wind solution as an initial condition, we continuously
injected monochromatic circularly polarized Alfvén waves from the inner boundary at
the lower corona, and simulated the wave propagation. The injected Alfvén waves are
subject to the parametric decay, and density fluctuations in the solar wind plasma grow
rapidly at a specific region. The location of the most unstable region depends on the
amplitude and frequency of injected Alfvén waves. We found that the unstable region of
simulation results can be well estimated by considering a localized dispersion relation in
the frame of reference moving with the background solar wind.

Citation: Tanaka, S., T. Ogino, and T. Umeda (2007), Parametric decay of circularly polarized Alfvén waves in the radially

expanding solar wind, J. Geophys. Res., 112, A10110, doi:10.1029/2007JA012513.

1. Introduction

[2] Alfvén waves are ubiquitous phenomena in space
plasmas, and are commonly observed in various situations
such as the solar wind [Belcher and Davis, 1971] and the
interplanetary shocks [Agim et al., 1995]. Since Alfvén
waves are non-compressional transverse magnetohydrody-
namic (MHD) modes, they can propagate a long distance
compared to compressional MHD modes which can easily
damp. Because of this nature, Alfvén waves are thought
to propagate along the open magnetic flux tube in a
polar coronal hole and to play an important role in the
acceleration of the high-speed solar wind.
[3] It is well known that circularly polarized Alfvén

waves with a finite amplitude are an exact solution to the
nonlinear MHD equations, and are unstable to a decay
process in the presence of the density fluctuation [Sagdeev
and Galeev, 1969]. The pump Alfvén waves decay into
the forward-propagating sound waves and the backward-
propagating Alfvén waves due to a nonlinear three-wave
coupling. Goldstein [1978] and Derby [1978] derived the
general dispersion relation for fundamental modes from
ideal MHD equations with finite b. Recent observation of
the solar wind suggests the presence of outward- and
inward-propagating Alfvén waves [Bavassano et al.,
2000]. The parametric decay was thought to be one of
triggering mechanisms of inward-traveling Alfvénic modes
and an MHD turbulence in the solar wind.
[4] Recently, several one- and multidimensional MHD

simulations have been performed to examine the parametric
decay of Alfvén waves in a homogeneous medium with

both the periodic and open boundaries [Del Zanna et al.,
2001; Malara et al., 2000; Ghosh and Goldstein, 1994;
Ghosh et al., 1994]. Pruneti and Velli [1997] and Turkmani
and Torkelsson [2004] consider the propagation of Alfvén
waves in a gravitationally stratified medium in a slab
geometry. In their simulations, Alfvén waves are injected
from the one side of boundaries in open systems. However,
they assumed a static background medium as an initial state.
[5] The propagation of Alfvén waves in the solar wind

has been extensively studied by many authors through
numerical simulations in association with the coronal heating
and wind acceleration [Ofman, 2004; Ofman and Davila,
1998; Lau and Siregar, 1996; Buti et al., 1998; Buti et al.,
1999]. Suzuki and Inutsuka [2006] performed an MHD
simulation from the photosphere toward the solar wind,
and concluded that low-frequency Alfvén waves can estab-
lish both the coronal high temperature and the high-speed
solar wind. Most of these studies focused on a quasi-steady
state after injected Alfvén waves and compressive waves
were saturated through linear and nonlinear processes such
as wave steepening, reflection, and possibly parametric
decay.
[6] In the present study, we focus on a growing stage of

the parametric decay of Alfvén waves in the radially
expanding medium before the quasi-steady state. Circularly
polarized monochromatic Alfvén waves are injected into a
spherically symmetric transonic wind [Parker, 1963]. The
injected Alfvén waves propagate outward along the radially
expanding flow tube of the solar wind. When the amplitude
is sufficiently large, Alfvén waves are subject to the
parametric decay, generating outward-propagating sound
waves and inward-propagating Alfvén waves. We analyze
the dispersion relation to determine the heliocentric distance
at which the compressive fluctuation grows most rapidly by
the parametric decay.
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[7] The paper is organized as follows. In Section 2, we
introduce the model equation of Alfvén waves in the solar
wind, the initial and boundary condition. In Section 3, we
show the results of MHD numerical simulations for a few
parameters. In Section 4, we discuss the parametric decay
for numerical results and compare with the linear theory.

2. Simulation Model

[8] In order to model the radial expansion of the solar
wind, we solve the following ideal MHD equations in a
one dimensional spherical coordinate in a heliocentric
distance r:

@r0
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þ @
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where r0 
 r2r, p0 
 r2p, e0 
 r2e, v0? 
 rv? and B0
? 
 rB?

with r, p, vr, v?, B? and m0 being the density, pressure,
radial component of velocity, tangential component of
velocity, tangential component of magnetic field, and
magnetic permeability in vacuum, respectively. Here g =
GMS/r

2 is a gravitational acceleration where G and MS are a
gravitational constant and a solar mass, respectively, and

e ¼ r
2

v2r þ jv?j2
	 


þ p

g � 1
þ jB?j2

2m0

; ð6Þ

is the total energy of the fluid, where g is the polytropic
index. The radial component of the magnetic field Br is
given by Br = Cr�2 where C is a constant.
[9] We solve Equations (1)–(5) with the PIC-MOCCT

scheme [S. Tanaka et al., submitted to Comput. Phys.
Commun.], which consists of the PIC scheme [T. Umeda,
submitted to Comput. Phys. Commun.] and the MOCCT
[Hawley and Stone, 1995]. The PIC scheme is a non-
oscillatory, positivity preserving and conservative numerical
interpolation scheme for solving one-dimensional advection
equations, which is used to solve advection phases of the
MHD equations in the left hand side of Equations (1)–(4).
The MOCCT solves the characteristics of Alfvén waves,
maintaining r 	 B = 0, which is applied to the induction

Equation (5) and terms for the magnetic stress, i.e., the right
hand side of Equation (3) and the first term in the right hand
side of Equation (4). In the present study, we adopted the
PIC-MOCCTscheme is because this scheme does not need to
introduce an additional diffusion term to suppress numerical
oscillations. This scheme can treat Alfvén waves more
accurately than previous non-oscillatory numerical schemes
for MHD equations such as TVD schemes [e.g., Fukuda
and Hanawa, 1999; Tanaka, 1994].
[10] The simulation domain is taken from r = 1 RS to r =

40 RS on an uniform mesh with 16384 grid points. As an
initial condition, we used a steady transonic wind solution
[Parker, 1963] for r, p and vr. We used the following solar
wind parameters: T0 = 1.8 � 106 K, n0 = r0/m = 1.0 � 108

cm�3 and Br0 = 5.0 G, where T0, n0, Br0, r0 and m are
the temperature, number density, radial component of the
magnetic field, density at the lower boundary (r = 1 RS) and
a proton mass, respectively. We imposed a very small
random initial noise (�10�5 to the initial background
profiles) to the initial density, pressure and radial velocity
to give compressive fluctuations.
[11] In the present study we set g = 1.1. Note that the

properties of the wind solution for the initial condition
depend on g. With g = 1.1 we have the radial velocity vr �
300 km/s at the upper boundary r = 40 RS, while we have
vr � 400 km/s with g = 1.05. The previous coronal models
used, for example, g = 1.05 [e.g., Linker et al., 1990; Linker
et al., 1999]. We have performed several test runs with
different g, and found that physical processes were essen-
tially the same.
[12] Figure 1 shows the initial profiles of the bulk

velocity of the solar wind vr, sound speed vS =
ffiffiffiffiffiffiffiffiffiffi
gp=r

p
,

and Alfvén speed vA = Br/
ffiffiffiffiffiffiffiffi
m0r

p
, respectively.

[13] We impose the following boundary conditions for the
tangential component of the velocity and magnetic field to
inject the monochromatic circularly polarized Alfvén waves
at the lower boundary (r = 1 RS):

v? ¼ dv0 sinw0t 	 eq þ cosw0t 	 ef
� � ð7Þ

B? ¼ �v?
ffiffiffiffiffiffiffiffiffiffi
m0r0

p ð8Þ

where dv0, w0, and r0 are the velocity amplitude, frequency
of injected Alfvén waves, and the density at the lower
boundary, respectively. Here, eq and ef are the unit vectors
of tangential components. Equations (7) and (8) give the
relationship between the velocity amplitude and magnetic
field amplitude of the outward-propagating Alfvén waves.
Note that since we use ideal MHD equations the circular
polarization does not affect the present simulation results.
[14] The generation mechanisms of Alfvén waves are

expected to be due to solar activities near the solar surface.
Cranmer and Ballegooijen [2005] consider the turbulent
motion of the foot point of the solar magnetic field as a
source of waves. Parhi et al. [1997] simulated a propagation
of MHD waves which are constantly driven by photospheric
foot point motions in the context of the coronal heating.
Sturrock [1999] suggests that magnetic reconnections in the
chromosphere can generate MHD waves.
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[15] The lower boundary condition for r, e, and vr are
fixed at the initial values. Note that r, e and vr should be
determined from the characteristic equations to avoid an
unphysical wave reflection [Steinolfson and Nakagawa,
1976]. However, we confirmed that the wave reflection at
the lower boundary is less than 3% for the present param-
eters. At the upper boundary (r = 40 RS), we impose the
open boundary condition where the spatial derivatives of all
the variables are set to be zero. Since the bulk velocity of
the solar wind exceeds both the sound speed and the Alfvén
speed near the upper boundary as shown in Figure 1,
unphysical reflections, which might occur at the upper
boundary, is considered to be negligibly small.

3. Simulation Results

[16] In the present study, the amplitude and frequency of
injected Alfvén waves are varied as different simulation
runs. Detailed parameters are shown in Table 1.
[17] Figure 2 shows the profiles of the number density n

(a), the radial velocity components vr (b), and the ratio of
the tangential magnetic field component to the ambient
magnetic field jB?j/Br (c) at time t = 430 min. for Run A,
respectively. As injected Alfvén waves propagate out-
ward, vr and r become larger than their initial values.
At r � 30 RS, we found discontinuities in vr and n. These
are generated by the outward-directed magnetic pressure
due to the discontinuous variation of the magnetic field
amplitude at the wavefront shown in Figure 2c. Around
r � 18 RS, there appear fluctuations in the velocity, density,
and the tangential magnetic field. These fluctuations prop-
agate both outward and inward as they grow. This indicates
the parametric decay, in which outward-propagating sound
waves and inward-propagating Alfvén waves are excited by
the large-amplitude Alfvén waves.
[18] To confirm the inward-propagating Alfvén waves,

we plot the q component of the Elsässer vectors, Zq
± =

vq � Bq/
ffiffiffiffiffiffiffiffi
m0r

p
in Figures 2d and 2e. The Elsässer vectors Zq

+

and Zq
- correspond to amplitude of the outward- and inward-

propagating Alfvén waves, respectively. The profile of Zq
�

shows the apparent generation of inward-propagating
Alfvén waves in the unstable region.
[19] There are two possible mechanisms to generate the

inward-propagating Alfvén waves. One is the parametric
decay and the other is the wave reflection due to the
inhomogeneity of background medium. The wave reflection
becomes important when the frequency of Alfvén waves w0

is smaller than the spatial gradient of the Alfvén speed
dvA/dr [An et al., 1990]. Figure 2e shows that there also
exist inward-propagating components outside the unstable
region. However, the frequency of injected Alfvén waves
are w0 � 10 mHz in Runs A-C, while the maximum value
of dvA/dr is �1.4 mHz. Thus the amplitude of inward-
propagating waves generated by the reflection is consider-
ably small compared to that by the parametric decay. It is
also noted that when Alfvén waves are linearly polarized,
the variation of the magnetic pressure can generate second-
ary compressive modes [e.g., Hollweg, 1971] which leads to
a reflection of Alfvén waves. However, since we inject
circularly polarized Alfvén waves, the compressive motions
are negligibly small compared to the transverse motion until
the parametric decay evolves.
[20] Note that the beat instability is also a possible

mechanism to generate inward-propagating Alfvén waves
in an ideal MHD system for b > 1 [Jayanti and Hollweg,
1993]. The beat instability involves the interaction between
the forward-propagating pump Alfvén waves and back-
ward-propagating lower sideband Alfvén waves. The beat
instability does not occur in the present simulations because
b < 1 as shown in Figure 1.
[21] To confirm the parametric decay, in Figure 3, we plot

the w � k spectrum with a gray scale obtained by Fourier
transformation of simulation data in the range of 15.56 RS <
r < 20.44 RS and 319 min < t < 474 min for (Bq, Bf) and vr.
This range of r covers the most unstable region as seen in
Figure 2, and the range of t covers from an early stage with
a steady flow to the saturation stage in which the growing
compressive modes have sufficiently large amplitude. We
found the injected Alfvén waves at K�10 RS

�1, W� 11 mHz
in Figure 3a, outward-propagating sound waves at kS �
15 RS

�1, wS � 8 mHz in Figure 3b, and inward-propagating
Alfvén waves at kA � �5 RS

�1, wA = 2 mHz in Figure 3a.
Note that the frequency in the w � k spectra is Doppler-
shifted, i.e., w = w0 + kvr, where w and w0 represent the
frequency of waves observed from the rest frame and from
the moving reference frame with the solar wind velocity vr,
respectively. We found that observed three waves satisfied
the resonant condition K = kS + kA, W = wS + wA for the
parametric decay [Sagdeev and Galeev, 1969] by taking
into account the Doppler shift with the radial velocity vr �
240 km/s in the range of the spectrum data (15.56 RS < r <
20.44 RS). We also found another wave mode at kA� 25 RS

�1

and wA � 19 mHz in Figure 3a. This wave mode satisfies

Figure 1. Initial profiles of the radial velocity of the solar
wind vr (solid line), sound speed vS (dashed line), Alfvén
speed vA (dashed-dotted line), and plasma b (dotted line).
The velocities vr, vS and vA are normalized by the sound
speed at the lower boundary, r = 1 RS.

Table 1. Parameters of Injected Alfvén Waves for Different

Simulation Runs

Run d v0 w0

A 30 km/s 10 mHz
B 20 km/s 10 mHz
C 30 km/s 20 mHz

A10110 TANAKA ET AL.: PARAMETRIC DECAY OF ALFVÉN WAVES
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another resonant condition kA = kS + K and wA = wS + W,
which is associated with the excitation of the outward-
propagating magnetic fluctuation. Since this wave is not a
normal mode, the power of this wave is much smaller than
that of inward-propagating waves [Goldstein, 1978].

[22] Figure 4 shows the profile of vr for Runs B and C. In
both cases, the injected Alfvén waves generate the fluctua-
tions in a quite similar manner to Run A, and we confirmed
the parametric decay (not shown). However, the positions of
the unstable region are different from each other. In Run
B the amplitude of injected Alfvén waves is smaller than in
Run A. Then the position of unstable region becomes
farther from the lower boundary. In Run C, on the other
hand, the frequency of injected Alfvén waves is higher than
in Run A, Then the position of unstable region becomes
closer to the lower boundary. From these results, it is
expected that the position of the unstable region becomes
closer to the lower boundary as the amplitude or frequency
of injected Alfvén waves becomes larger.

4. Discussion

[23] The present simulation results suggest that compres-
sive fluctuation grows most rapidly at a localized region by
the parametric decay. It is known that a larger amplitude of
Alfvén waves or a lower b lead to higher growth rate of the
parametric decay [Goldstein, 1978; Derby, 1978]. In the
present case the profile of the normalized amplitude of Alfvén
waves b 
 B?0/Br increases as the injected Alfvén waves
propagate outward while the local beta value b 
 vS

2/vA
2

decreases (see Figures 1 and 2c). These profiles imply that the
growth rate of the parametric decay has a maximum value at a
certain position.
[24] We discuss the location and wave number of the

most rapidly growing compressive mode due to the para-
metric decay instability. The dispersion relation for the
parametric decay instability in a homogeneous plasma was
first derived by Goldstein [1978] and Derby [1978]. To
consider the dispersion equation in a inhomogeneous back-
ground as in a present simulation, we assume so-called
Wentzel-Kramers-Brillouin (WKB) approximation in which
the wavelength of Alfvén waves is small compared to the
scale height of the background. We computed the pressure
scale height H = p(@p/@r)�1 and the wavelength of injected
Alfvén waves l = 2p (vA + vr)/w0. We found that the
wavelength is shorter than the pressure scale height for
r > 4 RS, and is comparable for r < 4 RS, indicating that the
condition of the WKB approximation is well satisfied for
r > 4 RS.
[25] In the WKB approximation, we can consider the

dispersion equation for a homogeneous medium as a local
dispersion equation at each positions. Let W0 and K be the
frequency and wave number of injected Alfvén waves,
which is regarded as the pump wave. Then, we have the
local dispersion relation for fundamental modes induced by
the injected circularly polarized Alfvén waves with the

Figure 2. Results of Run A at t = 430 min. The radial
dependence of (a) radial velocity vr (km/s), (b) number
density n (cm�3), (c) magnitude of the tangential magnetic
field jB?j normalized by local radial magnetic field Br,
and (d)(e) q component of Elsässer vectors Zq

± = vq � Bq/ffiffiffiffiffiffiffiffi
m0r

p
(km/s) are shown. Note the compressive fluctuations

and inward-propagating Alfvén waves growing around r �
18 RS.
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finite amplitude in the solar wind frame [Goldstein, 1978;
Derby, 1978],

w02 � v2Sk
2

� �
w0 � vAkð Þ w0 þ vAk þ 2W0ð Þ w0 þ vAk � 2W0ð Þ

¼ b2v2Ak
2 w03 þ w02vAk � 3W02w0 þ W02vAk
� � ð9Þ

where w0 and k are the frequency and wave number of
compressive fluctuations, respectively. Here, vS and vA are
the sound speed and Alfvén speed of the solar wind plasma,
respectively, and b is a normalized magnetic field amplitude
defined as b 
 B?/Br where B? and Br are the magnetic
field amplitude of injected Alfvén waves and the back-
ground radial magnetic field, respectively. The frequency w0

and W0 are observed in the solar wind frame moving at the
velocity vr, and are expressed by using the relation of the

Doppler shift as, w0 = w � kvr and W0 = W � Kvr where w
and W are the frequency of compressive fluctuations and
injected Alfvén waves observed in the rest frame,
respectively. Note that vS, vA, vr, b, K, and W0 are functions
of r.
[26] We solved Equation (8) numerically for a complex

solution w = wr + ig which exhibits an unstable compressive
mode, and obtained the growth rate g at each wave number
k and each position r. The values of vS, vA, vr, and b, in
Equation (8) are given as a function of r. Note that W is
assumed to be equal to w0 which is a frequency of the
injection of Alfvén waves at the lower boundary and is
constant anywhere in a simulation domain while K varies
with r. Then the wave number K for injected Alfvén waves
in the rest frame is given as K = W/(vA + vr). By solving
Equation (8) as described above, we have the locally
defined growth rate g(r, k) for the parametric decay instability.
[27] In the present simulation the pump Alfvén waves are

injected into the background medium which is initially a
steady solar wind outflow with the bulk velocity vr(r). It is
expected that the fluid element of the solar wind at a certain
distance undergoes injected waves at a certain time, and
then the density fluctuation in the fluid element will begin to
grow due to the instability. We assume that this density

Figure 3. The w-k diagram of simulation data in the range
of 15.56 RS < r < 20.44 RS and 319 min < t < 474 min. The
horizontal and vertical axes indicate k(RS

�1) and w(mHz),
respectively. Positive (negative) k correspond to outward-
(inward-) propagating waves. (a) Fourier amplitude
jB?(k, w)j plotted with a gray scale. Solid line and dotted
line indicate the dispersion relation of outward- and
inward-propagating Alfvén waves observed in the rest
frame w = (vr + vA)k and w = (vr � vA)k, respectively, where
the solar wind velocity and Alfvén speed are vr = 240 km/s
and vA = 500 km/s, respectively. (b) Fourier amplitude
jvr(k, w)j plotted with a gray scale. Solid line indicates the
dispersion relation of outward-propagating sound waves in
the rest frame w = (vr + vS)k where the sound speed is vS =
100 km/s. These results show that excited modes satisfy the
resonant condition of the parametric decay(see text).

Figure 4. The radial dependence of the radial velocity vr.
(a) Result of Run B (a case of a smaller dv0 than Run A) at
t = 758 min. The discontinuity due to the magnetic pressure
as shown in Figure 2 does not exist because it propagated
out of the simulation domain. (b) Result of Run C (a case
of a larger w0 than Run A) at t = 257 min. These results
indicate that a larger amplitude and frequency of injected
Alfvén waves make the most unstable region closer to the
lower boundary.
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fluctuation propagates outward at the bulk velocity vr(r).
Here we evaluate the spatial growth of the compressive
fluctuation in the solar wind frame by integrating the local
growth rate as the fluid element of the solar wind moves
from a position r0 to r with the bulk velocity vr,

A r; kð Þ 

Z r

r0

g r0; kð Þ
vr r0ð Þ dr0: ð10Þ

Note that A(r, k) is a non-dimensional value corresponding
to an effective amplification factor of the compressive
fluctuation for a specific wave number k.
[28] We plot A(r, k) with the gray scale for Runs A-C in

Figures 5a–5c. These figures correspond to the spatial
evolution of the amplitude of the compressive fluctuation
for various wave number in the solar wind frame. We
compare the theoretical calculations with the simulation
results. The compressive fluctuation has the largest ampli-
tude at r � 18 RS as shown in Figure 2a, and this fluctuation
has the wave number k � 15 RS

�1 as shown in Figure 3b.
The solid line in Figure 5 corresponds to the contour line
of A(r, k) = 21, which pass through the point r � 18 RS,
k � 15 RS

�1. We expect that a wave mode with and
amplification factor A > 21 will be dominant due to the
spatial growth in the solar wind frame.
[29] Next we compared Figure 4a and Figure 5b for

Run B. The solid line in Figure 5b corresponds to the
contour line of A = 21. This contour line indicates that the
unstable mode with the wave number k � 17 RS

�1 grows
most rapidly at r � 28 RS. Figure 4a shows that the
compressive fluctuations appear at r = 28 � 34 RS, which
is in agreement with our theoretical analysis. We also
compared Figure 4b and Figure 5c for Run C. The solid
line in Figure 5c corresponds the contour line of A = 21.
This contour line indicates that the unstable mode with the
wave number k � 25 RS grows most rapidly at r � 11 RS.
Figure 4b shows that the compressive fluctuations appear at
r = 10 � 14 RS, which is again in agreement with our
theoretical analysis.
[30] From these comparison we found that the profile of

A(k, r) can well estimate the wave number of the most
rapidly growing compressive mode, where the parametric
instability occurs. Note that it is difficult to evaluate the
exact amplification factor of the compressive mode because
of the spatial variation of the growth rate and the back-
ground bulk velocity. However, the simulation results are
qualitatively explained by the effective amplification factor
obtained by the local linear dispersion analysis with the
WKB approximation.

5. Conclusion

[31] We have performed MHD simulations on the prop-
agation of Alfvén waves in the solar wind. Circularly
polarized monochromatic Alfvén waves have been injected
from the lower boundary into the transonic wind solution.
Simulation results have shows that the injected Alfvén waves
are subject to the parametric decay, exciting outward-
propagating sound waves and inward-propagating Alfvén
waves. The compressive fluctuations grow most rapidly at a
certain position in the simulation domain. To estimate the
most unstable position, we analyzed the local dispersion
relation for the parametric decay instability with the WKB
approximation. We computed the effective amplification
factor with the variation of the local growth rate due to the
background bulk velocity, which is in good agreement with
the simulation results.
[32] In the present study we have adopted a simplified

model in which circularly polarized monochromatic Alfvén
waves propagate in the radially expanding transonic flow in
a one-dimensional system. However, the present result gives

Figure 5. The plot of the amplification factor A(r, k)
defined by Equation (10) for (a) Run A, (b) Run B, and
(c) Run C. The solid lines indicate the contour line for A =
21 which corresponds to the amplitude of the compressive
fluctuations seen in Figure 2a.

A10110 TANAKA ET AL.: PARAMETRIC DECAY OF ALFVÉN WAVES
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a quantitative description of nonlinear evolution of Alfvén
waves in the solar wind. Better understanding on the
propagation of Alfvén waves in the solar wind would
contribute the space weather modeling research in associ-
ated with the acceleration and heating processes of the solar
wind. For a more realistic description of Alfvén waves
propagation in the solar wind, we need to introduce a
realistic energy equation and multidimensional effects.
These are left as future works.
[33] Kinetic effects are also important. They can change

the growth rate of unstable modes [Gomberoff, 2000;
Gomberoff et al., 2001], which would modify the location
and wave number of the most rapidly growing compressive
mode. Even with the damping effects of ion acoustic waves,
however, we think that the decay instability can occur and
that the compressive mode can grow at a certain position as
discussed above. Full kinetic effects for parametric decay
instability are important issues.
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Nonlinear force-free modeling of the solar coronal

magnetic field
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[1] The coronal magnetic field is an important quantity because the magnetic field
dominates the structure of the solar corona. Unfortunately, direct measurements of coronal
magnetic fields are usually not available. The photospheric magnetic field is
measured routinely with vector magnetographs. These photospheric measurements are
extrapolated into the solar corona. The extrapolated coronal magnetic field depends on
assumptions regarding the coronal plasma, for example, force-freeness. Force-free
means that all nonmagnetic forces like pressure gradients and gravity are neglected. This
approach is well justified in the solar corona owing to the low plasma beta. One has
to take care, however, about ambiguities, noise and nonmagnetic forces in the
photosphere, where the magnetic field vector is measured. Here we review
different numerical methods for a nonlinear force-free coronal magnetic field
extrapolation: Grad-Rubin codes, upward integration method, MHD relaxation,
optimization, and the boundary element approach. We briefly discuss the main features of
the different methods and concentrate mainly on recently developed new codes.

Citation: Wiegelmann, T. (2008), Nonlinear force-free modeling of the solar coronal magnetic field, J. Geophys. Res., 113, A03S02,

doi:10.1029/2007JA012432.

1. Introduction

1.1. How to Obtain the Coronal Magnetic Field?

[2] Information regarding the coronal magnetic field is
important for space weather application like the onset of
flares and coronal mass ejections (CMEs). Unfortunately,
we usually cannot measure the coronal magnetic field
directly, although recently some progress has been made
[see, e.g., Judge, 1998; Solanki et al., 2003; Lin et al.,
2004]. Because of the optically thin coronal plasma, direct
measurements of the coronal magnetic field have a line-of-
sight integrated character and to derive the accurate 3D
structure of the coronal magnetic field a vector tomographic
inversion is required. Corresponding feasibility studies
based on coronal Zeeman and Hanle effect measurements
have recently been done by Kramar et al. [2006] and
Kramar and Inhester [2006]. These direct measurements
are only available for a few individual cases and usually one
has to extrapolate the coronal magnetic field from photo-
spheric magnetic measurements. To do so, one has to make
assumptions regarding the coronal plasma. It is helpful that
the low solar corona is strongly dominated by the coronal
magnetic field and the magnetic pressure is orders of
magnitude higher than the plasma pressure. The quotient
of plasma pressure p and magnetic pressure, B2/(2 m0) is
small compared to unity (b = 2 m0 p/B

21). In lowest-order

nonmagnetic forces like pressure gradient and gravity can
be neglected which leads to the force-free assumption.
Force-free fields are characterized by the equations

j� B ¼ 0; ð1Þ

r � B ¼ m0j; ð2Þ

r 	 B ¼ 0; ð3Þ

where B is the magnetic field, j the electric current density
and m0 the permeability of vacuum. Equation (1) implies
that for force-free fields the current density and the
magnetic field are parallel, i.e.,

m0j ¼ aB; ð4Þ

or by replacing j with equation (2),

r� B ¼ aB; ð5Þ

where a is called the force-free function. To get some
insights in the structure of the space-dependent function a,
we take the divergence of equation (4) and make use of
equations (2) and (3),

B 	 ra ¼ 0; ð6Þ

which tells us that the force-free function a is constant on
every field line, but will usually change from one field line
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to another. This generic case is called nonlinear force-free
approach.
[3] Popular simplifications are a = 0 (current free potential

fields [see, e.g., Schmidt, 1964; Semel, 1967; Schatten et al.,
1969; Sakurai, 1982]) and a = constant (linear force-free
approach [see, e.g., Nakagawa and Raadu, 1972; Chiu and
Hilton, 1977; Seehafer, 1978; Alissandrakis, 1981; Seehafer,
1982; Semel, 1988]). These simplified models have been in
particular popular owing to their relative mathematical sim-
plicity and because only line-of-sight photospheric magnetic
field measurements are required. Linear force-free fields still
contain one free global parameter a, which can be derived by
comparing coronal images with projections of magnetic
field lines [e.g., Carcedo et al., 2003]. It is also possible
to derive an averaged value of a from transverse photo-
spheric magnetic field measurements [e.g., Pevtsov et al.,
1994;Wheatland, 1999; Leka and Skumanich, 1999]. Despite
the popularity and frequent use of these simplified models in
the past, there are several limitations in these models (see
below) which ask for considering the more sophisticated
nonlinear force-free approach.
[4] Our aim is to review recent developments of the

extrapolation of nonlinear force-free fields (NLFFF). For
earlier reviews on force-free fields we refer to Sakurai
[1989], Aly [1989], Amari et al. [1997], McClymont et al.
[1997], and chapter 5 of Aschwanden [2005]. Here we will
concentrate mainly on new developments which took place
after these earlier reviews. Our main emphasis is to study
methods which extrapolate the coronal magnetic field from
photospheric vector magnetograms. Several vector magne-
tographs are currently operating or planed for the nearest
future, for example, ground based: the solar flare telescope/
NAOJ [Sakurai et al., 1995], the imaging vector magneto-
graph/MEES Observatory [Mickey et al., 1996], Big Bear
Solar Observatory, Infrared Polarimeter VTT, SOLIS/NSO
[Henney et al., 2006] and space born: Hinode/SOT
[Shimizu, 2004], SDO/HMI [Borrero et al., 2006]. Measure-
ments from these vector magnetograms will provide us
eventually with the magnetic field vector on the photo-
sphere, say Bz0 for the normal and Bx0 and By0 for the
transverse field. Deriving these quantities from the measure-
ments is an involved physical process, which includes
measurements based on the Zeeman and Hanle effect, the
inversion of Stokes profiles [e.g., LaBonte et al., 1999] and
removing the 180 ambiguity [e.g., Metcalf, 1994; Metcalf et
al., 2006] of the horizontal magnetic field component.
Special care has to be taken for vector magnetograph
measurements which are not close to the solar disk, when
the line-of-sight and normal magnetic field component are
far apart [e.g., Gary and Hagyard, 1990]. For the purpose of
this paper we do not address the observational methods and
recent developments and problems related to deriving the
photospheric magnetic field vector. We rather will concen-
trate on how to use the photospheric Bx0, By0 and Bz0 to
derive the coronal magnetic field.
[5] The transverse photospheric magnetic field (Bx0, By0)

can be used to approximate the normal electric current
distribution by

m0 jz0 ¼
@By0

@x
� @Bx0

@y
; ð7Þ

and from this one gets the distribution of a on the
photosphere by

aðx; yÞ ¼ m0

jz0

Bz0

: ð8Þ

[6] By using equation (8) one has to keep in mind that
rather large uncertainties in the transverse field component
and numerical derivations used in (7) can cumulate in
significant errors for the current density. The problem
becomes even more severe by using (8) to compute a in
regions with a low normal magnetic field strength Bz0.
Special care has to be taken at photospheric polarity
inversion lines, i.e., lines along which Bz0 = 0 [see, e.g.,
Cuperman et al., 1991]. The nonlinear force-free coronal
magnetic field extrapolation is a boundary value problem.
As we will see later some of the NLFFF codes make use of
(8) to specify the boundary conditions while other methods
use the photospheric magnetic field vector more directly to
extrapolate the field into the corona.
[7] Pure mathematical investigations of the nonlinear

force-free equations [see, e.g., Aly, 1984; Boulmezaoud
and Amari, 2000; Aly, 2005] and modeling approaches
not based on vector magnetograms are important and
occasionally mentioned in this paper. A detailed review of
these topics is well outside the scope of this paper, however.
Some of the model approaches not based on vector mag-
netograms are occasionally used to test the nonlinear force-
free extrapolation codes described here.

1.2. Why Do We Need Nonlinear Force-Free Fields?

[8] 1. A comparison of global potential magnetic field
models with TRACE images by Schrijver et al. [2005]
revealed that significant nonpotentially occurs regularly in
active regions, in particular when new flux has emerged in
or close to the regions.
[9] 2. Usually a changes in space, even inside one active

region. This can be seen, if we try to fit for the optimal linear
force-free parameter a by comparing field lines with coronal
plasma structures. An example is given by Wiegelmann and
Neukirch [2002] where stereoscopic reconstructed loops by
Aschwanden et al. [1999] have been compared with a linear
force-free field model. The optimal value of a changes even
sign within the investigated active regions, which is a
contradiction to the a = constant linear force-free approach
(see Figure 1).
[10] 3. Photospheric a distributions derived from vector

magnetic field measurements by equation (8) show as well
that a usually changes within an active region [see, e.g.,
Régnier et al., 2002].
[11] 4. Potential and linear force-free fields are too simple

to estimate the free magnetic energy and magnetic topology
accurately. The magnetic energy of linear force-free fields is
unbounded in a halfspace [Seehafer, 1978] which makes
this approach unsuitable for energy approximations of the
coronal magnetic field. Potential fields have a minimum
energy for an observed line-of-sight photospheric magnetic
field. An estimate of the excess of energy a configuration
has above that of a potential field is an important quantity
which might help to understand the onset of flares and
coronal mass ejections.
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[12] 5. A direct comparison of measured fields in a newly
developed active region by Solanki et al. [2003] with
extrapolations from the photosphere with a potential, linear
and nonlinear force-free model by Wiegelmann et al.
[2005b] showed that nonlinear fields are more accurate than

simpler models. Figure 2 shows some selected magnetic
field lines for the original measured field and extrapolations
from the photosphere with the help of a potential, linear and
nonlinear force-free model.

Figure 1. Linear force–free field model for NOAA 7986 with the best fit for a. (top) A group of loops
with a = 2.5 and (bottom) another group of loops with a = �2.0. The different optimal values of the
linear force-free parameter within one active region are a contradiction to the linear assumption (a
constant) and tell us that a consistent modeling of this active regions requires nonlinear force-free
approach. (This figure was originally published as Wiegelmann and Neukirch’s [2002] Figure 7). Used
with permission of Springer.).
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[13] These points tell us that nonlinear force-free model-
ing is required for an accurate reconstruction of the coronal
magnetic field. Simpler models have been used frequently
in the past. Global potential fields provide some information
of the coronal magnetic field structure already, for example,
the location of coronal holes. The generic case of force-free
coronal magnetic field models are nonlinear force-free
fields, however. Under generic we understand that a can
(and usually will) change in space, but this approach also
includes the special cases a = constant and a = 0. Some
active regions just happen to be more potential (or linear
force-free) and if this is the case they can be described with
simpler models. Linear force-free models might provide a
rough estimate of the true 3D magnetic field structure if the
nonlinearity is weak. The use of simpler models was often
justified owing to limited observational data, in particular if
only the line-of-sight photospheric magnetic field has been
measured.
[14] While the assumption of nonlinear force-free fields is

well accepted for the coronal magnetic fields in active
regions, this is not true for the photosphere. The photo-
spheric plasma is a finite b plasma and nonmagnetic forces
like pressure gradient and gravity cannot be neglected here.
As a result electric currents have a component perpendicular
to the magnetic field, which contradicts the force-free

assumption. We will discuss later how these difficulties
can be overcome.

2. Nonlinear Force-Free Codes

[15] Different methods have been proposed to extrapolate
nonlinear force-free fields from photospheric vector mag-
netic field measurements. (1) The Grad-Rubin method was
proposed for fusion plasmas by Grad and Rubin [1958] and
first applied to coronal magnetic fields by Sakurai [1981].
(2) The upward integration method was proposed by
Nakagawa [1974] and encoded by Wu et al. [1985].
(3) The MHD relaxation method was proposed for general
MHD equilibria by Chodura and Schlueter [1981] and
applied to force-free coronal magnetic fields by Mikic and
McClymont [1994]. (4) The optimization approach was
developed by Wheatland et al. [2000]. (5) The boundary
element (or Greens function like) method was developed
by Yan and Sakurai [2000].

2.1. Grad-Rubin Method

[16] The Grad-Rubin method reformulates the nonlinear
force-free equations in such a way, that one has to solve a
well posed boundary value problem. This makes this
approach also interesting for a mathematical investigation
of the structure of the nonlinear force-free equations. Bineau

Figure 2. Magnetic field structure of the newly developed active region NOAA 9451. Direct
measurements of the field have been compared with potential, linear, and nonlinear force-free models.
Best agreement has been found for the nonlinear model. (This figure was originally published as part of
Wiegelmann et al.’s [2005b] Figure 1. Used with permission of Astronomy and Astrophysics).
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[1972] demonstrated that the used boundary conditions
(vertical magnetic field on the photosphere and a distribu-
tion at one polarity) ensure, at least for small values of a
and weak nonlinearities the existence of a unique nonlinear
force-free solution. A detailed analysis of the mathematical
problem of existence and uniqueness of nonlinear force-free
fields is outside the scope of this review and is given, for
example, by Amari et al. [1997, 2006].
[17] The method first computes a potential field, which

can be obtained from the observed line-of-sight photospher-
ic magnetic field (say Bz in Cartesian geometry) by different
methods, for example, a Greens function method as de-
scribed by Aly [1989]. It is also popular to use linear force-
free solvers, for example, as implemented by Seehafer
[1978] and Alissandrakis [1981] with the linear force-free
parameter a = 0 to compute the initial potential field. The
transverse component of the measured magnetic field is
then used to compute the distribution of a on the photo-
sphere by equation (8). While a is described this way on the
entire photosphere, for both polarities, a well posed bound-
ary value problem requires that the a distribution becomes
only described for one polarity. The basic idea is to
iteratively calculate a for a given B field from (6), then
calculate the current via (4) and finally update B from the
Biot-Savart problem (5). These processes are repeated until
the full current as prescribed by the a distribution has been
injected into the magnetic field and the updated magnetic
field configuration becomes stationary in the sense that
eventually the recalculation of the magnetic field with
Amperes law does not change the configuration anymore.
To our knowledge the Grad-Rubin approach has been first
implemented by Sakurai [1981]. Here a has been prescribed
on several nodal points along a number of magnetic field
lines of the initial potential field. The method used a finite-
element-like discretization of current tubes associated with
magnetic field lines. Each current tube was divided into
elementary current tubes of cylindrical shape. The magnetic
field is updated with Ampere’s law using a superposition of
the elementary current tubes. The method was limited by
the number of current-carrying field lines, nodal points and
the corresponding number of nonlinear equations (N9) to
solve with the available computer resources more than a
quarter century ago.
[18] Computer resources have increased rapidly since the

first NLFFF implementation by Sakurai [1981] and about a
decade ago the Grad-Rubin method has been implemented
on a finite difference grid by Amari et al. [1997, 1999]. This
approach decomposes equations (1)–(3) into a hyperbolic
part for evolving a along the magnetic field lines and an
elliptic one to iterate the updated magnetic field from
Amperes law. For every iteration step k one has to solve
iteratively for

BðkÞ 	 raðkÞ ¼ 0 ð9Þ

aðkÞ jS�¼ a0�; ð10Þ

which evolves a in the volume and

r� Bðkþ1Þ ¼ aðkÞBðkÞ; ð11Þ

r 	 Bðkþ1Þ ¼ 0; ð12Þ

Bðkþ1Þ
z jS�¼ Bz0; ð13Þ

lim
jrj!1

j Bðkþ1Þ j¼ 0; ð14Þ

where a0± corresponds to the photospheric distribution of a
for either on the positive or the negative polarity. The Grad-
Rubin method as described by Amari et al. [1997, 1999] has
been applied to investigate particular active regions by
Bleybel et al. [2002] and a comparison of the extrapolated
field with 2D projections of plasma structures as seen in
Ha, EUV and X ray has been done by Régnier et al. [2002]
and Régnier and Amari [2004]. The code has also been used
to investigate mutual and self helicity in active regions by
Régnier et al. [2005] and to flaring active regions by
Régnier and Canfield [2006].
[19] A similar approach as done by Sakurai [1981] has

been implemented by Wheatland [2004]. The implemented
method computes the magnetic field directly on the numer-
ical grid from Ampere’s law. This is somewhat simpler and
faster as Sakurai’s approach which required solving a large
system of nonlinear equations for this aim. The implemen-
tation by Wheatland [2004] has, in particular, been devel-
oped with the aim of parallelization. The parallelization
approach seems to be effective owing to a limited number of
interprocess communications. This is possible because as
the result of the linearity of Ampere’s law the contributions
of the different current carrying field lines are basically
independent from each other. In the original paper Wheat-
land reported problems for large currents on the field lines.
These problems have been related to an error in current
representation of the code and the corrected code worked
significantly better [see also Schrijver et al., 2006]. The
method has been further developed by Wheatland [2006].
This newest Wheatland-implementation scales with the
number of grid points N 4 for a N 3 volume, rather than N 6

for the earlier [Wheatland, 2004] implementation. The main
new development is a faster implementation of the current-
field iteration. To do so the magnetic field has been
separated into a current-free and a current carrying part at
each iteration step. Both parts are solved using a discrete
Fast Fourier Transformation, which imposes the required
boundary conditions implicitly. The code has been paral-
lelized on shared memory distributions with OpenMP.
[20] Amari et al. [2006] developed two new versions of

their Grad-Rubin code. The first version is a finite differ-
ence method and the code was called ’XTRAPOL.’ This
code prescribe the coronal magnetic field with the help of a
vector potential A. The code has obviously it’s heritage
from the earlier implementation of Amari et al. [1999], but
with several remarkable differences:
[21] 1. The code includes a divergence cleaning routine,

which takes care about r	A = 0. The condition r	A = 0 is
fulfilled with high accuracy in the new code 10�9 compared
to 10�2 in the earlier implementation.
[22] 2. The lateral and top boundaries are more flexible

compared to the earlier implementation and allow a finite Bn
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and non zero a values for one polarity on all boundaries.
This treats the whole boundary (all six faces) as a whole.
[23] 3. The slow current input as reported for the earlier

implementation, which lead to a two level iteration, has
been replaced. Now the whole current is injected at once
and only the inner iteration loop of the earlier code
remained in the new version.
[24] 4. The computation of the a characteristics has been

improved with an adaptive Adams-Bashforth integration
scheme (see Press [2002] for details).
[25] 5. The fixed number of iteration loops have been

replaced by a quantitative convergence criterium.
[26] In the same paper [Amari et al., 2006] introduced

another Grad-Rubin approach based on finite elements,
which they called ’FEMQ’. Different from alternative
implementation this code does not use a vector potential
but iterates the coupled divergence and curl system, which
is solved with the help of a finite element discretization. The
method transforms the nonlinear force-free equations into a
global linear algebraic system.
[27] Inhester and Wiegelmann [2006] implemented a

Grad-Rubin code on a finite element grid with staggered
field components [see Yee, 1966] which uses discrete
Whitney forms [Bossavit, 1988]. Whitney forms allow to
transform standard vector analysis (as the differential oper-
ators gradient, curl and divergence) consistently into the
discrete space used for numerical computations. Whitney
forms contain four types of finite elements (form 0–3).
They can be considered as a discrete approximation of
differential forms. The finite element base may consist of
polynomials of any order. In its simplest form, the 0-forms
have as parameters the function values at the vertices of the
cells and are linearly interpolated within each cell. The 1-
forms are a discrete representation of a vector field defined
on the cell edges. The 2-forms are defined as the field
component normal to the surfaces of the cells. The 3-forms
are finite volume elements for a scalar function approxima-
tion, which represents the average of a scalar over the entire
cell. The 4-forms are related to each other by GRAD (0 to 1
form), CURL (1 to 2 form) and DIV (2 to 3 form). As for
continuous differential forms, double differentiation (CURL
of GRAD, DIVof CURL) give exactly zero, independent of
the numerical precision. A dual grid, shifted by half a grid
size in each axis, was introduced in order to allow for
Laplacians. Whitney forms on the dual grid are related to
forms on the primary grid in a consistent way.
[28] The Grad-Rubin implementation uses a vector po-

tential representation of the magnetic field, where the vector
potential is updated with a Poisson equation in each
iteration step. The Poisson equation is effectively solved
with the help of a multigrid solver. The main computing
time is spend to distribute a along the field lines with (6).
This seems to be a general property of Grad-Rubin imple-
mentations. One can estimate the scaling of (6) by / N4,
where the number of field lines to compute is / N3 and the
length of a field line / N. The Biot-Savart step (5) solved
with FFT or multigrid methods scales only with / N log N.
Empirical tests show that the number of iteration steps until
a stationary state is reached does not depend on the number
of grid points N for Grad-Rubin solvers. We have explained
before, that the Grad-Rubin implementation requires the
prescription of a only for one polarity to have a well posed

mathematical problem. The Inhester and Wiegelmann
[2006] implementation allows these choice of boundary
conditions as a special case. In general one does not need
to make the distinction between (@V)+ and (@V)- in the new
implementation. A well posed mathematical problem is still
ensured, however, in the following way. Each boundary
value of a is attached with a weight. The final version of a
on each field line is then determined by a weighted average
of the a values on both endpoints of a field lines. By this
way the influence of uncertain boundary values, for exam-
ple, on the side walls and imprecise photospheric measure-
ments can be suppressed.

2.2. Upward Integration Method

[29] The basic equations for the upward integration meth-
od (or progressive extension method) have been published
already by Nakagawa [1974] and a corresponding code has
been developed by Wu et al. [1985, 1990a]. The upward
integration method is a straight forward approach to use the
nonlinear force-free equations directly to extrapolate the
photospheric magnetic field into the corona. To do so one
reformulates the force-free equations (1)–(3) in order to
extrapolate the measured photospheric magnetic field vector
into the solar corona.
[30] As a first step the magnetic field vector on the lower

boundary B0(x,y,0) is used to compute the z component of
the electric current m0 jz0 with equation (7) and the photo-
spheric a distribution (say a0) by equation (8). With the
help of equation (4) we calculate the x and y component of
the current density

m0jx0 ¼ a0Bx0 ð15Þ

m0jy0 ¼ a0By0: ð16Þ

[31] We now use equation (3) and the x and y component
of equation (2) to obtain expressions for the z derivatives of
all three magnetic field components in the form

@Bx0

@z
¼ m0jy0 þ

@Bz0

@x
; ð17Þ

@By0

@z
¼ @Bz0

@y
� m0jx0; ð18Þ

@Bz0

@z
¼ � @Bx0

@x
� @By0

@y
: ð19Þ

The idea is to integrate this set of equations numerically
upward in z by repeating the previous steps at each height.
As a result we get in principle the 3D magnetic field vector
in the corona. While this approach is straight forward, easy
to implement and computational fast (no iteration is
required), a serious drawback is that it is unstable. Several
authors [e.g., Cuperman et al., 1990; Amari et al., 1997]
pointed out that the formulation of the force-free equations
in this way is unstable because it is based on an ill-posed
mathematical problem. In particular one finds that expo-
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nential growth of the magnetic field with increasing height
is a typical behavior. What makes this boundary value
problem ill-posed is that the solution does not depend
continuously on the boundary data. Small changes or
inaccuracies in the measured boundary data lead to a
divergent extrapolated field (see Low and Lou [1990] for a
more detailed discussion). As pointed out by Low and Lou
meaningful boundary conditions are required also on the
outer boundaries of the computational domain. It is also
possible to prescribe open boundaries in the sense that the
magnetic field vanishes at infinity. This causes an additional
problem for the upward integration method, because the
method transports information only from the photosphere
upward and does not incorporate boundary information on
other boundaries or at infinity. Attempts have been made to
regularize the method [e.g., Cuperman et al., 1991;
Demoulin and Priest, 1992], but cannot be considered as
fully successful.
[32] Wu et al. [1990b] compared the Grad-Rubin method

in the implementation of Sakurai [1981] with the upward
integration method in the implementation of Wu et al.
[1990a]. (The authors used a somewhat different nomen-
clature: The upward integration method was called ’pro-
gressive extension method’ and the Grad-Rubin method
’iterative method’. That time the term ’iterative method’
was reasonable because Grad-Rubin was the only iterative
approach available, but now, 17 years later, several other
iterative methods are available to compute nonlinear force-
free fields.) The comparison showed qualitatively similar
results for extrapolations from an observed magnetogram,
but quantitatively differences. The NLFFF computations
have been very similar to potential field extrapolations,
however, too. One reason for this behavior was, that the
method of Sakurai [1981] is limited to small values of a
and a ’by eye’ comparison shows that the corresponding
NLFFF field is very close to a potential field configuration.
The field computed with the upward integration method
deteriorated if the height of the extrapolation exceeded a
typical horizontal scale length.
[33] The upward integration method has been recently

reexamined by Song et al. [2006] who developed a new
formulation of this approach. The new implementation uses
smooth continuous functions and the equations are solved in
asymptotic manner iteratively. The original upward integra-
tion equations are reformulated into a set of ordinary
differential equations and uniqueness of the solution seems
to be guaranteed at least locally. While Demoulin and Priest
[1992] stated that ’no further improvement has been
obtained with other types of smoothing functions’ Song et
al. [2006] point out that the transformation of the original
partial differential equations into ordinary ones eliminates
the growing modes in the upward integration method, which
have been reported before by Wu et al. [1990a] and
subsequent papers. The problem that all three components
of the photospheric magnetic field and the photospheric a
distribution has to be prescribed in a consistent way remains
in principle, but some compatibility conditions to compute a
slowly varying a have been provided by Song et al. [2006].
These compatibility conditions are slightly different for real
photospheric observations and tests with smooth boundaries
extracted from semianalytic equilibria. For the latter kind of
problems the new formulation provided reasonable results

with the standard test equilibrium found by Low and Lou
[1990]. The method seems to be also reasonably fast. Of
course, further tests with more sophisticated equilibria and
real data are necessary to evaluate this approach in more
detail.

2.3. MHD Relaxation

[34] MHD relaxation codes [e.g., Chodura and Schlueter,
1981] can be applied to solve nonlinear force-free fields as
well. The idea is to start with a suitable magnetic field
which is not in equilibrium and to relax it into a force-free
state. This is done by using the MHD equations in the
following form:

uv ¼ ðr � BÞ � B; ð20Þ

Eþ v� B ¼ 0; ð21Þ

@B

@t
¼ �r� E; ð22Þ

r 	 B ¼ 0; ð23Þ

where v is a viscosity and E the electric field. As the MHD
relaxation aims for a quasiphysical temporal evolution of
the magnetic field from a nonequilibrium toward a (non-
linear force-free) equilibrium this method is also called
’evolutionary method’ or ’magneto-frictional method’. The
basic idea is that the velocity field in the equation of motion
(21) is reduced during the relaxation process. Ideal Ohm’s
law (22) ensures that the magnetic connectivity remains
unchanged during the relaxation. The artificial viscosity v
plays the role of a relaxation coefficient which can be
chosen in such way that it accelerates the approach to the
equilibrium state. A typical choice is

u ¼ 1

m
j B j2; ð24Þ

with m = constant. Combining equations (20), (21), (22) and
(24) we get an equation for the evolution of the magnetic
field during the relaxation process,

@B

@t
¼ mFMHD; ð25Þ

with

FMHD ¼ r� ½ðr � BÞ � B� � B

B2

� �

: ð26Þ

This equation is then solved numerically starting with a
given initial condition for B, usually a potential field.
Equation (25) ensures that equation (23) is satisfied during
the relaxation if the initial magnetic field satisfies it. (As we
will see below the ’optimization’ approach leads to a similar
iteration equations for the magnetic field, but a different
artificial driving force F.) The difficulty with this method is
that it cannot be guaranteed that for given boundary
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conditions and initial magnetic field (i.e., given connectiv-
ity), a smooth force-free equilibrium exists to which the
system can relax. If such a smooth equilibrium does not
exist the formation of current sheets is to be expected which
will lead to numerical difficulties. Therefore care has to be
taken when choosing an initial magnetic field.
[35] Yang et al. [1986] developed a magneto frictional

method which represent the magnetic field with the help of
Euler (or Clebsch) potentials.

B ¼ rg �rh; ð27Þ

where the potentials g and h are scalar functions. The
general method has been developed for three dimensional
fields and iterative equations for g(x, y, z) and h(x, y, z) have
been derived. The Clebsch representation automatically
ensures r	B = 0. The method has been explicitly tested in
the paper by [Yang et al., 1986] with the help of an
equilibrium with one invariant coordinate. In principle it
should be possible to use this representation for the
extrapolation of nonlinear force-free fields, but we are not
aware of a corresponding implementation. On the basis of
the discussion by Yang et al. [1986] a difficulty seems to be
that one needs to specify boundary conditions for the
potentials, rather than for the magnetic fields. It seems in
particular to be difficult to find boundaries conditions for
potentials which correspond to the transverse component of
the photospheric magnetic field vector. One problem is that
boundary conditions for g and h prescribe the connectivity.
Every field line can be labeled by its (g,h) values. Hence
boundary values for g and h establish foot point relations
although the field is not known yet.
[36] The MHD relaxation (or evolutionary) method has

been implemented by Mikic and McClymont [1994] and
McClymont et al. [1997] on the basis of the time-dependent
MHD code by Mikic et al. [1988]. The code uses a
nonuniform mesh and the region of interested is embedded
in a large computational domain to reduce the influence of
the lateral boundaries. The method has been applied to
extrapolate the magnetic field above an active region by
Jiao et al. [1997]. The computations have been carried out
with a resolution of the order of 1003 points. A supercom-
puter was required for these computations that time (10 years
ago), but because of the rapid increase of computer speed and
memory within the last decade this restriction is very prob-
ably not valid anymore.
[37] Roumeliotis [1996] developed the so-called stress

and relax method. In this approach the initial potential field
becomes disturbed by the observed transverse field compo-
nent on the photosphere. The boundary conditions are
replaced in subsequently in several small steps and always
relaxed with a similar MHD relaxation scheme as de-
scribed above toward a force-free equilibrium. The code by
Roumeliotis [1996] has implemented a function w(x,y)
which allows to give a lower weight to regions where the
transverse photospheric field has been measured with lower
accuracy. Additional to the iterative equations as discussed
above, the method includes a resistivity h (or diffusivity) by
adding a term h j on the right hand site of Ohms law (21).
This relaxes somewhat the topological constrains of ideal
MHD relaxation, because a finite resistivity allows a kind of

artificial reconnection and corresponding changes of the
initial potential field topology. The method has been tested
with a force-free equilibrium found by Klimchuk and
Sturrock [1992] and applied to an active region measured
with the MSFC vector-magnetograph.
[38] The stress and relax method has been revisited by

Valori et al. [2005]. Different from the earlier implementa-
tion by Roumeliotis [1996] the new implementation uses
directly the magnetic field, rather than the vector potential
in order to keep errors from taking numerical deviations
from noisy magnetograms minimal. The solenoidal condi-
tion is controlled by a diffusive approach by Dedner et al.
[2002] which removes effectively a numerically created
finite divergence of the relaxed magnetic field. The new
implementation uses a single stress step, rather than the
multiple small stress used by Roumeliotis [1996] to speed
up the computation. The single step stress and relax method
is connected with a suitable control of artificial plasma
flows by the Courant criterium. The authors reported that a
multistep and single-step implementation do not reveal
significant differences. The numerical implementation is
based on the time-dependent full MHD code ’AMRVAC’
by Keppens et al. [2003]. Valori et al. [2005] tested their
nonlinear force-free implementation with a numerically
constructed nonlinear force-free twisted loop computed by
Török and Kliem [2003].

2.4. Optimization Approach

[39] The optimization approach has been developed by
Wheatland et al. [2000]. The solution is found by minimiz-
ing the functional

L ¼
Z

V

½B�2 j ðr � BÞ � B j2 þ j r 	 B j2�d3V : ð28Þ

Obviously, L is bound from below by 0. This bound is
attained if the magnetic field satisfies the force-free
equations (1)–(3).
[40] By taking the functional derivatives with respect to

some iteration parameter t we get

) 1

2

dL

dt
¼ �

Z

V

@B

@t
	 ~Fd3x�

Z

S

@B

@t
	 ~Gd2x; ð29Þ

with

F ¼ r� ½ðr � BÞ � B� � B

B2

� �

þ �r� ððr 	 BÞBÞ � B

B2

� ��

� W� ðr� BÞ � rðW 	 BÞ þ Wðr 	 BÞ þ W2Bg ð30Þ

W ¼ B�2½ðr � BÞ � B� ðr 	 BÞB�: ð31Þ

The surface term vanishes if the magnetic field vector is
kept constant on the surface, for example, prescribed from
photospheric measurements. In this case L decreases
monotonically if the magnetic field is iterated by

@B

@t
¼ mF: ð32Þ
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[41] Let us remark that FMHS as defined in equation (26)
and used for MHD relaxation is identical with the first term
on the right-hand-side of equation (30), but equation (30)
contains additional terms.
[42] For this method the vector field B is not necessarily

solenoidal during the computation, but will be divergence-
free if the optimal state with L = 0 is reached. A disadvan-
tage of the method is that it cannot be guaranteed that this
optimal state is indeed reached for a given initial field and
boundary conditions. If this is not the case then the resulting
B will either be not force-free or not solenoidal or both.
[43] McTiernan has implemented the optimization ap-

proach basically as described by Wheatland et al. [2000]
in IDL (see Schrijver et al. [2006] for a brief description of
the McTiernan implementation). This code allows the use of
a nonuniform computational grid. In a code intercomparison
by Schrijver et al. [2006] the IDL optimization code by
McTiernan was about a factor of 50 slower compared to an
implementation in parallelized C by Wiegelmann [2004]. To
our knowledge McTiernan has translated his IDL code into
FORTRAN in the meantime for faster computation (J. M.
McTiernan, personal communication on the NLFFF work-
shop Palo Alto, June 2006 [see also Metcalf et al., 2007]).
[44] Several tests have been performed with the optimi-

zation approach of Wiegelmann and Neukirch [2003]. It has
been investigated how the unknown lateral and top bound-
ary influence the solution. The original optimization ap-
proach by Wheatland et al. [2000] has been extended
toward more flexible boundary conditions, which allow
@B
@t 6¼ 0 on the lateral and top boundaries. This has been
made with the help of the surface integral term in (29) and
led to an additional term @B

@t ¼ mG on the boundaries. This
approached improved the performance of the code for cases
where only the bottom boundary was prescribed. No im-
provement was found for a slow multistep replacement of
the boundary and this possibility has been abandoned in
favor of a single step method. It has been also investigated
how noise influences the optimization code and this study
revealed that noise in the vector magnetograms leads to less
accurate nonlinear force-free fields.
[45] Wiegelmann [2004] has reformulated the optimiza-

tion principle by introducing weighting functions One
defines the functional

L ¼
Z

V

½wB�2 j ðr � BÞ � B j2 þw j r 	 B j2�d3x; ð33Þ

where w(x, y, z) is a weighting function. It is obvious that (for
w > 0) the force-free equations (1–3) are fulfilled when L
is equal zero. Minimization of the functional (34) lead to

@B

@t
¼ m~F; ð34Þ

~F ¼ wFþ ðWa � BÞ � rwþ ðWb 	 BÞrw; ð35Þ

Wa ¼ B�2½ðr � BÞ � B�; ð36Þ

Wb ¼ B�2½ðr 	 BÞB�; ð37Þ

with F as defined in (30). With w(x, y, z) = 1 this approach
reduces to the Wheatland et al. [2000] method as described
above. The weighting function is useful if only the bottom
boundary data are known. In this case we a buffer boundary
of several grid points toward the lateral and top boundary of
the computational box is introduced. The weighting
function is chosen constant in the inner, physical domain
and drop to 0 with a cosine profile in the buffer boundary
toward the lateral and top boundary of the computational
box. In the work of Schrijver et al. [2006] some tests have
been made with different weighting functions for the force-
free and solenoidal part of the functional (34), but the best
results have been obtained if both terms got the same
weight. The computational implementation involves the
following steps.
[46] 1. Compute start equilibrium (e.g., a potential field)

in the computational box.
[47] 2. Replace the bottom boundary with the vector

magnetogram.
[48] 3. Minimize the functional (33) with the help of

equation (34). The continuous form of (34) guaranties a
monotonically decreasing L. This is as well ensured in the
discretized form if the iteration step dt is sufficiently small.
The code checks if L(t+dt) < L(t) after each time step. If the
condition is not fulfilled, the iteration step is repeated with
dt reduced by a factor of 2. After each successful iteration
step we increase dt slowly by a factor of 1.01 to allow the
time step to become as large as possible with respect to the
stability condition.
[49] 4. The iteration stops if L becomes stationary. Sta-

tionarity is assumed if @L
@t =L < 1.0 10�4 for 100 consecutive

iteration steps.
[50] The program has been tested with the semianalytic

nonlinear force-free configuration of Low and Lou [1990]
and Titov and Démoulin [1999] by Wiegelmann et al.
[2006a]. The code has been applied to extrapolate the
coronal magnetic field in active regions by Wiegelmann et
al. [2005b, 2005a].
[51] A finite element optimization approach has been

implemented by Inhester and Wiegelmann [2006] using
the Whitney elements as for the Grad-Rubin code (which
has been described above). The optimization method uses
exactly the same staggered finite element grid as described
above, which is different from the finite difference grids
used in the earlier implementations by Wheatland et al.
[2000], Wiegelmann and Neukirch [2003], and Wiegelmann
[2004]. Another difference is that earlier implementations
discretized the analytical derivative of the functional L (28),
while the new code takes the numerical more consistent
derivative of the discretized function L. All other imple-
mentations used a simple Landweber scheme for updating
the magnetic field, which is replaced here by an unprecon-
ditioned conjugate gradient iteration, which at every time
step performs an exact line search to the minimum of L in
the current search direction and additional selects an im-
prove search direction instead of the gradient of the func-
tional L. To do so the Hessian matrix of the functional L is
computed during every iteration step. An effective compu-
tation of the Hessian matrix is possible, because the refor-
mulated function L(s) is a fourth-order polynomial in B and
all five polynomial coefficients can be computed in one go.
The code has been tested by Low and Lou [1990] and the
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result of twisted loop computations of the Grad-Rubin
implementation on the same grid.
[52] The optimization code in the implementation of

Wiegelmann [2004] has recently been extended toward
using a multiscale implementation. The main difference
from the original code are [see also Metcalf et al., 2007]
as follows. (1) The method is not full multigrid, but
computes the solution on different grids only once, for
example, something like 503, 1003, 2003. (2) The main idea
is to get a better (than potential field) start equilibrium on
the full resolution box. (3) Solution of smaller grids are
interpolated onto larger grids as initial state for the magnetic
field in the computational domain of the next larger box.
The multiscale implementation has been tested as part of a
code-intercomparison test by Metcalf et al. [2007] with
the help of solar-like reference model computed by van
Ballegooijen [2004] and van Ballegooijen et al. [2007].
[53] The optimization approach has recently been imple-

mented in spherical geometry by Wiegelmann [2007] and
tested by Low and Lou [1990]. The original longitudinal
symmetric Low and Lou solution has been shifted by 1/4 of
a solar radius to test the code without any symmetry with
respect to the Suns surface. The numerical implementation
is very similar as the Cartesian implementation described by
Wiegelmann [2004]. The spherical implementation con-
verged fast for low-latitude regions, but the computing time
increased significantly if polar regions have been included.
It has been suggested to implement the code on a so called
’Yin and Yang’ grid as developed by Kageyama and Sato
[2004] to reduce the computing time. The ’Yin and Yang’
grid is suitable for massive parallelization, which is neces-
sary for full-sphere high-resolution NLFFF computations.

2.5. Boundary Element or Greens-Function-Like
Method

[54] The boundary integral method has been developed
by Yan and Sakurai [2000]. The method relates the mea-
sured boundary values with the nonlinear force-free field in
the entire volume by

ciBi ¼
I

S

�Y
@B

@n
� @ �Y

@n
B0

� �

dS; ð38Þ

where ci = 1 for points in the volume and ci = 1/2 for
boundary points and B0 is the measured vector magnetic
field on the photosphere. The auxiliary vector function is
defined as

�Y ¼ diag
cosðlxrÞ
4pr

;
cosðlyrÞ
4pr

;
cosðlzrÞ
4pr

� �

; ð39Þ

and the li, (i = x, y, z) are computed in the original approach
by Yan and Sakurai [2000] with integrals over the whole
volume, which define the li implicitly,

Z

V

Yi½l2
i Bi � a2Bi � ðra� BiÞ�dV ¼ 0: ð40Þ

This volume integration, which has to be carried out for
every point in the volume is certainly very time consuming
(a sixth-order process). The li have the same dimension as

the magnetic field. The existence of the li has been
confirmed for the semianalytic field of Low and Lou [1990]
by Li et al. [2004]. While the work of Li et al. [2004]
showed that one can find the auxiliary function �Y for a
given force-free field in 3D, the difficulty is that �Y is a
priori unknown if only the photospheric magnetic field
vector is given. Yan and Sakurai [2000] proposed an
iterative scheme to compute the auxiliary functions and the
nonlinear force-free magnetic field self-consistently. They
use the approximate solution k on the right-hand side of
equation (38) to compute a better solution k + 1 by

ciB
ðkþ1Þ
i ¼

I

S

�YðkÞ @B
ðkÞ

@n
� @ �YðkÞ

@n
B0

� �

dS; ð41Þ

where the initial guess for the magnetic field in the volume
is B = 0 and also the initial @ �Y

@n ¼ 0. In principle it would be
also possible to compute a potential field first and derive the
auxiliary functions for this field as done by Li et al. [2004]
and iterate subsequently for the nonlinear force-free fields
and the associated auxiliary functions with equation (41).
This possibility has not been tried out to our knowledge
until now, however. The method iterates the magnetic field
until B and @B

@n converge. In an inter code comparison by
Schrijver et al. [2006] one iteration step of (41) took about
80 hours for this method and only this one step was carried
out without further iteration. This seems, however, not to be
sufficient to derive an accurate nonlinear force-free solution.
The method has been applied for the comparison with soft
X-ray loops observed with YOHKOH byWang et al. [2000]
and Liu et al. [2002] and to model a magnetic flux robe by
Yan et al. [2001a, 2001b].
[55] In a new implementation of the boundary element

method by Yan and Li [2006] the auxiliary functions are
computed iteratively with the help of a simplex method.
This avoids the numerical expensive computation of the
volume integral (40). The boundary element method is still
rather slow if a magnetic field has to be computed in an
entire 3D domain. Different from other method, it allows,
however, to evaluate the NLFFF field at every arbitrary
point within the domain from the boundary data, without the
requirement to compute the field in an entire domain. This
is in particular useful if one is interested to compute the
NLFFF field only along a given loop.
[56] He and Wang [2006] investigated the validity of the

boundary integral representation for a spherical implemen-
tation. The method has been tested with the longitudinal
invariant [Low and Lou, 1990] solution. The spherical
implementation method of this method revealed reasonable
results for smooth modestly nonlinear fields, but a poor
convergence for complex magnetic field structures and large
values of a.

3. How to Deal With Non-Force-Free Boundaries
and Noise?

[57] Given arbitrary boundary conditions of the magnetic
field vector on the photosphere, the solution to the force-
free equations in 3D may not exist. Nonlinear force-free
coronal magnetic field models assume, however, that the
solution exists. It is certainly possible and necessary to

A03S02 WIEGELMANN: CORONAL MAGNETIC FIELDS

10 of 19

A03S02



check after or during the computation if a solution has been
found. In the following we will discuss what we can do if
the measured photospheric data are incompatible with the
assumption of a force-free coronal magnetic field.

3.1. Consistency Check of Vector Magnetograms

[58] We reexamine some necessary conditions with the
photospheric field (or bottom boundary of a computational
box). These conditions have to be fulfilled in order to be
suitable boundary conditions for a nonlinear force-free
coronal magnetic field extrapolation. An a priori assumption
about the photospheric data is that the magnetic flux from
the photosphere is sufficiently distant from the lateral
boundaries of the observational domain and the net flux is
in balance, i.e.,

Z

S

Bzðx; y; 0Þdxdy ¼ 0: ð42Þ

Molodensky [1969, 1974], Aly [1989], and Sakurai [1989]
used the viral theorem to define which conditions a vector
magnetogram has to fulfill to be consistent with the
assumption of a force-free field in the corona above the
boundary. These conditions are as follows.
[59] 1. The total force on the boundary vanishes

Z

S

Bx Bzdxdy ¼
Z

S

By Bzdxdy ¼ 0 ð43Þ

Z

S

ðB2
x þ B2

yÞdxdy ¼
Z

S

B2
z dxdy: ð44Þ

[60] 2. The total torque on the boundary vanishes

Z

S

xðB2
x þ B2

yÞdxdy ¼
Z

S

xB2
z dxdy; ð45Þ

Z

S

yðB2
x þ B2

yÞdxdy ¼
Z

S

yB2
z dxdy; ð46Þ

Z

S

yBxBzdxdy ¼
Z

S

xByBzdxdy: ð47Þ

[61] In an earlier review, Aly [1989] has mentioned
already that the magnetic field is probably not force-free
in the photosphere, where B is measured because the plasma
b in the photosphere is of the order of 1 and pressure and
gravity forces are not negligible. The integral relations
(43)–(47) are not satisfied in this case in the photosphere
and the measured photospheric field is not a suitable
boundary condition for a force-free extrapolation. Metcalf
et al. [1995] concluded that the solar magnetic field is not
force-free in the photosphere, but becomes force-free only
at about 400 km above the photosphere. Gary [2001]
pointed out that care has to be taken when extrapolating
the coronal magnetic field as a force-free field from photo-
spheric measurements, because the force-free low corona is
sandwiched between two regions (photosphere and higher

corona) with a plasma b � 1, where the force-free assump-
tion might break down. An additional problem is that
measurements of the photospheric magnetic vector field
contain inconsistencies and noise. In particular the trans-
verse components (say Bx and By) of current vector mag-
netographs include uncertainties.
[62] The force-free field in a domain requires the Max-

well stress (43)–(47) to sum to zero over the boundary. If
these conditions are not fulfilled a force-free field cannot be
found in the volume. A faithful algorithm should therefore
have the capability of rejecting a prescription of the vector
field at the boundary that fails to produce zero net Maxwell
stress. A simple way to incorporate these conditions would
be to evaluate the integrals (43)–(47) within or prior to the
NLFFF computation and to refuse the vector field if the
conditions are not fulfilled with sufficient accuracy. Current
codes do run, however, although if feeded with inconsistent
boundary data, but they certainly cannot find a force-free
solution in this case (because it does not exist). This
property of current codes does, however, not challenge the
trustworthiness of the algorithms, because the force-free and
solenoidal conditions are checked in 3D, for example, with
the help of the functional L as defined in (28). A non zero
value of L (within numerical accuracy) tells the user that a
force-free state has not been reached. In principle it would
be possible that the codes do refuse to output the magnetic
field in this case. For current codes this is not automatically
controlled but responsibility of the user.
[63] Unfortunately current measurements of the magnetic

field vector are only available routinely in the photosphere,
where we have a finite b plasma and nonmagnetic forces
might become important. The force-free compatibility con-
ditions (43)–(47) are not fulfilled in the photosphere, but
they should be fulfilled in the low b chromospheric and
coronal plasma above. The question is if we still can use the
photospheric measurements to find suitable consistent
boundary conditions for a nonlinear force-free modeling.
Such an approach has been called preprocessing of vector
magnetograms.

3.2. Preprocessing

[64] The preprocessing routine has been developed by
Wiegelmann et al. [2006b]. The integral relations (43)–(47)
have been used to define a 2D functional of quadratic forms:

Lprep ¼ m1L1 þ m2L2 þ m3L3 þ m4L4; ð48Þ

where

L1 ¼
X

p

Bx Bz

 !2

þ
X

p

By Bz

 !2

þ
X

p

B2
z � B2

x � B2
y

 !2
2

4

3

5;

ð49Þ

L2 ¼
"
X

p

xðB2
z � B2

x � B2
yÞ

 !2

þ
X

p

yðB2
z � B2

x � B2
yÞ

 !2

þ
X

p

yBx Bz � xBy Bz

 !2#

; ð50Þ
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L3 ¼
X

p

ðBx � BxobsÞ2 þ
X

p

ðBy � ByobsÞ2 þ
X

p

ðBz � BzobsÞ2
" #

;

ð51Þ

L4 ¼
X

p

ðDBxÞ2 þ ðDByÞ2 þ ðDBzÞ2
" #

: ð52Þ

The surface integrals are here replaced by a summation
P

p

over all grid nodes p of the bottom surface grid and the
differentiation in the smoothing term is achieved by the
usual five-point stencil for the 2D-Laplace operator. Each
constraint Ln is weighted by a yet undetermined factor mn.
The first term (n = 1) corresponds to the force-balance
conditions (43)–(44), the next (n = 2) to the torque-free
condition (45)–(47). The following term (n = 3) ensures
that the optimized boundary condition agrees with the
measured photospheric data and the last terms (n = 4)
controls the smoothing. The 2D-Laplace operator is
designated by D. The aim of the preprocessing procedure
is to minimize Lprep so that all terms Ln if possible are made
small simultaneously. A strategy on how to find the optimal
yet undefined parameters mn is described by Wiegelmann et
al. [2006b]. As result of the preprocessing we get a data set
which is consistent with the assumption of a force-free
magnetic field in the corona but also as close as possible to
the measured data within the noise level.

4. Code Testing and Code Comparisons

4.1. Code Testing

[65] Newly developed codes for the extrapolation of
nonlinear force-free fields from boundary data have to be
tested before they are applied to measurements. In principle
any analytical or numerically created solution of the force-
free equations (1)–(3) can be used as a reference case.
One cuts a plane (artificial photosphere, bottom boundary)
out of the 3D reference solution (for the pure task of code
testing it is also acceptable to use all six boundaries of the
reference solution; these kind of data are not available for
real solar cases of course) and uses the above described
extrapolation codes to reconstruct the magnetic field. The
result of this extrapolation is then compared with the
reference to rate the quality of the reconstruction. Unfortu-
nately, it is very hard to find a truly nonlinear 3D solution of
(1)–(3) analytically and very few solutions are known. Low
and Lou [1990] (LL) found a class of solutions which have
become a standard reference for testing NLFFF extrapola-
tion codes. LL found axisymmetric equilibria which are
separable in spherical coordinates. They are self-similar in
the radial coordinate, and the polar angle dependence is
determined from a nonlinear eigenvalue equation. The
symmetry is broken by cutting out a rectangular chunk of
the solution by using a Cartesian coordinate system which is
shifted and rotated with respect to the original coordinate
system in which the LL equilibria are calculated. The
parameters of the LL solutions and the parameters of the
new Cartesian coordinate system allow for a large number
of different situations which can be used for tests. The
original axisymmetric spherical LL solution has also been

used (with and without symmetry breaking by shifting the
origin of the coordinate system) to test spherical NLFFF
programs. To our knowledge all recent implementations of
the described NLFFF approaches have been tested with LL,
either immediately in the original code-describing papers or
in subsequent works, for example, in a blind-algorithm test
within the NLFFF consortium, as described below.
[66] The MHD relaxation method and the optimization

approach have been compared byWiegelmann and Neukirch
[2003]. Both methods have been applied to the Low and Lou
[1990] equilibrium with exactly the same finite difference
grid. The iterative equations for MHD relaxation and
optimization have both the form @B

@t ¼ mF but the structure
of F is more complicated for optimization than for MHD
relaxation. The MHD relaxation term is indeed identical
with the first term of the optimization approach. While
MHD relaxation minimizes only the Lorentz force, the
optimization does additional minimize r 	 B, while a
decreasing magnetic field divergence during MHD relaxa-
tion [as shown by Wiegelmann and Neukirch, 2003] is the
result of numerical diffusion. Despite the numerical over-
head in computing F for the optimization code, optimization
provided more accurate results and faster convergence.
[67] A practical advantage of the MHD approach is that

several time-dependent MHD codes are well known and
established and can be used for the force-free relaxation
discussed here. The inclusion of nonmagnetic forces like
pressure gradients and gravity looks straight forward for the
MHD approach. Other methods are usually developed with
the only task of computing nonlinear force-free coronal
magnetic fields, also a generalization toward magnetohy-
drostatic and stationary MHD equilibria is possible and has
been done for the optimization approach [see Wiegelmann
and Inhester, 2003; Wiegelmann and Neukirch, 2006].
Another advantage of using time-dependent MHD codes
for relaxation is that the computed force-free equilibrium
can be used on the same grid and with the same code as
initial state for time-dependent MHD simulations. One can,
in principle, use the force-free equilibria computed with any
of the described method as initial state for time-dependent
MHD simulation, but having the initial equilibrium state
already directly on the MHD grid might be very handy,
because no further adjustments are needed.

4.2. NLFFF Consortium

[68] Since the year 2004 activities are ongoing to bring
NLFFF modelers together and to compare the different
existing codes. A workshop series has been organized for
this aim by Karel Schrijver and three workshops took place
so far from 2004–2006. The next workshop is planed for
June 2007. As we have been asked to summarize the
workshop results on the CSWM meeting, we give also a
very brief overview in the corresponding special issue paper
here. The main results of the first two workshops have been
published by Schrijver et al. [2006]. In this paper six
different NLFFF implementations (Grad-Rubin codes of
Amari et al. [1999] and Wheatland [2004], MHD relaxation
code of Valori et al. [2005], optimization codes by
McTiernan and by Wiegelmann [2004], boundary element
method by Yan and Sakurai [2000]) have been compared.
The codes have been tested in a blind algorithm test with the
help of the semianalytic equilibrium by Low and Lou [1990]
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in two cases. In case I all six boundaries of a computational
box have been described, and in case II only the bottom
boundary has been described. The comparison of the
extrapolation results with the reference solution has been
done qualitatively by magnetic field line plots (shown here
in Figure 3 for the central region of case II) and quantita-
tively by a number of sophisticated comparison matrices.
All NLFFF fields agreed best with the reference field for the
low-lying central magnetic field region, where the magnetic
field and electric currents are strongest and the influence of
the boundaries lowest. The code converged with speeds that
differed by a factor of one million per iteration steps. (The
codes run on different machines, have been written in
different programming languages and used different com-
pilers. A real test of the exact computing time would
comprise a proper operation count, for example, the number
of fixed point additions and multiplications per iteration
step.) The fastest-converging and best-performing code was
the Wheatland et al. [2000] optimization code as imple-
mented by Wiegelmann [2004]. Recent implementations of
the Grad-Rubin code by Amari et al. [2006] and Inhester
and Wiegelmann [2006] and a new implementation of the
upward integration method by Song et al. [2006] did not
participate in the blind-algorithm intercomparison by
Schrijver et al. [2006], but these three new codes have been
tested by the authors with similar measures and revealed
similar accuracy as the best performing codes in the blind
algorithm test. It seems that the somewhat more flexible
boundary conditions used in the Grad-Rubin approaches of
Amari et al. [2006] and Inhester and Wiegelmann [2006] are
responsible for the better performance compared to the
earlier implementation by Amari et al. [1999], which has
been used in the blind algorithm test.
[69] The widely used LL equilibrium contains a very

smooth photospheric magnetic field and an extended current
distribution. It is therefore also desirable to test NLFFF
codes also with other, more challenging boundary fields,
which are less smooth, have localized current distribution
and to investigate also the effects of noise and effects from
non-force-free boundaries. A somewhat more challenging
reference case is the equilibrium found by Titov and
Démoulin [1999] (TD). Similar to LL, the TD equilibrium
is an axisymmetric equilibrium. The TD model contains a
potential field which is disturbed by a toroidal nonlinear
force-free current. This equilibrium has been used for
testing the MHD relaxation code (G. Valori and B. Kliem,
personal communication, 2006) and the optimization code
from Wiegelmann et al. [2006a].
[70] Any numerically created NLFFF model might be

suitable for code testing, too. It is in particular interesting to
use models, which are partly related on observational data.
Very recently, van Ballegooijen et al. [2007] used line-of-
sight photospheric measurements from SOHO/MDI to com-
pute a potential field, which was then disturbed by inserting
a twisted flux robe and relaxed toward a nonlinear force-free
state with a magnetofrictional method as described by van
Ballegooijen [2004]. The van Ballegooijen et al. [2007]
model is not force-free in the entire computational domain,
but only above a certain height above the bottom boundary
(artificial chromosphere). On the lowest boundary (photo-
sphere) the model contains significant nonmagnetic forces.
Both the chromospheric as well as the photospheric mag-

netic field vector from the van Ballegooijen et al. [2007]
model have been used to test four of the recently developed
extrapolation codes (one Grad-Rubin method, one MHD
relaxation code and two optimization approaches) in a
second blind algorithm test by Metcalf et al. [2007]. While
the NLFFF consortium paper, part I [Schrijver et al., 2006],
used a domain of just 643 pixel, the part II paper used a
computational domain of 320 � 320 � 258 pixel and
modern NLFFF codes where able to compute the nonlinear
force-free field in such relatively large boxes within a few
hours for a moderate parallelization on only 1–4 processors
and a memory requirement of 2.5–4 GB of RAM. This very
recent code comparison shows a major improvement re-
garding computing time and suitable grid sizes within less
than 3 years. On the first NLFFF consortium meeting in
2004, box sizes of some 643 have been a kind of standard or
computing times of some 2 weeks have been reported for
1503 boxes.We briefly summarize the results ofMetcalf et al.
[2007] as: (1) NLFFF extrapolations from chromospheric
data recover the original reference field with high accuracy;
(2) when the extrapolations are applied to the photospheric
data, the reference field is not well recovered; and (3)
preprocessing of the photospheric data improve the result,
but the accuracy is still lower as for extrapolations from the
chromosphere.

5. Conclusions and Outlook

[71] Within the last few years the scientific community
showed a growing interest into coronal magnetic fields.
(Publications containing the phrase ’coronal magnetic
fields’ in title or abstract have been cited less than about
50 times per year until the early 1990s and this number
increased to about 150 citations per year in 2004. A peak
year was 2006 (last year) with more than 300 citations
(source: ISI Web of Knowledge, March 2007)). The devel-
opment of new ground based and space born vector mag-
netographs provide us measurements of the magnetic field
vector on the suns photosphere. Accompanied from these
hardware development, software has been developed to
extrapolate the photospheric measurements into the corona.
Special attention has recently been given to nonlinear force-
free codes. Five different numerical approaches (Grad-
Rubin, upward integration, MHD relaxation, optimization,
boundary elements) have been developed for this aim. It is
remarkable that new codes or major updates of existing
codes have been published for all five methods within the
last two years, mainly in the last year (2006). A workshop
series (NLFFF consortium) since 2004 on nonlinear force-
free fields has recently released synergy effects, by bringing
modelers of the different numerical implementations togeth-
er to compare, evaluate and improve the programs. Several
of the most recent new codes and utility programs (e.g.,
preprocessing) have at least been partly inspired by these
workshops. The new implementations have been tested with
the smooth semianalytic Low-Lou equilibrium and showed
reasonable agreement with this reference field. While all
methods aim for a reconstruction of the coronal magnetic
field from the photospheric magnetic field vector, the way
how these measurements are used to prescribe the bound-
aries of the codes is different.
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Figure 3. Evaluation of six nonlinear force–free codes. The (a) reference solution has been
compared with extrapolations with (b, c) optimation, (d) MHD relaxation, (e, f) Grand–Rubin, and
(g) boundary element. For comparison, (h) linear-force-free and (i) potential fields are shown, too.
The images show the central domain of the model. Only the bottom boundary has been provided for
the extrapolation. (This figure was originally published as Schrijver et al.’s [2006] Figure 4. Used
with permission of Springer.)
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[72] 1. MHD relaxation and optimization use Bx0, By0, Bz0

on the bottom boundary. This overdetermines the boundary
value problem. Both methods are closely related and com-
pute the magnetic field in a computational box with

@B

@t
¼ mF; ð53Þ

where the structure of F is somewhat different (the
optimization approach has more terms) for both methods.
Usually a potential field is used as initial state for both
approaches, also the use of a linear force-free initial state is
possible. Recently a multiscale version of optimization has
been installed, which uses a low-resolution NLFFF field as
input for higher-resolution computations. Specifying the
entire magnetic field vector on the bottom boundary is an
overimposed problem and a unique NLFFF field (or a
solution at all) requires that the boundary data fulfill certain
consistency criteria. A recently developed preprocessing
routine helps to find suitable consistent boundary data from
inconsistent photospheric measurements. Earlier and current
comparisons showed a somewhat higher accuracy for the
optimization approach. A practical advantage of the MHD
approach is that in principle any available time-dependent
MHD code can be adjusted to compute the NLFFF field.
[73] 2. The Grad-Rubin approach uses Bz0 and the distri-

bution of a computed with equation (8) for one polarity,
which corresponds to well posed mathematical problem. A
practical problem is that the computation of a requires
numerical differences of the noisy and forced transverse
photospheric field Bx0, By0 with (7) leading to inaccuracies
in the normal electric current distribution and in a. For
smooth semianalytic test cases this is certainly not a
problem, but real data require special attention (smoothing,
preprocessing, limiting a 6¼ 0 to regions where Bz0 is above
a certain limit) to derive a meaningful distribution of a.
While the method requires only a for one polarity, the
computation from photospheric data provide a for both
polarities. We are not aware of any tests on how well
NLFFF solutions computed from a prescribed on the
positive and negative polarity coincide. It is also unclear
how well the computed transverse field components on the
bottom boundary agree with the measured values of Bx0,
By0. (In principle Bx0, By0 may have an additional field (Bx0,
By0) + (@x@y) 8 without making a difference for a and hence
for the Grad-Rubin result.) More tests on this topics are
necessary, including the recently installed possibility to
prescribe a for both polarities and adjust the boundary by
a weighed average of a on both polarities to fulfill
equation (6). As initial state the Grad-Rubin method uses
a potential field, which is also true for MHD relaxation and
optimization.
[74] 3. The upward integration and the boundary element

method prescribe both all components of the bottom bound-
ary magnetic field vector and the a distribution computed
with equation (8). This approach over imposes the boundary
and Bx0, By0, Bz0 and a have to be consistent which each
other and the force-free assumption. This is certainly not a
problem at all for smooth semianalytic test equilibria and
strategies to derive consistent boundary data from measured
data have been developed recently. Different from the three

approaches discussed above, upward integration and bound-
ary element methods do not require to compute first an
initial potential field in the computational domain. It is well
known that the upward integration method is based on an
ill-posed problem and the method has not been considered
for several years, but a recent implementation with smooth
analytic functions might help to regularize this method. First
tests showed a reasonable results for computations with the
smooth semianalytic Low-Lou solution.
[75] The boundary element method has the problem to be

very slow and an earlier implementation of this method
could not reach a converged state for a 643 boxed used in
the NLFFF consortium paper, part I, owing to this problem.
A new ’direct boundary method’ has been developed, which
seems to be faster than the original ’boundary element
method’, but still slower compared with the four other
NLFFF approaches if the task is to compute a 3D magnetic
field in an entire 3D domain. Different from all other
described methods the boundary element approach allows
to compute the nonlinear force-free field vector at any
arbitrary point above the boundary and it is not necessary
to compute the entire 3D field above the photosphere. This
might be a very useful feature if one is interested in
computing the magnetic field only along a single loop and
not interested in an entire active region.
[76] The new implementations of upward integration and

boundary element method show both reasonable results for
first tests with the smooth semianalytic Low and Lou
equilibrium. Further tests with more sophisticated equilib-
ria, for example, a solar-like test case as used in the
NLFFF consortium paper, part II, would be useful to
come to more sound conclusions regarding the feasibility
of these methods.
[77] Most of the efforts done in nonlinear force-free

modeling until now concentrated mainly on developing
these models and testing their accuracy and speed with
the help of well known test configuration. Not too many
applications of nonlinear force-free models to real data are
currently available, from which we learned new physics.
One reason was the insufficient access to high-accuracy
photospheric vector magnetograms and a second one were
limitations of the models. Force-free field extrapolation is a
mere tool, if properly employed on vector magnetograms, it
can help to understand physical, magnetic field dominated
processes in the corona. Both the computational methods as
well as the accuracy of required measurements (e.g., with
Hinode, SDO) are rapidly improving. Within the NLFFF
consortium we just started (since April 2007) to apply the
different codes to compute nonlinear force-free coronal
magnetic fields from Hinode vectormagnetograms. This
project might provide us already some new insights about
coronal physics.
[78] To conclude, we can say that the capability of

Cartesian nonlinear force-free extrapolation codes has rap-
idly increased in recent years. Only 3 years ago most codes
run usually on grids of about 643 pixel. Recently developed
or updated codes (Grad-Rubin by Wheatland, MHD relax-
ation by Valori, optimization by Wiegelmann, optimization
by McTiernan) have been applied to grids of about 3003

pixel. Although this increase of traceable grid sizes is
certainly encouraging, the resolution of current and near-
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future vector magnetographs (which of course measure only
data in 2D!) is significantly higher. We should keep in mind,
however, that the currently implemented NLFFF codes have
been only moderately parallelized using only a few pro-
cessors. The CSWM conference, where this paper has been
presented, took place at the ’Earth simulator’ in Yokohama,
which contains several thousands of processors used for
Earth-science computer simulations. An installation of
NLFFF codes on such massive parallel computers (which
has been briefly addressed on NLFFF consortium meetings)
combined with adaptive mesh refinements might enable
drastically improved grid sizes. One should not underesti-
mate the time and effort necessary to program and install
such massive parallelized versions of existing codes. As full
disk vectormagnetograms will become available soon
(SOLIS, SDO/HMI) it is also an important task to take a
spherical geometry into account. First steps in this direction
have been carried out with the optimization and boundary
element methods. Spherical NLFFF geometries are current-
ly still in it’s infancy and have been tested until now only
with smooth semianalytic Low and Lou equilibria and
require further developments.
[79] Attention has also recently been drawn to the prob-

lem that the coronal magnetic field is force-free, but the
photospheric one is not. Tests with extrapolations from
solar-like artificial photospheric and chromospheric meas-
urements within the NLFFF consortium paper, part II,
revealed that extrapolations from the (force-free) chromo-
spheric field provide significantly better results as extrap-
olations using directly the (forced) photospheric field.
Applying a preprocessing program on the photospheric
data, which effectively removes the nonmagnetic forces,
leads to significantly better results, but they are not as good
as by using the chromospheric magnetic field vector as
boundary condition. An area of current research is the
possibility to use chromospheric images to improve the
preprocessing of photospheric magnetic field measure-
ments. Improvements in measuring the chromospheric mag-
netic field directly [e.g., Lagg et al., 2004] might further
improve to find suitable boundary conditions for NLFFF
extrapolations. Force-free extrapolations are not suitable,
however, to understand the details of physical processes on
how the magnetic field evolves from the forced photosphere
into the chromosphere, because nonmagnetic forces are
important in the photosphere. For a better understanding
of these phenomena more sophisticated models which take
pressure gradients and gravity (and maybe also plasma
flow) into account are required. Some first steps have been
done with a generalization of the optimization method by
Wiegelmann and Neukirch [2006], but such approaches are
still in their infancy and have been tested so far only with
smooth MHD equilibria. It is also not entirely clear how
well necessary information regarding the plasma (density,
pressure, temperature, flow) can be derived from measure-
ments. Nonmagnetic forces become important also in quiet
sun regions [Schrijver and van Ballegooijen, 2005] and in
the higher layers of the corona, where the plasma b is of the
order of unity. Coronagraph measurements, preferably from
two viewpoints as provided by the STEREO mission,
combined with a tomographic inversion might help here
to get insights in the required 3D structure of the plasma
density. One should also pay attention to the combination of

extrapolation methods, as described here, with measure-
ments of the Hanle and Zeeman effects in coronal lines
which allows the reconstruction of the coronal magnetic
field as proposed in feasibility studies of vector tomography
by Kramar et al. [2006] and Kramar and Inhester [2006].
Other measurements of coronal features, for example,
coronal plasma images from two STEREO viewpoints,
can be used for observational tests of coronal magnetic
field models. Using two viewpoints provide a much more
restrictive test of models as images from only one view
direction. While a nonlinear force-free coronal magnetic
field model helps us to derive the topology, magnetic field
and electric current strength in coronal loops, they do not
provide plasma parameters. One way to get insights regard-
ing the coronal plasma is the use of scaling laws to model
the plasma along the reconstructed 3D field lines and
compare correspondent artificial plasma images with real
coronal images. Schrijver et al. [2004] applied such an
approach to global potential coronal magnetic fields and
compared simulated and real coronal images from one
viewpoint. A generalization of such methods toward the
use of more sophisticated magnetic field models and coro-
nal images from two STEREO viewpoints will probably
provide many insights regarding the structure and physics of
the coronal plasma. An important challenge is for example
the coronal heating problem. The dominating coronal mag-
netic field is assumed to play an important role here,
because magnetic field configuration containing free energy
can under certain circumstances reconnect Priest [1996,
1999] and supply energy for coronal heating. Priest et al.
[2005] pointed out that magnetic reconnection at separators
and separatrices plays an important role for coronal heating.
Nonlinear force-free models can help here to identify the
magnetic field topology, magnetic null points, separatrices
and localized strong current concentration. While magnetic
reconnection [see, e.g., Priest and Schrijver, 1999] is a
dynamical phenomenon, the static magnetic field models
discussed here can help to identify the locations favorable
for reconnection. Time sequences of nonlinear force-free
models computed from corresponding vector magnetograms
will also tell wether the topology of the coronal magnetic
field has changed due to reconnection, even if the physics of
reconnection is not described by force-free models. Sophis-
ticated 3D coronal magnetic field models and plasma
images from two viewpoints might help to constrain the
coronal heating function further, which has been done so far
with plasma images from one viewpoint [Aschwanden,
2001a, 2001b] (by using data from Yokoh, Soho and Trace).
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[1] The equivalent ionospheric electric currents in the polar region mainly consist of the
DP1 and DP2 systems. The former involves a westward electrojet around midnight, while
the later involves a two-cell system with foci on the morningside and eveningside,
respectively. In space weather prediction and nowcasting, sophisticated models of the polar
currents are needed, but concise and convenient models are also useful to predict or nowcast
the principal characteristics of the current systems, such as intensity and position. In this
paper, we propose a ‘‘key points model’’ for outlining the basic features of the polar region
current system for different disturbance levels. The ‘‘key points model’’ (or KP model)
includes six key points of the current system: the centers of two DP2 cells, the maximum
densities of the eastward and westward electrojets, and the maximum densities of the
northward and southward currents. Each of six key points is described by three parameters:
intensity, local time, and latitude. The AE-dependences of the 18 parameters are deduced
from the equivalent current systems for every 5 min during a 2-d period (18–19 March
1978). The KP model reveals systematic variations of the current systems. When AE
increases, the currents and the current densities are simultaneously enhanced linearly,
and most of the key points concentrate towards midnight. In addition, when AE
increases, the key points K2 and K4 for the evening current cell move equatorward,
while the key points K1 and K3 for morning cell move poleward.

Citation: Xu, W.-Y., G.-X. Chen, A.-M. Du, Y.-Y. Wu, B. Chen, and X.-C. Liu (2008), Key points model for polar region currents,

J. Geophys. Res., 113, A03S11, doi:10.1029/2007JA012588.

1. Introduction

[2] The ionospheric electric currents in the polar region
and associated magnetic disturbances are essential manifes-
tation of solar wind-magnetosphere-ionosphere coupling and
are what space weather prediction concerns with [Akasofu,
1979; Chen et al., 2000]. The equivalent currents in the polar
region mainly consist of the DP1 and DP2 systems [Clauer
and Kamide, 1985;Kamide and Kokubun, 1996]. The former
involves a westward electrojet around midnight, associated
with the substorm current wedge that reflects the unloading
process in the magnetic tail. The latter is a two-cell system
with the foci of the cells on the morningside and eveningside
and which is driven by large-scale magnetospheric convec-
tion [Akasofu, 1964; Rostoker, 1969, 1996; Rostoker et al.,
1987]. During quiet periods, the DP2 currents dominate the
whole polar current pattern. During disturbed conditions,
especially in the expansion phase of substorms, the DP1
currents are drastically intensified, while at the same time, a
steady enhancement of the DP2 currents is observed [Sun et
al., 1998, 2000].

[3] Magnetic data from observatories distributed in the
polar region have been widely used to deduce the iono-
spheric equivalent current system, from which the three
dimensional current system with field-aligned currents can
be inferred [Kamide et al., 1981]. Using the ground-based
magnetometer data from 71 stations distributed along six
meridian chains at high latitudes during the period of the
International Magnetosphere Study (IMS), Kamide et al.
[1982] calculated equivalent ionospheric current systems in
the polar region for every 5 min of 17–19 March 1978. The
current systems demonstrate the dominant DP1 and DP2
components [Kamide and Kokubun, 1996], although they
undergo very complicated variations in both pattern and
intensity (Figure 1).
[4] The concept of two-component process of magneto-

spheric substorm was proposed by Akasofu [1979], and
has been extensively studied over the past few decades
[Rostoker et al., 1987; Kamide and Kokubun, 1996; Sun et
al., 1998, 2000]. The first component involves the directly
driven process, resulting in a two-cell convection and
current system in the polar regions. The second component
is unloading process, producing a current wedge and an
ionospheric westward electrojet around midnight. Kamide
and Kokubun [1996] illustrated two pairs of the electric
potential cells in a schematic diagram, representing the
effects of enhanced plasma convection and substorm
expansion.
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[5] A quantitative separation of the components DP1 and
DP2 in the current systems have been attempted by Sun et
al. [1998, 2000]. They applied the NOC method (method of
Natural Orthogonal Components) to the data supplied by
Kamide et al. [1982] and obtained a series of polar current
eigenmodes. Comparison of the eigenmode patterns with
the current systems of the driven and unloading processes
suggested that the first and second modes correspond to
DP2 and DP1, respectively.
[6] During the past couple of decades, several sophisti-

cated models of the polar currents have been established,
which are certainly needed for understandingmagnetospheric-
ionospheric coupling and space weather predictions. In
addition, concise and convenient models are also useful
for predicting or nowcasting most essential characteristics
of the current system, such as current intensity, pattern, and
position of the current center. These models require rela-
tively few inputs and much easier available data and are
able to promptly give the principal features of the current
system with detailed structures omitted. The purpose of this
paper is to propose a convenient and simplified model for
nowcasting basic characteristics of the polar currents.

2. Data and Analysis

[7] The data used in this paper are 576 ionospheric
equivalent current systems (IECS) computed every 5 min
over the interval 18–19 March 1978 [Kamide et al., 1981].
The IECS cover a latitudinal range of 50�–90� at 1�
intervals and a longitudinal range of 0�–360� (or 0000–
2400 LT) at 15� intervals (or 1 h). The IECS is assumed to
flow in the ionosphere at a distance of a + h from the center
of the Earth, where a is the Earth’s radius and h is the height

of the ionosphere above the Earth’s surface. It is represented
by current function (in amperes) as follows:

J q;lð Þ ¼
X/

n¼0

Jn q;lð Þ ð1Þ

Jn q;lð Þ ¼ � 1

m0

2nþ 1

nþ 1

aþ h

r

� �n

Ue
n q;lð Þ ð2Þ

where
P

Un
e(q, l) is external magnetic potential deduced

from 71 stations along six meridian chains in the Northern
Hemisphere. The southward and eastward components of
the current density (in amperes/m) can be calculated from J
by

Iq q;lð Þ ¼ 1

r sin q
@J q;lð Þ

@l
ð3Þ

Il q;lð Þ ¼ � 1

r

@J q;lð Þ
@q

ð4Þ

[8] The IECS pattern is represented by contours of the
current function, as shown in Figure 1. In general, the IECS
structure is rather complicated. Omitting small-scale details
and random distortions, one can recognize the two-cell
currents of DP2, which converge at the Harang discontinu-
ity just before midnight, then flowing sunward across the
polar cap, eventually diverging near the forenoon cusp
region, returning to their respective electrojets. At the
convergence (or divergence) point there should be major

Figure 1. Magnetic indices AE, AL, and AU during 18–19 March 1978. The insets illustrate typical
polar ionospheric equivalent current systems for three phases of a substorm, deduced from ground-based
magnetic records by Kamide et al. [1982].
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northward (or southward) currents. It is noted that the real
current system in the polar region is three dimensional,
including field-aligned currents [Baumjohann, 1983].
[9] Figure 2 shows two average equivalent current pat-

terns for AE = 600–800 nT and AE > 800 nT, which are
obtained by superposing 88 and 27 individual patterns,
respectively, in order to eliminate complicated irregular
fluctuations and small-scale structures. It is noted in
Figure 2 that the principal features of the polar current
system are described by six ‘‘key points’’: (1) K1, the center
of the clockwise cell of the DP2 currents in morning sector,
(2) K2, the center of the counterclockwise cell of the DP2
currents in evening sector, (3) K3, the point of the maximum
westward current density in morning sector, (4) K4, the point
of the maximum eastward current density in evening sector,
(5) K5, the point of the maximum northward current density
near Harang discontinuity, (6) K6, the point of the maximum
southward current density near the cusp region.
[10] Each key point is described by three parameters:

current intensity (total current J for K1 and K2, and current
density I for K3, K4, K5, and K6), magnetic local time T,
and geomagnetic latitude F. All of the 18 parameters
determine the geometry and strength of the polar region
currents.
[11] In order to eliminate irregular fluctuations and

random distortions in the current patterns, the 576 samples
are divided into 10 groups according to AE ranges: the
first group for AE = 0 � 100 nT, the second for AE = 100 �
200 nT. . . . . ., the 10th for AE = 900 � 1000 nT. Then the
average current pattern for each AE group is calculated by

superposing all current functions included in this group. We
confine our analysis to the range AE = 0 � 1000 nT because
only three samples are beyond this range. The average
current systems so obtained are illustrated in Figure 3,
where the AE range, sample number, and contour interval
for each AE group are indicated.
[12] It is noted in Figure 3 that the principal feature of the

current system is a two-cell structure, including a major
clockwise cell (assigned as positive) in the early morning
and a minor counterclockwise cell around evening (assigned
as negative). The total currents of the two cells increase with
increasing AE.
[13] Figure 4 illustrates the distributions of E-W current

density for the 10 AE groups, where westward current is
assigned as positive (red color). The most outstanding
features are westward electrojet in midnight-morning sector
and eastward electrojet (blue color) in afternoon-evening
sector.
[14] It is interesting to note a ‘‘double peak’’ structure of

the westward electrojet in Figure 4 for AE � 200–300 and
900–1000, one near midnight and another near dawn. This
conforms to the view that westward electrojet has two
contributors: the directly driven westward electrojet in
DP2 with its peak near dawn and the substorm expansion
phase westward electrojet in DP1 with its peak near
midnight. The other ranges show that when AE increases,
the midnight peak increases much faster than the dawn peak
and two peaks combine together, forming an enhanced
electrojet belt. In other words, during disturbance periods
(typically, substorms), enhancement of DP1 due to the

Figure 2. Average ionospheric equivalent (top) current systems and (bottom) current densities for AE =
600–800 nT (left) and AE > 800 nT (right). The ‘‘key points’’ in the model are indicated by K1, K2, K3,
K4, K5, and K6 (see text).

A03S11 XU ET AL.: KP MODEL FOR POLAR REGION CURRENTS

3 of 8

A03S11



unloading process is much more significant than the
increase of DP2. Similar double peak structure can be seen
in eastward electrojet, especially for intensely disturbed
periods.
[15] As a first step in the analysis, the 18 parameters of

the six key points for each of the 576 samples are found
from its current pattern. Then the ‘‘average parameters’’
are calculated for each of the 10 AE groups. Finally, the
AE dependence of each parameter is deduced by linear
fitting.
[16] Figure 5 shows the obtained AE dependences of the

18 parameters for six key points. The regression coefficients
are listed in Table 1.
[17] It is noted in Figure 5 and Table 1 that when AE

increases, the total current JCCW of the evening cell K2 is
enhanced at a rate of 0.100 kA/nT, while a much greater

enhancement rate of 0.806 kA/nT is seen in the current
JCW of the morning cell K1, implying the important role of
the unloading process in the formation of the equivalent
polar current system during disturbances. A similar con-
trast is noted in the current densities IE (K4, enhancement
rate 0.431 A/km/nT) and IW (K3, enhancement rate
1.382 A/km/nT). In addition, the N-S current densities IN
and IS for K5 and K6 are simultaneously enhanced
linearly.
[18] When AE increases, all key points systematically

move in both local time (T), and geomagnetic latitude (F),
as shown by arrows in Figure 6. It is noted in Figure 6 that
all key points, except for K3 (the maximum westward
current density IW in morning sector), concentrate towards
midnight with increasing AE. At the same time, the key

Figure 3. Average equivalent current systems for 10 AE groups. The numbers at the top of each figure
are AE range, sample number, and contour interval for the group.
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points K2, K4, and K6 shift equatorward, while the key
points K1, K3, and K5 shift poleward.
[19] The most remarkable movements occur for K2 (the

evening current cell) and K4 (the eastward electrojet),
which are associated with equatorward expansion of the
auroral oval during substorms [Akasofu, 1977]. When AE
increases from 0 nT to 1000 nT, K2 moves toward midnight
by 2.9 h and equatorward by 10�, while K4 moves toward
midnight by about 1 h and equatorward by 7�.
[20] The poleward shift of the key points K1 and K3 is a

peculiar feature in present model. A possible explanation is
as follows. As mentioned above, the westward electrojet
comes from two contributors: the directly driven westward
electrojet and the substorm expansion phase westward
electrojet. They have different latitudinal motions when
AE increases. Since substorm expansion phase electrojet

contributes significantly to AE during strong activity, the
high-latitude edge of the expanded oval in midnight sector
shifts poleward, although directly driven electrojet in the
morning sector shifts equatorward. New research by Ahn et
al. [2005] has found that the region of brightest auroras does
not coincide with the area of strongest magnetic perturba-
tions. The auroral electrojet is found to remain located
adjacent to and poleward of the region of bright auroral
luminosity.

3. Discussion

3.1. Advantage of the KP Model

[21] Compared with some sophisticated models of mag-
netospheric activity with many inputs and outputs, the KP
model developed in this paper is a concise, convenient, and

Figure 4. Same as Figure 3, but for the average E-W current density. Different color scales are for
different figures.
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Figure 5. Linear fitting of AE dependences of 18 parameters for six key points. The left column shows
current intensities, the middle column shows local times of the key points, and the right column shows
their geomagnetic latitudes. For clarity, the horizontal dotted lines indicate the times of noon, midnight,
dawn, and dusk in the middle and the latitude 700� on the right.
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simplified model. After the equivalent current systems are
obtained from the magnetic data at 71 stations, the input to
the model is AE index, which is easily and timely available
for users. The output of the model is an equivalent current

system in the polar region, which is essential to description
of the space environment. This model can be used to
nowcast the most important characteristics of the polar
current system, such as the overall current pattern, current
intensity, and the key point positions, although the detailed
structure, irregular fluctuations, and random distortions in
the current system are omitted.

3.2. Limitation of the KP Model

[22] The KP model is a concise, convenient, and simpli-
fied model, involving computation of the equivalent iono-
spheric current, instead of the real three-dimensional current
system. In fact, field-aligned currents play a key role in
polar region currents and associated magnetic disturbances.
Using the KRM method or MIT technique, one can deduce
the three dimensional current system, which requires an
assumed or experimentally determined ionospheric conduc-
tivity model and involves complicated calculations.
[23] It should be pointed out that the magnetic measure-

ments from which the current systems are inferred come
from a widely scattered distribution of magnetometer sta-
tions that are irregularly distributed globally, and in some
regions there is very poor coverage. Therefore one should
not expect to believe in small-scale details of the equivalent
current structure where there are no data to constrain the
results. Fortunately, the KP model only concerns with large-
scale structures, averaging out the small-scale details when
calculating average current patterns for different AE ranges.

3.3. Input and Output

[24] In this paper, the AE index is chosen as the input to
the KP model after comparison with AL and AU. By the
definition of the auroral electrojet indices, AU is dependent
on the maximum eastward electrojet, represented by IE of
key point K4. However, the present analysis shows that the

Table 1. Regression Coefficients of the Key Point (Ki, i = 1, 2. . . 6)
Parameters

Parameters

Fitting y = a0 + a1x
x = AE index, nT

a0 a1

K1 (CW) Clockwise Cell
JCW, kA �7.9 0.806
TCW, h 1.7 �0.00172
FCW, deg 70.9 0.00396

K2 (CCW) Counterclockwise Cell
JCCW, kA �88.6 �0.100
TCCW, h �10.6 0.00285
FCCW, deg 74.2 0.0100

K3 (W) Maximum Westward Density
IW, A/km 10.0 1.382
TW, h 0.54 0.0008
FW, deg 67.1 0.0011

K4 (E) Maximum Eastward Density
IE, A/km �148.1 �0.431
TE, h �8.7 0.00136
FE, deg 70.4 �0.00626

K5 (N) Maximum Northward Density
IN, A/km 4.7 0.5439
TN, h �3.9 0.00113
FN, deg 71.3 0.00147

K6 (S) Maximum Southward Density
IS, A/km �83.7 �0.2539
TS, h 8.9 �0.000309
FS, deg 76.7 �0.00312

Figure 6. AE dependence of the key point positions. The arrows indicate movement tendencies of the
key points with increasing AE.
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correlation coefficient of IE with AU is less than those with
AL and AE. One of possible reasons is the large movement
of the key point K4 (see Figure 6). During strong substorms,
K4 moves equatorward beyond the observation of AE
stations, which are confined in a relatively narrow geomag-
netic latitudinal belt from 60.7� to 70.8�. In such cases, the
magnitude of AU reaches ‘‘saturation,’’ although auroral
currents may continue increasing [Akasofu, 1977; Kamide
and Akasofu, 1983]. The saturation phenomenon in AE, AU,
andAL indices lowers reliability of large values ofAE, and also
limits extension of the KP model to very intense substorms.
Since the data used in this paper are limited, the present KP
model is valid for AE < 1000 nT. A further extension of the KP
model to much more intense substorms requires more data
covering AE > 1000 nT. However, as indicated above, this
extension would be limited by low reliability of large AE and
its saturation during strong substorms.
[25] Another possible candidate input parameter is the PC

index, that represents the equivalent current JPC flowing
across the polar cap and which can be estimated with data
from only one station [Vennerstrom and Friis-Christensen,
1987].

4. Summary

[26] 1. The equivalent ionospheric current system in the
polar region always shows dominant DP1 and DP2 compo-
nents. This is the basis of the key points model for the polar
region current system.
[27] 2. Six key points in the KP model are the centers of

the two current cells in DP2, the maximum eastward and
westward electrojets, and the maximum northward and
southward current densities. These points determine the
basic features of polar region current system.
[28] 3. As AE increases, the total currents for K1 and K2

and the current intensities for K3, K4, K5, and K6 are
simultaneously enhanced linearly.
[29] 4. As AE increases, most of the key points concentrate

toward midnight and, at the same time, shift equatorward.
The most remarkable movement occurs at the evening
current cell (K2) and the eastward electrojet (K4). When
AE increases from 0 nT to 1000 nT, the key point K2 moves
toward midnight by 2.9 h and equatorward by 10�, while K4
moves toward midnight by about 1 h and equatorward by 7�.
[30] 5. A peculiar feature in present model is poleward

shift of the key points K1 and K3. A possible explanation is
the poleward expansion of substorm expansion phase elec-
trojet during strong activity.
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Some ubiquitous features of the mesospheric Fe and Na layer borders

from simultaneous and common-volume Fe and Na lidar observations
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[1] High-accuracy atom density profiles, obtained by the simultaneous and common-
volume Fe and Na lidar measurements at Wuhan, China (30.5�N, 114.4�E), reveal some
ubiquitous features of the Fe andNa layers on their borders. The Fe and Na lower boundaries
show consistently a delicate stratification in which the lower boundary of the Fe layer is
in general slightly higher than or coincident with that of the Na layer, with an overall
mean altitude difference being about 0.2 km. Despite the existence of considerable
vertical displacements, the two lower boundaries vary always following almost the same
track. The overall correlation coefficient between them is as high as 0.96. This
ubiquitous delicate stratification of the measured lower boundaries (nearly coincident
density cutoff ) suggests strongly that the undersides of Fe and Na layers are controlled by
the same or very similar processes. The upper boundary of the Na layer is always several
kilometers higher than that of the Fe layer. A relatively weak positive correlation is
also persistently observed between the two upper boundaries.Weak sporadic layering events
frequently occur on the upper extent of the metal layers. They may impair the correct
determination of the upper boundaries of the normal metal layers and consequently
weaken the correlation. Both the Fe and Na layers often show an evidently steeper
density gradient on the underside than on the upper extent, and the borders of the Fe
layer are clearly steeper than those of the Na layer. The explanation to these ubiquitous
features needs further experimental and modeling efforts.

Citation: Yi, F., S. Zhang, X. Yue, Y. He, C. Yu, C. Huang, and W. Li (2008), Some ubiquitous features of the mesospheric Fe and

Na layer borders from simultaneous and common-volume Fe and Na lidar observations, J. Geophys. Res., 113, A04S91, doi:10.1029/

2007JA012632.

1. Introduction

[2] Many species of free metal atoms gather in the
mesopause region from 80 to 110 km to form layers (Fe,
Na, K, Ca, and Li) detectable by ground-based lidars. These
metal atoms are believed to result from meteoric ablation.
On the basis of independent lidar measurements from many
locations, the average properties and seasonal variations of
these layers have been respectively investigated. Fe is the
most abundant of the mesospheric metallic atoms, with an
annual mean column abundance roughly twice that of Na
[Kane and Gardner, 1993]. The mean column abundances
of K and Ca are about two orders smaller [Eska et al., 1999;
Gerding et al., 2000]. The mean peak heights (or mean
centroid heights) of these metal atom layers exhibit some
difference. The Fe layer has the lowest peak height
(�88 km) among these metal atom layers. In comparison
with the peak of the Fe layer, the Na peak is about 3 km

higher, while both the Ca and K peaks are roughly 2–3 km
higher [Kane and Gardner, 1993; Eska et al., 1998; Plane et
al., 1999; Gerding et al., 2000; Friedman et al., 2002]. At
midlatitudes the Na layer is the widest of these layers, with a
full width at half-maximum (FWHM) over 10 km. The Fe
and K layer FWHMs are 1–2 km narrower than that of the
Na layer. The Ca layer is the narrowest among these layers.
The seasonal variations of these layers show some similar-
ities as well as differences. At midlatitudes, the Fe and Na
layers have early winter maxima and midsummer minima in
column abundance, while the K and Ca layers display a
semiannual variation with a prominent second maximum in
midsummer [Eska et al., 1998; States and Gardner, 1999;
Gerding et al., 2000; Plane, 2003]. The centroid heights of
these layers are characterized by a strong semiannual
variation. The K layer has the lowest altitude in winter
[Kane and Gardner, 1993; Eska et al., 1998], whereas the
Na, Fe, and Ca layers have the lowest altitude in summer
[Kane and Gardner, 1993; Gerding et al., 2000]. The layer
widths of all layers show maxima in winter. At low
latitudes, the seasonal behaviors of the K and Fe layers
are clearly different from the corresponding results observed
at midlatitude [Friedman et al., 2002; Raizada and Tepley,
2003]. In particular, the centroid height and RMS width of
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the Fe layer are nearly out of phase with respect to its
midlatitude counterparts [Raizada and Tepley, 2003], while
the Fe column abundance lags that at midlatitude by about
3 months. The latitudinal differences in Fe layer properties
have been explained by the latitudinal differences in the
annual variations of [O], [O3], and [O2], which result in the
different season dependence of the Fe chemistry at two
latitudes.
[3] Several one-dimensional gas-phase chemical models

corresponding to different metal species such as Na, Fe, K,
and Ca have been respectively developed to explain these
observational results [Helmer et al., 1998; Plane et al.,
1999; Eska et al., 1999; Gerding et al., 2000; Delgado et
al., 2006]. The Fe and Na models among others success-
fully reproduced some primary features of the normal Fe
and Na layers observed at midlatitudes [Helmer et al., 1998;
Plane et al., 1999], for instance, the layer shapes and the
seasonal variations in the layer parameters. However, the K
model could satisfactorily reproduce the seasonal behavior
of the K layer observed at a midlatitude site only after the
wintertime K influx from meteoric ablation had been
reduced by 30% compared to the summer [Eska et al.,
1999]. Furthermore, the Fe and Na layers observed during
the austral winter at the South Pole could be well modeled if
the Fe and Na influxes from meteoric ablation were in-
creased by a factor of 1.7 for these months [Gardner et al.,
2005]. These results appear to reflect two facts: the first is
that chemistry alone cannot explain all the seasonal differ-
ences [Raizada et al., 2004], and second, we currently lack
a quantitative description on the deposition flux of the
metals (the influx of extraterrestrial material and ablation
efficiency of various metal species).
[4] In fact, the idea that meteoric deposition is the major

source of mesospheric metal atoms is currently appealing in
qualitative way because hitherto there is no direct and
indirect measurement for the total vertical flux of any
mesospheric metal species produced by meteoric ablation.
In the existing chemical models, the total vertical flux for
each metal species was specified to a value which resulted
in good agreement between the observed and simulated
metal atom profiles [Helmer et al., 1998; Gardner et al.,
2005]. In order to understand the formation, structure, and
variability of the metal atom layers, one needs to have
quantitative knowledge about the source, such as the micro-
meteor flux as a function of time and geographic grid, the
distributions of micrometeor particle masses, mass densities
and velocities, the chemical composition of micrometeor
particles, the evaporation processes including their depend-
ences on particle mass, density, velocity, direction, and
altitude [Gerding et al., 1999]. Janches et al. [2006] have
made a modeling effort in constructing a global micro-
meteor input function based on the radar observations of
ionized meteor input rate. The model assumes that the
detected particles come from three radiant distributions.
The apex source flux makes up 70% of the total number
of micrometeoroid particles, while the other 30% is provid-
ed by the combined distribution of two other sources which
are concentrated 80� in ecliptic longitude to each side of the
apex. The modeling results reproduce successfully some
diurnal variation features of the ionized meteor input rates
observed by high power and large-aperture radars at differ-
ent locations in different seasons. For instance, the ionized

meteor input rate observed at each location almost always
shows a consistent increase throughout each night with a
maximum near dawn. The magnitude of the rate variation
during each night is beyond one order. Different from the
nocturnal variation feature of the observed ionized meteor
input rate, the observed Fe and Na abundances do not show
a consistent increase during each night [Kane and Gardner,
1993]. Moreover, in contrast to more than one order of the
variations in the ionized meteor rate during each night, the
Fe and Na abundances show often a relatively small
nocturnal variation. In order to clarify whether there was a
connection between the ionized meteor input and the Fe and
Na layer abundances, we compared the temporal variations
of the ionized meteor input rate and the total Fe and Na
abundances observed simultaneously by closely colocated
meteor radar and two resonance fluorescence lidars at
Wuhan [Yi et al., 2007]. It was found that the ionized
meteor input rate recorded by radar had no clear-cut relation
with the abundance enhancements of the mesospheric metal
atom layer. This is accordant with the observations by
Gerding et al. [1999], who discerned the inconsistency
between the occurrences of the lidar-observed atom meteor
trail enhancements and the increased ionized meteor activity
recorded by forward meteor scatter radio stations.
[5] As pointed out by Janches et al. [2006], in the model

of the mesospheric Na layer, Plane [2004] used a micro-
meteor input function including seasonal and diurnal varia-
tions based on the radio meteor survey (ionized meteor
input rate) by Yrjölä and Jenniskens [1998]. However, the
observations mentioned above indicate that the ionized
meteor input rate has no clear-cut relation with the metal
atom layer abundance. Therefore it is necessary to give an
explanation for this phenomenon. A meteor radar only
samples a subset of the mass/velocity distribution of enter-
ing meteoroids. If the idea that meteoric ablation is the
major source of the mesospheric metal atoms is still main-
tained, this phenomenon appears to imply that the features
(mass/velocity distribution or flux, etc.) of the subset
associated with the ionized meteoric trails differ in general
from those of that makes primary contribution to the metal
atom layers. Hence we conjecture that the micrometeoroids,
that are too small to yield the ionized meteoric trails
observed by meteor radars but have a large population,
may be the source of the mesospheric metal atoms.
[6] Since the formation of the metal atom layers is related

to the input of gas-phase metal materials from meteoroid
ablation, dynamic transport and chemical reactions, explor-
ing the relationship between various layers in the meso-
pause region may help clarify which process is playing a
predominant role in the layer formation, particularly given
the lack of quantitative information on the metal deposition
flux. The simultaneous and common-volume observations
of the normal Fe and Na layers at a midlatitude site showed
that even though the individual density profiles appeared
quite different, the temporal variations of Fe and Na layer
parameters (abundances, centroid heights, and RMS widths)
were evidently similar in most cases [Kane and Gardner,
1993]. This phenomenon was ascribed to dynamic effects
[Kane and Gardner, 1993]. From concurrent measurements
of the charged dust and atomic metals (Fe and Na) in the
polar winter mesosphere by sounding rocket and lidars,
some interesting relations between the charged dust and the
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Fe layer have been found [Lynch et al., 2005; Gelinas et
al., 2005]. There exists a strong correlation between the
dust density and the Fe density for an altitude range from
82 to 95 km over all four rocket flights [Lynch et al.,
2005]. Although the dust layer lay a few kilometers lower
than the Fe layer, its shape was similar to the shape of the
Fe layer [Gelinas et al., 2005]. The two species appeared
to move in unison during the three rocket launches on one
night, with the layers compressing and tracking downward
together. These relations are surprising, as the density
distribution and variation of the dust layer depend on
local mesospheric dynamics (eddy diffusion, neutral wind,
etc.) and characteristics of the incident meteoroids (veloc-
ity, composition, etc.) [Hunten et al., 1980; Kalashnikova
et al., 2000] rather than the gas-phase chemistry. Obvi-
ously, clarifying the relations needs further experimental
and modeling efforts.
[7] Upper extent and underside are critical regions of a

normal metal atom layer, where metal atoms manifest a
transition from absence to presence (or vice versa). Such
transition regions may facilitate identifying the practical
physics and chemistry behind the observed layer structure
because therein some production mechanisms of the metal
atoms likely begin or cease to operate or some removal
and/or conversion actions are likely strong enough to
cause a cutoff of metal atom density. Therefore exploring
the behaviors at the metal atom layer boundaries may help
to recognize the processes leading to the formation of the
normal metal layer. Recently, it has been revealed by
comparing simultaneous and common-volume observa-
tions of different resonance fluorescence lidars that the
topside layers above 110 km for different metal atoms
have remarkably similar seasonal characteristics [Höffner
and Friedman, 2004, 2005]. In addition, a qualitative
agreement is also found for K at two distinct latitudes
(54�N and 18�N) [Höffner and Friedman, 2004]. The
seasonal characteristics differ clearly from those of the
main layer below. The calculated metal abundance ratios
are fairly constant over an altitude range within the topside
layers throughout all seasons, which are in reasonably
good agreement with metal abundance ratios determined
from simultaneous measurements inside single meteor trails
within the main layer. A comparison of metal densities at
113 km altitude with known meteor showers indicates a
strong influence of shower meteoroids on the topside layers.
Moreover, the metal density enhancement in summer corre-
lates well with the seasonal variation of sporadic microme-
teoroid input independent of meteor showers. Taking these
evidences into consideration, Höffner and Friedman [2004]
argued a direct link between ablating meteoroids and the
topside metal layers. The findings about the metal layer
topside [Höffner and Friedman, 2004, 2005] are calling for
more attention to the metal layer upper extent and underside.
[8] Lidar measurements also reveal another layer form

called ‘‘sporadic metal layers.’’ The first finding about them
was from São José Dos Campos (23�S, 46�W) by Clemesha
et al. [1978]. Sporadic metal layers are characterized by
large density enhancements in a narrow altitude range
[Hansen and von Zahn, 1990; Clemsha, 1995; Clemsha et
al., 1999; Yi et al., 2002]. They occur usually in the upper
part of the normal metal layers and have no clear-cut
relation with the normal layers. The high correlation in time

and space between Nas and Es layers led many scientists to
explore a possibility of Nas layer formation via the neutral-
ization of a reservoir of Na+. Taking the idea proposed by
Cox and Plane [1998], Collins et al. [2002] successfully
simulated the sporadic layering events observed simulta-
neously by the Na lidar and incoherent scatter radar at
Arecibo. Their modeling work showed an excellent agree-
ment with observations in five out of a total of six case
studies. However, some additional observational facts are
worth noting. It has been observed that the amount of
Na+ ions in Es layers is not sufficient to form large Nas layers
[Kane et al., 1993]. An observation at Arecibo Observatory
showed that the electron density peak of a Es layer lagged
behind that of the correlated Nas layer [Friedman et al.,
2000]. This phenomenon makes the Es an unlikely source for
the formation of sporadic atomic layers because it appeared
to contradict the conventional cause/effect relation in the ion
reservoir neutralization mechanism. The simultaneous and
common-volume Fe and Na lidar observations indicate that
the Fes and Nas layers occur in overlapping altitude ranges
and moved following almost the same track [Yi et al., 2007].
On occasion, the Fes and Nas layers exactly simultaneously
reach their maximum peak densities at nearly the same
altitude. These observational results suggest that Fes and
Nas layers come from the same source substance and may
be formed via the same or similar atomization process. For
the majority of the sporadic Na layers observed by a Na
wind/temperature lidar at low latitudes, their temperatures
were significantly warmer than the mean [Qian et al., 1998].
The narrow-band Na lidar measures the Na atom tempera-
ture. There exists a possibility that the Na atoms in the
sporadic Na layers are freshly generated by more violent
meteoric ablation and then have evidently higher tempera-
ture than the mean. A systematic study on the variations of
occurrence of sporadic Ca and Ca+ layers indicates that the
neutral and ionized Ca layers are not closely correlated
[Gerding et al., 2001]. This result is inconsistent with the
recombination mechanism that sporadic layers are produced
by the neutralization of metal ions. On the other hand, it
seems to support that the neutral and ionized metal layers
may come from different meteoric source if the metal atoms
and ions are believed to come from the direct meteoric
ablation. Obviously, clarifying the formation mechanism of
sporadic layering events needs further observational and
modeling efforts.
[9] In order to study the mesospheric Fe and Na layers at

30�N, we established two independent resonance fluores-
cence lidars [Yi et al., 2007]. The two lidar systems have the
same altitude and time resolutions (96 m and 5 min) as well
as the identical starting and ending times for each sampling.
This allows us to make a detailed comparison between Fe
and Na density profiles. From one year of simultaneous and
nearly common-volume Fe and Na lidar measurements at
Wuhan (30.5�N, 114.4�E), we have found that the lower
boundaries of the normal Fe and Na layers consistently
show a quasi-overlap [Yi et al., 2007]. In addition, the
normal Na layer always showed a few kilometers more
extension on its top side than the normal Fe layer. These
features can be clearly seen also from a comparison of
simultaneously observed Fe and Na layers at high, mid and
low latitudes respectively [Kane and Gardner, 1993; Lynch
et al., 2005; Shibata et al., 2006]. Thus these features may
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be universal, in which case they may provide a connection
between the two different metallic species and reflect the
physics and/or chemistry in their formation. Therefore, here
we examine further the relationship between the normal Fe
and Na layers on their underside and upper extent.

2. Observational Results

[10] The Fe and Na density data employed in this study
come from the 195 h simultaneous and nearly common-
volume Fe and Na lidar measurements at Wuhan during
26 nights from 8 March 2004 to 14 March 2005, which
have also been used for studying the relationship between
sporadic Fe (Fes) and Na (Nas) layers [Yi et al., 2007].
Figure 1 gives a comparison between the time sequences
of Fe and Na density profiles measured during the night of
7–8 December 2004. On this winter night, despite the
existence of a weak single Fes layer near 93.0 km around
0140 LT the absence of any high-altitude sporadic layering
event (�100 km or above) makes it possible to determine
the upper boundaries of the normal layers. As seen in
Figure 1, the main bodies of the simultaneously observed

Fe and Na layers appeared quite different at any given
time, but their undersides followed one another nearly
exactly. The normal Fe layer is several kilometers nar-
rower than the Na layer nearly at all time, and this
difference was primarily reflected in the extent of the
upper edge of the layer.
[11] For quantitatively characterizing the border charac-

teristics of the normal Fe and Na layers, we define their
upper and lower boundaries in terms of a given small
density criterion. In more detail, the upper (or lower)
boundary for each density profile is defined as such an
altitude where the density value of the normal layer
becomes equal to or less than the given density criterion
as one moves from the layer inside to its high (or low)
border. An idealized choice of the density criterion is the
cutoff point of the normal layer (null density point).
However, near the cutoff altitude the lidar detected photon
counts are close to a background noise level so that the
upper (or lower) boundary obtained in terms of the null
density criterion may have a large uncertainty. For choosing
a suitable density criterion we calculate the detection thresh-
olds of Fe and Na atoms between about 75 and 110 km for

Figure 1. Sequences of density profiles measured during the night of 7–8 December 2004 for (top) Fe
and (bottom) Na. Note that the undersides of the normal Fe and Na layers followed nearly the exact
movements and occurred at very similar altitudes.
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all density profiles shown in Figure 1. It is noticed that their
maxima are 23 cm�3 (Fe) and 7 cm�3 (Na), respectively.
Thus, the density criterion for both the Fe and Na layers is
set to 30 cm�3. According to the above definition, the upper
and lower boundaries of the normal Fe and Na layers are
determined respectively and plotted versus time in Figure 2.
As seen from the lower panel, the lower boundaries of the
Fe and Na layers show consistently a delicate stratification
that the lower boundary of the Fe layer is in general slightly
higher than or coincident with that of the Na layer, with a
mean altitude difference being about 0.3 km (three excep-
tional time points, i.e., 2130, 2135, and 2235 LT, may result
from the low signal-to-noise of our Fe lidar). The two lower
boundaries exhibit also considerable vertical displacements
on a timescale of a few tens of minutes, particularly with a
displacement magnitude of 4.8 km between 2115 and
2230 LT, which modulate the delicate stratification. Despite
the existence of the considerable vertical displacements, the
two lower boundaries vary following almost the same track
with a correlation coefficient being as high as �0.93. Here,
it is interesting to examine whether the observed DC offset
in low boundary altitudes is a geophysical phenomenon or

an effect of zenith pointing errors between the two lidar
beams. By using a new method developed by our group [Liu
et al., 2005], the optical axes of our Fe and Na lidar
telescopes have been adjusted to point to the zenith accu-
rately (with amaximum error of 0.2mrad in off-zenith angle).
For each lidar system in our group there is an autocollimating
device above the computer-controlled gimbal-mounted
mirror that directs the laser beam toward to the zenith.
The autocollimating device guarantees the zenith pointing
error of a laser beam being within 0.15 mrad. Hence, the
maximum altitude difference induced by the zenith pointing
error between the two lidar beams would be roughly
1.8� 10�3 m that is too small to yield the observed DC offset
of in altitudes (hundreds of meters or more). Therefore, the
observed DC offset in low boundary altitudes results from
geophysical cause. The above observed results suggest
strongly that the undersides of the Fe and Na layers are
controlled by the same or very similar mechanisms.
[12] As shown in the upper panel of Figure 2, the upper

boundary of the Fe layer is obviously lower than that of the
Na layer, with a mean altitude difference of about 4 km.
The correlation coefficient between them (the two upper
boundaries) has a value of �0.50, which is obviously lower
compared to that of the lower boundaries. However, if the
density criterion is set to 200 cm�3 the correlation coeffi-
cient grows to �0.72, while the corresponding value for the
lower boundaries increases to �0.98. This result appears to
indicate that at those altitudes more close to the null density
points, the stronger noise fluctuation would reduce the
correlation between the upper (or lower) boundaries of
the Fe and Na layers. In order to understand why the
correlation between the two upper boundaries is obviously
weaker than that between the two lower boundaries, we
have surveyed all the Fe and Na density profiles shown in
Figure 1. It is found that the upper extent of the metal layers
is characterized by the frequent occurrence of weak density
enhancements in contrast to the underside. They actually
represent sporadic layering events with very small absolute
peak densities [Yi et al., 2007]. Weak density enhancements
occurring frequently on the upper extent may impair the
correct determination of the upper boundaries of the normal
metal layers. This is confirmed by a fact that the calculated
upper boundaries usually show obviously stronger irregular
fluctuations on small temporal scales than the lower bound-
aries (see Figure 2). Therefore, the low correlation between
the two upper boundaries is at least partly due to these weak
density enhancements prevailing on the upper extent of the
metal layers.
[13] It is noted from Figure 2 that the upper boundary

appears to be uncorrelated with the lower boundary for each
of the metal layers. Combining them and using our bound-
ary condition, we obtain the mean widths of 22.7 km for the
Fe layer and 27.0 km for the Na layer. Hence, the Na layer
is on average about 4.3 km wider than the Fe layer, and this
difference is mostly reflected in the extent of the Na layer
top. For further discerning the relationship between the Fe
and Na layer structures on the underside and upper extent, a
typical example of the individual Fe and Na density profiles
is presented in Figure 3. It is observed from Figure 3 that
both of the layers show an evidently steeper density gradient
on the underside than on the upper extent, and both the Fe
underside and upper extent are clearly steeper than those of

Figure 2. (top) Upper and (bottom) lower boundary
altitudes of the normal Fe and Na layers as a function of
time on the night of 7–8 December 2004. Note that the two
lower boundaries varied following almost the same track
and the lower boundary of the Fe layer was in general
slightly higher than or coincident with that of the Na layer,
with a mean altitude difference being about 0.3 km. The
upper boundary of the Fe layer was always lower than that
of the Na layer, with a mean altitude difference being about
�4 km.
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the Na layer. In order to ascertain whether the density
gradient features are prevalent over this night, we have
calculated the density scale heights around the upper and
lower boundaries for all the Fe and Na density profiles
shown in Figure 1. As a result, out of the total 81 pairs
of the Fe and Na density profiles, 72 (88%) have the
density gradient features. The mean density scale heights
around the upper boundary are 0.36 ± 0.15 km for Fe
and 1.2 ± 0.75 km for Na, while the corresponding
values around the lower boundary are �0.18 ± 0.12 km
and �0.27 ± 0.16 km. At the upper boundary of the
metal atom layers near 106 km, the diffusion for each
metal constituent is believed to be dominated by both
molecular and eddy effects. Molecular diffusion tends to
drive the density falloff of any given constituent to its
natural scale height, while eddy diffusion tends to drive
the density falloff to the background atmospheric scale
height [Heinselman, 1999]. The natural scale heights for
Fe and Na atoms have the values of 3.2 and 7.9 km,
respectively, at 106 km altitude, which are comparable to
the background atmospheric scale height of 6.7 km at this
altitude. Noticing the fact that the measured Fe and Na
scale heights around their upper boundaries are consis-
tently far less than those values of the natural and
background atmospheric scale heights, we believe that
the altitude variation in Fe and Na densities on the layer
upper extent must represent some features of source and/

or sink for Fe and Na atoms as conjectured earlier by
Tilgner and von Zahn [1988]. At the lower boundaries of
the Fe and Na layers, the consistently negative and small
values of the measured Fe and Na scale heights reflect
the significant gradients in the source and/or sink for Fe
and Na atoms near the lower boundary.
[14] As an example from summertime, Figure 4, which is

based on the sequences of the Fe and Na density profiles
shown by Yi et al. [2007] (Figure 1), displays the temporal
variations of the upper and lower boundaries for the normal
Fe and Na layers observed on the night of 28–29 July 2004.
Since the maximum detection thresholds for all the Fe and
Na density samplings (5-min) are 13 cm�3 and 5 cm�3,
respectively, the density criterion here is still taken to be
30 cm�3. Note that the upper boundaries of the normal
layers are uncertain between 0015 to 0500 LT because of
the presence of the high-altitude Fes and Nas layers [Yi et al.,
2007]. It is clear from the upper panel of Figure 4 that the
upper boundary of the Fe layer is over 8 km lower than that
of the Na layer before 0015 LT. The two upper boundaries
exhibit some features similar to those observed in the
wintertime example, i.e., strong irregular fluctuations and
a low correlation compared with the lower boundaries. Just

Figure 3. Fe and Na density profiles measured at 2325 LT
on 7 December 2004. Note that the upper boundary of the
Fe layer is �5.2 km lower than that of the Na layer, while
the lower boundary of the Fe layer is �0.6 km higher than
that of the Na layer. Both of the layers show an evidently
steeper density gradient on the underside than on the
topside, and both the Fe layer underside and topside are
clearly steeper than those of the Na layer.

Figure 4. (top) Upper and (bottom) lower boundary
altitudes of the normal Fe and Na layers as a function of
time on the night of 28–29 July 2004. Note that the two
lower boundaries varied following almost the same track
and the lower boundary of the Fe layer was in general
slightly higher than or coincident with that of the Na layer,
with a mean altitude difference being about 0.2 km. The
upper boundaries of the normal layers are uncertain between
0015 to 0500 LT because of the presence of the high-
altitude Fes and Nas layers.
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like the wintertime example above, the lower boundaries of
the summertime layers displayed consistently the delicate
stratification that the low boundary of the Fe layer was
mostly slightly higher than or accordant with that of the Na
layer, with a mean altitude difference being about 0.2 km
(six exceptional time points may result from the noise
fluctuation, see Figure 4, bottom). The two lower bound-
aries also follow nearly the same movement with a corre-
lation coefficient as high as 0.96. The delicate stratification
appears to be modulated by the movement. As shown in the
low panels of Figure 2 and 4, the consistently subtle
stratification that the lower boundary of the Fe layer is in
general slightly higher than or coincident with that of the Na
layer makes it unlikely that the correlated variations of the
measured lower boundaries are simply caused by gravity
waves alone because at the lower boundaries near 80 km
altitude the vertical mixing of constituents by turbulence
generated by gravity wave breaking tends to spoil the
stratification. The gradient features shown in most individ-
ual Fe and Na profiles (89%) near the upper and lower
boundaries are also consistent with those observed from the
wintertime example, i.e., there exists an evidently steeper
density gradient on the underside than on the upper extent,
and the Fe layer borders are clearly steeper than those of the
Na layer. In the summertime example, the mean density
scale heights around the upper boundary are 0.40 ± 0.23 km
for Fe and 1.7 ± 0.73 km for Na, while the corresponding
values around the lower boundary are �0.16 ± 0.03 km and
�0.22 ± 0.10 km. The scale height values are comparable
with those in the wintertime example.
[15] In order to identify the statistical significance of the

above observed results, we have further surveyed all the
simultaneous Fe and Na data. Note that out of a total of
26 observation nights, 12 nights (including two examples

shown above) have the maximum detection thresholds less
than 30 cm�3 due to a variational atmospheric transmission
from night to night. These 12 nights with high detection
accuracy (high signal-to-noise ratio) allow us to explore the
behaviors of the layer boundaries close to the density cutoff
altitudes. Figure 5 contains a scatter plot showing the
relationship between the lower boundaries of the normal
Fe and Na layers based on the 1075 pairs of the high-
accuracy Fe and Na density profiles from the 12 nights. The
straight line represents a linear regression fit to the data. The
overall correlation coefficient is 0.96, indicating that it is a
ubiquitous phenomenon that the lower boundaries of the
normal Fe and Na layers follow nearly the same movement.
Figure 5 reveals also that the lower boundary of the Fe layer
mostly lies at a slightly higher altitude than or coincides
with that of the Na layer, with a mean altitude difference
being about 0.2 km. This is clearly seen in 847 (79%) out of
the total 1075 pairs of the Fe and Na density profiles. The
remaining 228 pairs (21%) may be ascribed to the noise
contamination or tiny structure on underside. The correla-
tion coefficient between the upper boundaries of the Fe and
Na layers is low (0.37) because of the impairment of weak
density enhancements occurring frequently on the upper
extent of the metal layers. However, it is clear that the
upper boundary of the Fe layer is always several kilometers
lower than that of the Na layer in the absence of high-
altitude sporadic layers. Our statistics reveals again that
there is no clear-cut correlation between the upper and
lower boundaries for each of the metal layers.
[16] Both the normal Fe and Na layers over Wuhan

display an evidently steeper density gradient on underside
than on upper extent as seen from the two examples above.
The feature is consistent with the earlier observations at
high and middle latitudes [Tilgner and von Zahn, 1988;

Figure 5. Scatterplot showing the relationship between the lower boundary altitudes of the normal Fe
and Na layers based on the 1075 pairs of the high-accuracy Fe and Na density profiles from the 12 nights.
The color of each open circle denotes the repetition number on this data point. The straight line is a linear
regression fit to the data. The correlation coefficient is 0.96, indicating that it is a ubiquitous phenomenon
that the lower boundaries of normal Fe and Na layers follow nearly the same movement. Note that the
lower boundary of the Fe layer mostly lies at a slightly higher altitude than or coincides with that of the
Na layer.
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Kane and Gardner, 1993]. In order to quantitatively deter-
mine the consistency of the feature at our site, we have
calculated the density gradients near the upper and lower
boundaries for all the high-accuracy Fe and Na density
profiles in the absence of sporadic layers around the upper
extent of the normal layers. As a result, the feature (steeper
density gradient on the underside than on the upper extent)
is seen for �90% of all the Fe profiles and for 86% of all the
Na profiles. In addition, it is also noticed from the Fe and
Na density profiles that the Fe layer generally has obviously
steeper density gradients on its borders than the Na layer
(e.g., Figure 3). This agrees with the available observational
fact at other midlatitude sites that the Fe layer has an
extremely small bottom scale height compared with the
Na layer [Plane, 2003].
[17] For the convenience of depicting the observed layer

boundaries, we have introduced a digital definition. It
should be emphasized that the chosen density criterion
(30 cm�3) is an extremely small quantity (comparable to
the minimum detectable density) rather than an arbitrarily
chosen value. The validity of the definition has been tested
further by comparing the calculated boundary altitudes with
all the individual pairs of the Fe and Na profiles. It is
indicated that the altitude relations between the calculated
Fe and Na boundaries are consistent with those seen in
nearly all the individual pairs of the Fe and Na profiles.
Furthermore, the lower boundary altitude relation, that the
lower boundary of Fe layer is in general slightly higher than
or coincident with that of Na layer, is also consistent with
the observed fact that the Fe underside is generally obvi-
ously steeper than that of the Na layer.
[18] In addition, only from a visual observation of all the

nights of the sequences of the Fe and Na density profiles
observed simultaneously, we can clearly judge that the
undersides of the normal Fe and Na layers follow nearly
exact movement and occur at nearly the same altitude
(e.g., Figure 1). In this case, the correlation coefficient is
not sufficient to depict the relation between the Fe and Na
lower boundaries. Thus, the undersides of Fe and Na
layers are likely to be formed by the same or very similar
processes.

3. Summary

[19] The high-accuracy atom density profiles, obtained by
the simultaneous and common-volume Fe and Na lidar
measurements at Wuhan, China over 1 year, reveal some
prevalent relations between the Fe and Na layer borders.
The lower boundaries of the Fe and Na layers show
consistently a delicate stratification in which the lower
boundary of the Fe layer is in general slightly higher than
or coincident with that of the Na layer, with an overall mean
altitude difference being about 0.2 km. The delicate strati-
fication is often modulated by the highly correlative vertical
movements of the two lower boundaries. The overall
correlation coefficient between the two lower boundary
altitudes is as high as 0.96, indicating that the delicate
stratification is a ubiquitous phenomenon. These results
suggest strongly that the undersides of Fe and Na layers
are controlled by the same or very similar processes. The
upper boundary of the Na layer is always several kilometers
higher than that of the Fe layer. A relatively weak positive

correlation is also persistently observed between the two
upper boundaries. Weak sporadic layering events frequently
occur on the upper extent of the metal layers. They may
impair the correct determination of the upper boundaries of
the normal metal layers and consequently weaken the
correlation. Both the Fe and Na layers often show an
evidently steeper density gradient on the underside than
on the upper extent, and the borders of the Fe layer are
clearly steeper than those of the Na layer. The explanation
to these observed relations needs further work in both
observation and modeling.

[20] Acknowledgments. The research is supported jointly by the
National Natural Science Foundation of China through grants 40474059
and 40731055 and Program for Changjiang Scholars and Innovative
Research Team in University (PCSIRT0643). The authors appreciate the
anonymous referees for their enlightening comments and suggestions.
[21] Zuyin Pu thanks the reviewers for their assistance in evaluating

this paper.

References
Clemesha, B. R. (1995), Sporadic neutral metal layers in the mesosphere
and lower thermosphere, J. Atmos. Terr. Phys., 57, 725–736.

Clemesha, B. R., V. W. J. H. Kirchhoff, D. M. Simonich, and H. Takahashi
(1978), Evidence of an extraterrestrial source for the mesospheric sodium
layer, Geophys. Res. Lett., 5, 873–876.

Clemesha, B. R., P. P. Batista, and D. M. Simonich (1999), An evaluation of
the evidence for ion recombination as a source of sporadic neutral layers
in the lower thermosphere, Adv. Space Res., 24, 547–556.

Collins, S. C., et al. (2002), A study of the role of ion–molecule chemistry
in the formation of sporadic sodium layers, J. Atmos. Sol. Terr. Phys., 64,
845–860.

Cox, R. M., and J. M. C. Plane (1998), An ion-molecule mechanism for
the formation of neutral sporadic Na layers, J. Geophys. Res., 103,
6349–6359.

Delgado, R., B. R. Weiner, and J. S. Friedman (2006), Chemical model
for mid-summer lidar observations of mesospheric potassium over the
Arecibo Observatory, Geophys. Res. Lett., 33, L02801, doi:10.1029/
2005GL024326.
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Preface

Under the sponsorship of CAWSES, a Workshop was held on the topic of solar flares, magnetospheric substorms (partic-
ularly the relationship between the two) and other space weather topics. The workshop was held under the sponsorship of
the University of Alaska, Fairbanks from 18 to 20 March, 2007. This special issue is a result of this workshop. Auroras
were observed nightly during the workshop interval. Many presentations given at the workshop showed detailed images of
solar flares. This special issue includes, but is not limited to, papers presented at the Workshop. We hope that the following
papers will be stimulating to the readership of Earth, Planets and Space.
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Kazunari Shibata
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A two-step scenario for both solar flares and magnetospheric substorms:
Short duration energy storage
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The basic observations for magnetic storms and substorms at Earth and for flares at the Sun are reviewed for
background. We present a common scenario of double magnetic reconnection for both substorms and flares based
on previous interplanetary observations and substorm-triggering results. Central to the scenario is that the first
magnetic reconnection phase is the source of energy loading for possible substorms and flares. The energy placed
in the magnetotail or magnetosphere/at the sun lasts for only a short duration of time however. The energy gets
dissipates away rapidly (in some less dramatic form). This scenario predicts that if the initial reconnection process
is sufficiently intense and rapid, concomitant substorms and flares occur soon thereafter. If the energy input is
less rapid, there may be lengthy delays for the onset of substorms and flares. If external influences (shocks, etc.)
occur during the latter energy buildup, the “trigger” will cause a sudden release of this energy. The model also
explains reconnection without subsequent substorms and flares. The model addresses the question why strong
triggering events are sometimes ineffective.
Key words: Solar flares, substorms, magnetic storms, magnetic reconnection.

1. Introduction
It has been well established that major geomagnetic

storms do not occur at Earth unless the upstream inter-
planetary magnetic field (IMF) is southward for durations
of hours (Gonzalez and Tsurutani, 1987; Gonzalez et al.,
1994, 2007). There have been no exceptions to this rule
found to date. On the other hand, if the upstream IMF is
northward, the magnetosphere and auroras becomes very
quiet (Tsurutani and Gonzalez, 1995). It can be assumed
that the energy input into the magnetosphere/magnetotail
does not occur during such intervals (or takes place at a
much lower rate). The implication of both of these obser-
vations is that magnetic reconnection (Dungey, 1961) is the
major mechanism for solar wind energy input into the mag-
netosphere (Echer et al., 2008) and is a direct or indirect
source of the energy powering magnetic storms.

Substorms are much smaller intensity geomagnetic
events, and there the situation is less clear. Tsurutani and
Meng (1972) and Meng et al. (1973) found that south-
ward IMFs preceded substorms by ∼10 to 40 min, and con-
cluded that southward IMFs are both the ultimate energy
source and trigger for the substorms that follow. Alterna-
tively Lyons et al. (1997) have suggested that some sub-
storms are “triggered” by northward IMF turnings due to
braking of the magnetospheric convection process. Free-
man and Morley (2004) have demonstated that substorms

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

may occur spontaneously and may not be triggered at all.
We will argue that all of these positions are correct and are
not contradictory to each other.

The strongest external impact on the magnetosphere and
potential substorm triggers are interplanetary fast forward
shocks (Kennel et al., 1985) impinging on the dayside mag-
netopause. The solar wind ram pressure can increase by
an order of magnitude across a shock. Such pressure pulses
will compress the magnetosphere in a dramatic fashion such
that magnetic increases (sudden impulses or SIs) are de-
tected on the ground (Araki, 1994). As the shock propa-
gates further downstream, it will compress the magnetotail
and thereby increase currents within and bounding the tail
(Tsurutani et al., 1986; Tsurutani and Zhou, 2003). Shock
compression will also enhance field-aligned currents from
the magnetosphere to the ionosphere (Araki, 1994). These
shocks can immediately trigger substorms with little or no
delay (Heppner, 1955; Kawasaki et al., 1971; Kokubun et
al., 1977). However there are also times when they do not
trigger substorms. What does this mean?

Zhou and Tsurutani (2001) and Tsurutani and Zhou
(2003) have found that if the IMF is southward or ∼zero
nT a few hrs prior to shock impingement, a substorm will
occur. If the IMF is northward, one will not. These observa-
tions have been somewhat of a mystery. The Earth’s magne-
totail has enough stored magnetic energy to supply a dozen
or more substorms. Why don’t shocks trigger substorms ir-
respective of preceding IMF directionality? A similar ques-
tion can be asked about solar flares. The energy stored in
the coronal loops is sufficient for many solar flares. Why
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Fig. 1. A schematic of two-step reconnection at Earth (on left) and at the sun (on right). For the Earth’s case the solar wind from the sun (at bottom
out of the figure) convects interplanetary magnetic fields to the Earth. Magnetic reconnection at the magnetopause (indicated in red at the bottom)
allows the transfer of solar wind energy to the ionosphere/magnetosphere/magnetotail. If this first reconnection process is intense enough, a substorm
will occur. Magnetic reconnection in the tail (indicated in red at the top) may either drive the substorm or be a consequence of the substorm. This is
currently being debated in the literature. An analogous solar flare schematic is shown on the right. An emerging flux region occurs on the far right of
the figure. Magnetic reconnection between it and the neighboring (central) loop leads to an increase of magnetic stress between the central loop and
the large loop at the left. Release of this stress occurs in the form of a solar flare.

don’t flares occur continuously until the loop energy is ex-
hausted? The loop configuration often looks remarkably
similar before and after the flare.

We present a scenario of double magnetic reconnection
for substorms and solar flares. Our scenario follows the
above empirical findings that magnetic reconnection is the
major process transferring solar wind energy into the mag-
netosphere. That is a standard, well-accepted concept (see
Terasawa et al., 2000 for a discussion of the similarities
and differences between substorms and flares). However
we also follow the Zhou and Tsurutani (2001) and Tsuru-
tani and Zhou (2003) result that the energy stored in some
form in the magnetosphere/magnetotail/ionosphere is being
dissipated rapidly. If the energy is not released in the form
of a substorm within several hrs, it gets released in a less
dramatic manner. In this scenario, the quiet-time tail lobe
energy does not play a prominent role. In this paper we ex-
plore the consequences of this idea, assuming that the same
processes occur at the sun. We will hypothesize under what
condition solar flares occur and when they do not.

2. Results
2.1 Substorms

Substorms were first identified and described by Akasofu
(1964) (see also Akasofu and Chapman, 1972) by all sky
images measured from the ground. Substorms are isolated
midnight sector auroral zone (∼60◦ to 65◦ magnetic lati-
tude) events. Akasofu (1964) found that a substorm was
found to consist of the following sequence: 1) a brightening
of the equatorward arc (the arc width typically is ∼1 km),
2) a breakup of the arc, and then poleward, eastward and
westward expansions of auroral forms. This sequence takes
between ∼10 and ∼30 min to complete, with no definite
time interval identified.

Auroral light is created by ∼1–10 keV electrons pre-

cipitating into the upper atmosphere colliding with neutral
atoms and molecules. The electrons lose their kinetic ener-
gies through electron-electron collisions resulting in the ex-
citation of the atoms and molecules. The excited atoms and
molecules relax to emit visible and UV photons. To a much
lesser extent (∼1 to 2% of the total radiated energy), the in-
coming energetic electrons are accelerated by interactions
with atmospheric nuclei to form bremsstrahlung X-rays.

The processes accelerating the electrons to 1–10 keV
occurs above the ionosphere. Electric fields with compo-
nents aligned along the geomagnetic field (so called “par-
allel electric fields”) have been detected at low altitudes
by satellites such as FAST (Carlson et al., 1998). These
electric fields accelerate thermal electrons to monoenergetic
beams of ∼keV kinetic energies (Evans, 1968). The causes
of these electric fields are due to processes occurring in the
magnetosphere, at higher altitudes still. The lack of suf-
ficient current carrier densities is the cause of the parallel
electric fields generated above the ionosphere (Carlson et
al., 1998).

Large scale convection of magnetotail (plasmasheet)
plasma also occurs simultaneous with auroral substorms.
The plasmasheet is convected inward towards the Earth,
compressing (heating) the plasmasheet plasma. Due to cur-
vature and gradients in the magnetospheric magnetic field,
the electrons drift from the midnight sector towards dawn
and the ions from the midnight sector to dusk. The energies
of these particles are ∼10 to 100 keV. Through plasma in-
stabilities and plasma wave growth, these magnetospheric
particles are pitch-angle scattered and some precipitate into
the ionosphere. This is the “diffuse” component of the au-
rora.

It is well documented that the energy for substorms ulti-
mately comes from the solar wind Poynting flux (discussed
previously). The magnetic field directionality serves as
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an energy gate. If the interplanetary magnetic fields are
oriented in a southward direction, opposite in direction to
the magnetopause magnetic fields, reconnection will take
place. A second site of reconnection occurs in the magne-
totail. A schematic of this model is shown on the left-hand
side of Fig. 1.

Although sufficient energy may be transferred into the
magnetosphere/magnetotail system by the first reconnec-
tion process, substorms may not take place immediately
or even at all. Our scenario is that if energy is supplied
at a rapid enough rate, e.g., if the IMF is intensely south-
ward, substorms will result (Tsurutani and Meng, 1972). If
sufficient energy has recently been put into the magneto-
sphere and the IMF turns northward, this current disruption
can cause a substorm (Lyons et al., 1997). Or if there is
energy being put into the magnetosphere/magnetotail con-
tinuously, substorms will occur sporadically (Freeman and
Morley, 2004). However if the IMF is northwardly directed
for hours prior to the “trigger” arriving at the magnetopause,
neither IMF southward turnings, northward turnings nor
shocks will trigger substorms. In our scenario, the impor-
tant feature is the rate of energy input into the magneto-
sphere/magnetotail system. The “triggers” are less impor-
tant.

In the above substorm scenario, there is less emphasis on
the second reconnection event. It may occur as a byproduct
of the substorm or may lead to the substorm. There are
many ongoing debates of the timing of the events. In our
point of view, it is the first reconnection event that is the
important one. This leads to energy input from the solar
wind to the ionosphere/magnetosphere/magnetotail.
2.2 Solar flares

Solar flares were first observed (1859) and reported in-
dependently by R. C. Carrington (1860) and R. Hodgson
(1860) as localized brightenings in a sunspot group. The
brightening lasted only ∼5 min. No changes in the sunspot
orientation or intensity was noted after the flare had oc-
curred. This is similar to the case of substorms, viewed
from a great distance. Differences in the magnetosphere be-
fore and after substorms would be difficult to discern from
a viewing distance of 108 km.

Since the above 1859 observations, numerous flare events
have been recorded by ground-based, balloon-borne and
spacecraft telescopes. Today, a solar flare is defined as “a
transient phenomenon showing a rapid increase followed by
either a rapid or gradual decay” (Tajima and Shibata, 1997).
The “rapid” time scale normally corresponds to 10 sec to
10 min, although it varies largely from event-to-event. It is
often accompanied by quasi-periodic variations, or pulsa-
tions, with the time-scale as small as 20 msec. These obser-
vations are similar to those of substorms.

The wavelength of the electromagnetic emission covers
radio wavelengths at the low end to γ - rays at the upper end.
The γ -rays are produced by precipitating high energy ions,
a feature far more energetic than that in substorms. The
low end includes Hα photons, a feature often used in flare
diagnostics. Recent progress has come from spectral and
imaging observations of X-rays (e.g., Svestka, 1976). Soft
X-rays (SXR) are thought to be thermal emission from plas-
mas of 107 K temperature whereas hard X-rays are “non-

thermal”. The latter are bremsstrahlung emissions created
by 10 keV to 1 MeV electron collisions with ions.

The whole duration of a flare depends on the type of
flare. Long duration event (LDE) flares typically last more
than 1 hr while impulsive flares are short-lived ones that
last far less. The latter is characterized by impulsive hard
X-ray emission whereas the former shows a softer X-ray
spectrum.

Generally, the LDE flares have larger characteristic scale
sizes of ∼105 km. SXR observations show cusp-type
loops associated with their rise and expansion motion (e.g.,
Tsuneta et al., 1992). The temperature was found to be
systematically higher in the outer loops. The loops grad-
ually shrink with time (Forbes and Acton, 1996). Some
other phenomenon such as plasmoid ejections (Hudson,
1994), downflows (McKenzie and Hudson, 1999; Asai et
al., 2004), and inflows (Yokoyama et al., 2001) were also
observed.

Impulsive flares, on the other hand, are relatively small
with characteristic scales of ∼104 km but occur much more
frequently than LDE flares. A notable feature of these
events is that they do not show clear cusp-shaped loop struc-
tures, so some researchers considered the two types of flares
to be different phenomena. From the mid-1990s, how-
ever, many features similar to LDE flares were found in
impulsive flares (e.g., see a review by Shibata, 1999). In
1994, a careful comparison between SXR and HXR im-
ages revealed an above-the-looptop HXR source so-called
Masuda-type source (Masuda et al., 1994). It was soon dis-
covered, from the time-of-flight (TOF) analysis, that the ac-
celeration site of energetic electrons is situated high above
the Masuda type sources (Aschwanden et al., 1996). Other
important findings in impulsive flares are plasmoid ejec-
tions (Shibata et al., 1995; Ohyama and Shibata, 1998),
temperature distributions, upward and shrinking motions of
SXR loops, and increasing footpoint/double-ribbon sepa-
ration (Sakao, 1994; Fletcher and Hudson, 2001; Asai et
al., 2002). A detailed analysis of spatial distribution of
the coronal sources has provided evidence of a large scale
current sheet (Sui and Holman, 2003). It is only recently
that the γ -ray line observations revitalized the discussion
of the differences between ions and electrons in accelera-
tion and/or propagation (Lin et al., 2003).

In both types of flares, plasma heating and particle accel-
eration are primary processes of solar flares that take place
in the solar corona (very recent observations by Hinode
clarified many small-size flares not only in the solar corona
but also in the chromosphere (e.g., Shibata et al., 2007).
The impact of such ubiquitous presence of flares, caused
by reconnection, should be discussed in the future litera-
ture. During the peak time of flares, the accelerated parti-
cles and thermal conduction fronts propagate to and heat the
chromosphere. The heated chromospheric plasma results in
an upward flow or ‘chromospheric evaporation’. It is this
phase that the highest energy emission such as HXR and γ -
rays are prominently observed. In the later phase of flares,
a cooling process dominates heating. The typical temporal
variation of energy spectra shows the “soft-hard-soft” se-
quence (e.g. Fletcher and Hudson, 2002).

The magnetic field configuration for our solar flare model
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is shown on the right-hand side of Fig. 1. Our model is
a double reconnection event, similar to the process of re-
connection at Earth (reconnection occurs first at the mag-
netopause and then in the tail). We note that double recon-
nection models for solar flares have been previously pro-
posed by Wang and Shi (1993), Aulanier et al. (2000), Ku-
sano et al. (2004) and Zhang et al. (2006). We include the
tether cutting model (Moore and Roumeliotis, 1992) and
the breakout model (Antiochos et al., 1999) because in a
broader sense, they are double reconnection models too (see
review by Shibata, 2005). In this paper we build on this
model to draw a schematic for solar flares that is similar to
the magnetospheric case. The initial condition is two mag-
netic loops adjacent to each other. These are the large loops
on the left and center. The source of the loops and their
intrinsic magnetic energy is magnetic buoyancy.

The emergence of a new loop on the far right leads to en-
ergy transfer to the system (e.g., Chen and Shibata, 2000).
This loop has a polarity that is conducive to magnetic recon-
nection (indicated by an “x”) between the emerging loop
and the right-hand initial loop. This reconnection corre-
sponds to the dayside reconnection in the Earth’s case. Re-
connection between the small emerging loop and the central
loop enlarges the initial right-hand loop and increases the
magnetic stress between it and the left-hand loop. If sig-
nificant stress builds up between the two loops, magnetic
reconnection will take place between them and the energy
will be abruptly released in the form of a flare. If on the
other hand the stress build up is slow such that the magnetic
stress is being dissipated more rapidly than increased, no
sudden release of energy will occur.

If the rate of energy input (reconnection between the new
loop and central loop) is rapid enough, a flare will occur
with short delay. If the energy input is less rapid but the
amount of accumulated energy is sufficient for a flare, coro-
nal disturbances may “trigger” it. As one example, coronal
shocks propagating from distant regions of the sun can trig-
ger “sympathetic” flares, much in the way an interplanetary
shock can trigger a substorm at Earth. If however the en-
ergy input is at a relatively low rate or there is no energy
being added, even strong triggers may be ineffective.

3. Summary
We have developed a scenario for double reconnection

involving three coronal loops at the sun which has an analog
to the case of interplanetary magnetic reconnection at the
Earth’s magnetosphere and reconnection in the magnetotail.
Our scenario emphasizes short duration energy storage time
scales in both the magnetosphere/ionosphere and at the sun.
If the energy input is rapid, flares/substorms occur. This
scenario is based on detailed observations made for storms
and substorms at Earth.

At this time, the authors do not speculate on what spe-
cific form the resultant energy from the (first) magnetic re-
connection process is stored at Earth and at the Sun. For
the Earth’s case, energy storage in the magnetotail, magne-
tosphere and in the ionosphere have been suggested. The
literature is extensive. For the solar case, Zirin and Tanaka
(1973), Neidig (1979), Hagyard et al. (1983) and Moore et
al. (2001) have suggested that shear in the magnetic field

is one mechanism. This may be the case for our model be-
tween the central and left-hand loop of Fig. 1. Kusano et
al. (2002) have suggested flux emergence was an important
feature for a November 1997 interval. Similarly Schrijver et
al. (2008) have indicated that electrical currents associated
with the emerging flux is important. In our model, the exis-
tence of the right-hand side emerging loop is such a feature.

All of the energy storage mechanisms mentioned above
(and more) may occur to varying degrees, depending on the
particular solar preconditions. It is possible that the path
of energy storage and release may be different for different
events.

4. Final Comments
We have proposed a double reconnection model that can

be applied to both substorms at Earth and to solar flares. We
emphasize that the rate of the first reconnection process is
important to determine if the substorm/flare: 1) will occur
immediately, 2) will occur with some delay, 3) could occur
if there is an external “trigger” and 4) may not occur at all.
Key to this scenario is that the energy input leaks away from
the storage site (as implied from magnetospheric results)
and the preexisting magnetotail/loop energy is not the main
source for the substorm/flare. The ideas presented in this
paper are readily testable.

One can envision obvious simple variations to this double
reconnection model. Flux emergence enhancing the cen-
tral loop will eliminate the need for the emergence of the
small right-hand loop. Otherwise, the scenario is the same.
Again, the rate of free energy input into the system will be
critical for the occurrence/lack of occurrence of a flare.
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The 3D spontaneous fast reconnection model is applied to well-known signatures of geomagnetic substorms
and solar flares. First, it is applied to the traveling compression regions (TCRs) associated with plasmoids
propagating down the tail plasma sheet, known as a definite signature of geomagnetic substorms, and the in-situ
satellite observations can be precisely explained, both qualitatively and quantitatively. Then, it is demonstrated
that the magnetospheric current wedge drastically evolves through field-aligned currents to link the tail current
to the auroral electrojet. It is also found that the well-known morphological features of two-ribbon flares can
be explained by the fast reconnection model. In particular, the joule heating, associated with the flare current
wedge, is shown to be important for the two-ribbon heating. Therefore, it is suggested that both solar flares and
geomagnetic substorms result from the same physical mechanism, i.e., the fast reconnection mechanism.
Key words: Fast reconnection, substorms, flares, TCR, current wedge.

The fast reconnection mechanism involving standing
slow shocks should be most responsible for explosive events
observed in space plasmas (Shibata, 1999). Then, question
is how the fast reconnection mechanism is realized in space
plasmas of extremely large magnetic Reynolds number. A
possible fast reconnection configuration was first proposed
by Petschek (1964), and it was suggested that the fast recon-
nection mechanism may be determined by external bound-
ary conditions (Vasyliunas, 1975). However, it can be real-
ized only when a localized resistivity is applied (Ugai and
Tsuda, 1977), and we have proposed the spontaneous fast
reconnection model and demonstrated by 2D and 3D MHD
simulations that the fast reconnection mechanism can be
realized as an eventual solution by the nonlinear instabil-
ity due to positive feedback between current-driven anoma-
lous resistivities and global reconnection flows (Ugai, 1984,
1986, 1992, 1999; Ugai and Zheng, 2005).

In general, the energy conversion principle can directly
be derived from Maxwell Equations as

∂

∂t

(
B2

2µ0
+ ε0E2

2

)
= −∇ · (E × B)/µ0 − E · J (1)

The electric energy is negligible for the Alfven time scale,
so that E × B indicates the magnetic energy flow, and E · J
the rate of conversion between magnetic and plasma ener-
gies. Any fast reconnection process involves magnetic en-
ergy inflow E × B toward the diffusion region and hence
requires the dissipation mechanism E · J > 0 in the diffu-
sion (reconnection) region. Hence, the reconnection elec-
tric field E at the X reconnection point must be sustained
by some dissipation mechanism. If there is no dissipation
mechanism, the reconnection electric field should readily

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
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ences; TERRAPUB.

be short-circuited by electrons in the small diffusion region
of electron inertial length of c/ωpe.

The generalized Ohm’s law may be written as
E + u × B = R, where R is composed of the resistivity
term Rη, the Hall term RH, the electron pressure-tensor term
Rp, and the electron inertial term Ri. For the Hall term,
RH · J = 0, so that it cannot have any direct influence on
the reconnection process, since it has no dissipation mech-
anism. In the diffusion region (u × B ∼ 0), R can be de-
scribed as ηJ since E · J > 0, where η(> 0) is the effec-
tive resistivity. The effective resistivity, usually provided
by Coulomb collisions, is extremely small in space plas-
mas, and if current densities are notably intensified, it may
result from wave-particle collisions due to current-driven
microinstabilites, such as ion acoustic, two-stream (Bune-
man), lower-hybrid drift instabilities (Lui, 2001). In fact,
anomalous resistivities are detected in laboratory plasmas
(Ono et al., 2001).

First, let us examine the physical conditions for the fast
reconnection evolution to be realized in actual 3D sys-
tems. Initially, we assume a current sheet system that con-
tains antiparallel magnetic fields Bx and a sheet current in
|y| < 1. Initiated by a small disturbance, all the phenom-
ena grow by the self-consistent interaction between the re-
connection flow and the effective resistivity. In order to
examine how magnetic reconnection is influenced by the
effective resistivity, we may assume the following resis-
tivity models. For the current-driven anomalous resistiv-
ity model (A), η(r, t) = kR [Vd(r, t) − VC] for Vd > VC

(Vd = |J/ρ|), where ρ is plasma density, and Vd the relative
electron-ion drift velocity. For another anomalous resistiv-
ity model (B), η(r, t) = kJ [|J(r, t)| − JC] for |J| > JC.
For the model (C), the Spitzer resistivity is assumed as,
η(r, t) = kC [T (r, t)/T0]−3/2, where T is the temperature.

We find that for the anomalous resistivity model (A) or
(B), if the threshold VC or JC is sufficiently large, the fast
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Fig. 1. (Upper) Magnetic field configuration with the isosurface of the
plasma pressure P , and (lower) plasma flow vectors for the anomalous
resistivity model (A), where the X neutral point is located at the origin.

reconnection mechanism fully evolves as a nonlinear in-
stability because of the positive feedback, since the recon-
nection flows grow so as to enhance the current density at
the X point by the pinch effect (Ugai, 1984, 1986, 1999).
Figure 1 typically shows the resulting configuration for the
anomalous resistivity model (A), where the fast reconnec-
tion mechanism involving slow shock builds up, and a large-
scale plasmoid is formed ahead of the Alfvenic fast recon-
nection jet. Here, the simulation domain is a rectangular
box, 0 ≤ x ≤ Lx = 20, 0 ≤ y ≤ L y = 6, and 0 ≤ z ≤
Lz = 9.8, with the mesh sizes �x = 0.04, �y = 0.015 and
�z = 0.1, and the conventional symmetry boundary condi-
tions are assumed on the z = 0, x = 0, and y = 0 planes
with the other outer planes being free boundaries. For the
Spitzer resistivity model (C), no effective reconnection oc-
curs because of the negative feedback, since the resistivity
becomes reduced because of the increase in temperature T
in the diffusion region (Ugai and Zheng, 2005). Note that
magnetic reconnection is strongly influenced by the effec-
tive resistivity, and the fast reconnection mechanism can be
realized for current-driven anomalous resistivities even in
general three dimensions.

Next, let us apply the spontaneous fast reconnection
model to substorm signatures observed by satellites. The
so-called traveling compression regions (TCRs) have been
clearly observed in the tail lobe of the Earth’s magneto-
sphere, and they were qualitatively expected to result from
the plasmoid bulge propagating down the central plasma
sheet. The TCR signatures have been studied in detail
(Slavin et al., 1993), and Fig. 2 typically shows the ob-
served magnetic field variations, which indicates the pulse-
like compression of the earthward (Bx ) field component as
well as the northward to the southward tilting of the Bz field
component. These fundamental features of TCR have been
theoretically discussed by Birn (1992) and by Young and
Hameiri (1992), but have not been verified in detail by nu-

Fig. 2. ISEE 3 magnetic field observations taken in the north lobe of the
tail at x = −73Re in GSM coordinates (after Slavin et al., 1993).

Fig. 3. Temporal variations of magnetic fields observed by virtual satel-
lites located in the magnetic field (low-β) region, where Bx , By and Bz

correspond to −Bx , −Bz and −By in GSM coordinates, respectively.

merical simulations.
In order to clarify the physical mechanism of TCR, 3D

MHD simulations of the spontaneous fast reconnection
model are performed with the same simulation model as in
Fig. 1. It should be noted that unlike the traditional plas-
moid, the resulting plasmoid contains no closed field lines
and is caused and sustained by the Alfvenic fast reconnec-
tion jet. Then, in order to directly compare the simula-
tion results with the satellite observations, virtual satellites
are located in the magnetic field region outside the central
plasma sheet in the simulation domain, which can readily
measure the temporal variations of magnetic fields in ac-
cordance with the plasmoid propagation (Ugai and Zheng,
2006a). Figure 3 shows the field components, measured
by the virtual satellites, which indicate the pulse-like field
compression Bx with the bipolar changes in By and Bz .
Then, another tearing suddenly occurs, leading to a small
plasmoid propagating outward, so that a small TCR is ob-
served at t ∼ 56. These results are in good agreement with
the actual satellite observations (Fig. 2) (Ugai and Zheng,
2006b).

Other well-known substorm signatures are the earthward
jet and the magnetic field dipolarization. In particular, when
a substorm builds up, the tail current sheet may suddenly
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Fig. 4. (Color online) Current flow lines starting from the segment,
2.16 < x < 2.72 at y = 0.27 and z = 13, at different times,
where contour lines of the reconnected field component By and the flow
velocity vectors u in the (z, x) plane are also shown, where the X neutral
point is located at x = Lx = 10.

be disrupted so that a substorm current wedge evolves to
link the tail current to the auroral electrojet through field-
aligned currents (McPherron et al., 1973). The importance
of current wedge has widely been recognized by satellite
and ground observations, but this long-standing question
has never been resolved theoretically. Recently, it is demon-
strated on the basis of the 3D spontaneous fast reconnection
model that when the fast reconnection jet collides with the
closed field lines in the near-Earth magnetosphere, the dras-
tic current wedge evolution can be realized (Ugai and Kon-
doh, 2006).

We have also found that only when the east-west width of
the tail current sheet is 3–4 times larger than its thickness,
the 3D fast reconnection mechanism and the current wedge
can fully be set up (Ugai and Shimizu, 1996; Ugai, 2007).
For this case, Fig. 4 shows the resulting current flow lines,
where the contour lines of the reconnected field component
By and the flow velocity vectors u in the (z, x) plane are
also shown. In this model, magnetic reconnection is initi-
ated at x = Lx = 10, and the x = 10 plane as well as the
x = 0 plane is assumed to be the symmetry boundary. We
readily see that when the closed field lines in the near-Earth
magnetosphere is compressed by the 3D fast reconnection
jet, the sheet current (Jz < 0) ahead of the closed field lines
drastically turns its direction toward the foot points of close
field lines through field-aligned currents. This is generally
consistent with the predicted substorm current wedge.

In view of morphological similarities between flares and
substorms, the spontaneous fast reconnection model may
also be applied to two-ribbon flares. Unlike in-situ obser-
vations in the Earth’s magnetosphere, magnetic fields can
hardly be measured in the solar corona. In this sense, any
theoretical model of solar flare is circumstantial, so that it is

Fig. 5. (Color online) Plasma flow vectors and contour lines of the joule
heating ηJ2, where the fast reconnection flow velocity ux < 0 attains
the Alfven velocity, VA ∼ −2.7, measured in the low-β region.

essential to clarify the well-known morphological features
that have been obtained from satellite observations. The
previous theories were mostly based on the cartoon model
based on the 2D Petschek reconnection configuration, and
it was supposed that the chromospheric flare heating should
be caused directly from the coronal plasma heated and ac-
celerated by 2D reconnection shocks.

The solar surface is modeled as follows. An antiparallel
magnetic field B = [Bx (y), 0, 0] is initially assumed as:
Bx (y) = sin(πy/2) for 0 < y < 1; Bx = 1 for 1 < y < 4;
Bx = cos [(y − 4)π/1.2] for 4 < y < 4.6; Bx = 0 for y >

4.6; also, Bx (y) = −Bx (−y) for y < 0. Fluid velocity u =
(0, 0, 0), and plasma pressure P(y) satisfies the pressure-
balance condition, P + B2

x = 1 + β0, where β0 = 0.15 is
taken. Also, plasma density ρ initially satisfies ρ(x, y) =[
R0 exp

[−(x/0.4)4
] + 1

]
P(y)/(1 + β0), where R0 = 100

is taken, so that x = 0 corresponds to the chromosphere,
and the corona is for x � 0.4. In the chromosphere, placed
in the x = 0 plane, the plasma density is assumed to be
100 times larger than in the corona for x > 0.4, so that
the temperature in the corona is 100 times larger than in the
chromosphere.

An initial disturbance is imposed at x = Lx = 10 on the
initial configuration, and then the current-driven anomalous
resistivity models are assumed. Figure 5 illustrates the
resulting plasma flow vectors and contour lines of the joule
heating ηJ2. The joule heating in the (x, y) plane mostly
indicates the standing slow shock layer, across which the
plasma is accelerated to the Alfven velocity. The plasmoid,
propagating in the negative x direction (at t = 39), collides
with the chromosphere (x = 0) at t ∼ 42, leading to
sudden current wedge evolution, which may be called the
flare current wedge by analogy with the substrom current
wedge. For t > 42, distinct plasma downflows (ux < 0)
toward the chromosphere (x = 0) occur along the magnetic
loop boundary.

The flare current wedge causes an extreme increase in
the current density (hence an anomalous resistivity) in the
chromosphere (x = 0). Hence, Fig. 5 indicates that re-
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Fig. 6. (Color online) Temperature distributions, shown by contour lines
at x = 0, where the maximum temperature becomes more than 20 times
its initial value.

markable joule heating occurs along the thin layer in the
chromosphere near the seperatrix, which bounds the pre-
and post-reconnection field lines. In particular, the strongest
heating occurs impulsively at times t = 42 and 43. Accord-
ingly, Fig. 6 shows the resulting temperature distributions,
and demonstrates that at t = 42 the temperature is sud-
denly enhanced distinctly in the chromospheric thin layer,
which presents the two-ribbon structure because of the sym-
metry boundary conditions. Hence, the plasma pressure is
notably enhanced in the chromosphere to cause distinct up-
ward flows (ux > 0) from the chromosphere at t = 48
inside the loop, which is consistent with the so-called chro-
mospheric evaporation observed during flares. The joule
heating layer moves in the positive y direction as the re-
connected field lines are piled up, and the cusp-shaped flare
loop expands outward. These results are consistent with the
well-known morphological features of two-ribbon flares.

In summary, in-situ satellite observations of TCR signa-
tures can exactly be explained by the 3D spontaneous fast
reconnection model (Figs. 2 and 3). Also, the 3D fast re-
connection jet causes drastic evolution of magnetospheric
current wedge (Fig. 4). For this theoretical model, current-
driven anomalous resistivities are essential, and the current
disruption occurs just ahead of the closed field lines to form
the current wedge (Fig. 4). Interestingly, these basic fea-
tures are rather consistent with those of the current disrup-
tion model (Lui, 1996). In addition, it is demonstrated that
the well-known morphological features of two-ribbon flares
are pertinently explained by this theoretical model (Figs. 5
and 6). In particular, the drastic increase in the chromo-
spheric temperature occurs in the shape of two ribbons, and
the resulting coronal flare loop is expanding outward. Also,
the definite chromospheric evaporation occurs. These re-

sults suggest that both solar flares and geomagnetic sub-
storms result from the same physical mechanism, i.e., the
fast reconnection mechanism.
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Coronal loops, flare ribbons and aurora during slip-running
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Solar two ribbon flares are commonly explained by magnetic field reconnections in the low corona. During
the reconnection energetic particles (electrons and protons) are accelerated from the reconnection site. These
particles are following the magnetic field lines down to the chromosphere. As the plasma density is higher in
these lower layers, there are collisions and emission of radiation. Thus bright ribbons are observed at both ends
of flare loops. These ribbons are typically observed in Hα and in EUV with SoHO and TRACE. As the time
is going, these ribbons are expanding away of each other. In most studied models, the reconnection site is a
separator line, where two magnetic separatrices intersect. They define four distinct connectivity domains, across
which the magnetic connectivity changes discontinuously. In this paper, we present a generalization of this model
to 3D complex magnetic topologies where there are no null points, but quasi-separatrices layers instead. In that
case, while the ribbons spread away during reconnection, we show that magnetic field lines can quickly slip along
them. We propose that this new phenomenon could explain fast extension of Hα and TRACE 1600 Å ribbons,
fast moving HXR footpoints along the ribbons as observed by RHESSI, and that it is observed in soft X rays with
Hinode/XRT.
Key words: Sun: flares, magnetosphere: aurora.

1. Introduction
Eruptions occur at locations on the Sun where there

is a build-up of a large amount of magnetic energy and
when this energy is released via some reconnection pro-
cess. Many models deal with how this energy release is ac-
complished; for example Forbes and Isenberg (1991), Lin et
al. (1998) discuss on the convergence of magnetic flux be-
low a flux tube situated along a magnetic polarity inversion
line that leads to enhancement of the flux tube and erup-
tion. Chen and Shibata (2000) presents a model where erup-
tion results when the tension of the sheared arcade or flux
tube field is weakened via reconnection between the main
magnetic field and emerging flux (kind of “tether-cutting”
mechanism). Antiochos et al. (1999) discuss instead disrup-
tion of field lines and reconnection above flux tubes. To de-
termine which of the mechanism is predominantly respon-
sible for eruptions it is necessary to observe the onset and
the evolution of flares. The coronal plasma is frozen into
the magnetic field almost everywhere except where current
sheets can be formed and then dissipated. Current sheets de-
velop along separatrices when the magnetic configuration
evolves quasi-statically or dynamically. A very powerful
tool to understand where the energy could be deposited is to
study the magnetic topology of the active region, since it de-
fines where magnetic reconnection is expected to occur (see
reviews of Démoulin, 2005; Longcope, 2005; Schmieder,
2006).

In the first section, magnetic topology models are pre-

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

sented. In the second and third sections, we review eruptive
and compact flares showing that their dynamics cannot be
neglected to interpret the formation of long ribbons with
evolving Hα, UV brightenings and X-ray kernels. New
simulations are briefly described. Slip-running reconnec-
tion simulation explains the fast motion of X-ray sources
along flare.

2. Magnetic Topological Models
Coronal activities such as flares, eruptions and general

heating are often attributed to the manner in which the coro-
nal field responds to photospheric motion. The coronal
plasma has a low resistivity and to release efficiently the
free energy, small length scales have to be created. Coro-
nal magnetic fields are forced to evolve continuously by
slow photospheric velocities (0.1 km/s), faster velocities
still lower to the typical Alfvén velocity (∼1000 km/s) may
exist during magnetic flux emergence. In this context mag-
netic configurations, with a slow evolution at the boundary
leads to the formation of very thin current layers play a key
role (review of Démoulin, 2006). Let us recall some classi-
cal definitions of magnetic configuration and reconnection.
Separatrices are magnetic surfaces where the magnetic field
line linkage is discontinuous, thus where the field lines can
change abruptly of connectivity. In 2D configuration the re-
connection occurs at a X-point (null point) where the mag-
netic vanishes, in 3D configuration the intersection of the
field lines occur along the separator, intersection of the sep-
aratrices. Current sheet form along the whole separatrices
when shearing flows are present in the photosphere. The
flare ribbons are found at the intersections of the separatri-
ces and the chromosphere.

565
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Flare ribbons and loops evidence the locations where the
stored energy is released. For testing the spatial localization
of the energy release sites, it is needed to extrapolate the
field lines in the corona using photospheric magnetograms
as a boundary condition. When the magnetic field is no
more represented by point charges but maintained contin-
uously as observed, there are not necessarily separatrices
to interpret the ribbons: a generalization of the concept of
separatrices does provide an interpretation of 3D magnetic
reconnection (Démoulin et al., 1996a, 1997). This new con-
cept is based on the existence of quasi-separatrice layers
(QSL) for general magnetic fields anchored to a boundary.
QSLs are defined as volumes where magnetic field lines can
change of connectivity abruptly. There are no coronal null
points in such configurations. Such topological properties
are insensitive to detailed geometry of the magnetic field,
and thereby create a very robust tool to understand the loci
of flare energy release. The intersections of QSLs and the
chromosphere are restricted to smaller regions than in the
case of separatrices and match better the shape of the rib-
bons (Schmieder et al., 1997).

3. Eruptive Flares
Firstly we investigated the regions of large flares, we

called eruptive flares when a coronal mass ejection (CME)
is related to the flare. In this frame, Chen and Shibata
(2000) and Lin (2004) proposed unified models. As the
magnetic field lines are reconnected, a plasmoid is escaping
and forming the CME. During the reconnection, electrons
are precipiced downwards to denser layers. They heat the
plasma and form the so-called two bright ribbons in the
chromosphere (visible in Hα, in Ca II H by Hinode/SOT,
the 1600 Å continuum by TRACE), in the transition region
(CDS, EIT and TRACE). Between the ribbons, loops are
observed in different wavelengths: bright X ray loops, in
coronal lines 171 Å and 195 Å and bright or dark in Hα as
they are cooling (Schmieder et al., 1996; DelZanna et al.,
2006a). The loops form growing arcades with higher and
higher hot loops while the reconnection point is rising. In
the ribbons, kernels are the footpoints of loops (DelZanna et

al., 2006b). It was shown that the later arcades are less and
less sheared (Su et al., 2006). During cooling process the
two ribbon distance is increasing. In complex active regions
different systems of ribbons can be formed and developed
in a fast time, of the order of few minutes (14 July 2000,
28 October 2003, 13 September 2005, 27 May 2003). In
the event of 13 September 2005 a series of 10 flares occur
within one day and even a series of 3 flares (X1.4, X 1.5,
X1.7) in three hours. The concerned active regions are all
complex containing a spot with constant new emerging field
with fast moving polarities. It is difficult to identify the
trigger of each flare of the series.

Nevertheless, we are able to find the locations where the
magnetic reconnection is possible and produce flares by
analyzing the topology either by lfff (linear-force-free field)
extrapolation when the shear is weak enough, otherwise by
nlfff (non linear-force-free field) methods of extrapolation
have to be applied (Régnier and Canfield, 2007).

Many models of flare onset are developed based on
tether-cutting or straining forces (Klimchuk, 2001). For
large quadrupolar configuration, the breakout model pro-
posed by Antiochos (1999) seems to be successful for some
cases (Aulanier et al., 2000). The existence of null point
which was pointed out in the Antiochos model does not
seem to be a necessary condition for breaking the overly-
ing lines (Schmieder et al., 2006; Mandrini et al., 2006).
Reconnection could occur in quasi separatrices layers with
no null points (Li et al., 2006; Schmieder et al., 2007).

4. QSL Reconnection with Slippage of Magnetic
Field Lines

In the previous section we have shown complex examples
of flares with multiple ribbons formed at different places
successively. Here we present a simple compact flare with
no CME in order to study in details the dynamics of the
ribbons, not the well known increasing distance of the rib-
bons versus time but the fast lateral extension of the ribbons.
The flare occurs in a sheared active region at the location of
a small emerging flux (Berlicki et al., 2004). The obser-
vation in Hα shows two ribbons, one of them is relatively

Fig. 1. Magnetic field lines extrapolated in a linear force free configuration and Hα ribbons of the 22 October 2003 flare for two times observed with
the VTT in Canaries showing the fast extension of the ribbons (Berlicki et al., 2004).
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Fig. 2. Quadrupolar magnetic reconnection with slip-running field lines for three different times. The darker field lines have a fixed footpoint anchored
in a fixed point in the right source, the other footpoint is slip-running continuously along the quasi-separatrice layer. During the reconnection, the
plasma in the different field lines will be successively heated with footpoints visible as bright kernels. This behaviour explains the fast extension of
ribbons (Aulanier et al., 2006).

Fig. 3. Sketch of the formation of aurora due to magnetic reconnection in a QSL configuration.

short and stays short, the other one is developing an exten-
sion in a few minutes. The conclusion of the Berlicki et al.
(2004)’s paper was that there was a series of reconnections
in the corona. The question arises to know if this was really
due to multiple reconnections. We performed a lfff extrap-
olation using the data base of FROMAGE and pointed out
the existence of loop-like field lines growing with one fixed
footpoint and the other footpoint was slip-running along the
ribbon (Fig. 1).

Aulanier et al. (2006) propose a new idea with the slip-
page of the field lines along the QSLs (Fig. 2). Using time
dependent MHD simulation it is shown the possibility of
field lines to change connectivity in a continuously way
and not abruptly like in the classical null point reconnec-
tion where field lines clearly connect by pair. This process
can take place in many solar flares. Magnetic field configu-
rations with fields weakly stressed by asymmetric line-tied
twisting motions are considered. When the line-tied driv-
ing is suppressed, magnetic reconnection is solely due to
the self-pinching and dissipation of current layers formed
along QSLs. For thin QSLs and high resistivity, the field
line footpoints slip-run at super-Alfvénic speeds along the
intersection of the QSLs with the chromosphere. Since par-
ticles are probably accelerated in reconnection regions or

in the vicinity, slip-running reconnection could explain the
fast extension of the ribbons in all the wavelengths, being
the result of heat of the plasma as particles travel in denser
plasma. Recently Hinode observed moving loops moving
that have been interpreted as due to the slippage of mag-
netic field lines (Aulanier et al., 2007).

5. Reconnection in the Magnetosphere in QSLs
Making an analogy between solar flares and magneto-

spheric substorms, we can conjecture that QSL reconnec-
tion may very well occur in the latter. Indeed, the geometry
of the Earth magnetosphere can possibly make the appear-
ance of real 3D null points impossible in the magneto-tail
when it is stretched anti sunward. This does not preclude
the development of rotational discontinuities in the tail, i.e.
of 2D null points with an azimuthally guide field, as often
reported in global models of the magnetosphere. But so-
lar models teach us that the latter configurations can corre-
spond to a hyperbolic flux tube (HFT), hence to QSLs when
the system is viewed globally. Assuming that substorms
correspond, on large scales, to the formation of a fully 3D
twisted flux rope rooted in the ionosphere (and not a 2D
plasmoid), we can transpose the solar Cartesian 3D model
of Démoulin et al. (1996a) to the Earth spherical geome-
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try, replacing the solar photosphere by the ionosphere and
the solar corona by the magnetosphere. This topology nat-
urally possesses QSLs between the flux rope and the outer
fields, that intersect at a HFT located between the Earth and
the flux rope, and whose footprints have J shapes. In this
picture, polar auroras are the equivalent to chromospheric
flare ribbons, i.e. they are due to the impact of particles ac-
celerated from the reconnection site, i.e. the HFT.

Transposing our recent findings about slip running recon-
nection in the corona to the magnetosphere, we predict and
interpret by the latter model the following evolution of au-
rorae: (1) the aurora starts to form a point-like brightening
at the ionospheric footpoint of the HFT, where QSL recon-
nection is the most efficient since that is where the strongest
field aligned currents (i.e. parallel electric fields) naturally
develop, according to Aulanier et al. (2005); (2) the au-
rora brightnings expand along the footprint of the J-shaped
QSLs predicted by Démoulin et al. (1996b), azimuthally in
the Earth case; this fast development is due to slip-running
reconnection at the HFT (as described in Aulanier et al.,
2006) in the magneto-tail during the formation of the flux
rope that it later ejected anti-sunward. We do not know
whether these dynamics of polar aurorae are frequently ob-
served or not, so we would like to encourage further studies
to test our present transposition of solar slip-running recon-
nection models to magnetospheric models (Fig. 3).

6. Conclusion
Flares and eruptions are dynamical events which evolve

with a fast speed. Past flare models were static in 2D and
3D. They provided good insight on the magnetic topology
of active regions and the loci of possible deposit of energy.

We have shown that MHD simulations explain some par-
ticular aspects of the dynamics of flares. In one case we
have shown how slip-running magnetic field lines in quasi-
separatrice can mimic fast extension of Hα and UV ribbons
observed by THEMIS and TRACE and running XRT loops
observed by Hinode. Finally, making an analogy between
solar flares and magnetospheric substorms, we can conjec-
ture that QSL reconnection may very well occur in the lat-
ter.
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Three-dimensional instability of spontaneous fast magnetic reconnection is studied using MHD (magneto-
hydro-dynamic) simulation. Previous two-dimensional MHD studies have demonstrated that, if a current-driven
anomalous resistivity is assumed, two-dimensional fast magnetic reconnection occurs and two-dimensional large-
scale magnetic loops, i.e., plasmoids, are ejected from the reconnection region. In most two-dimensional MHD
studies, the structure of the current sheet is initially one-dimensinal. On the other hand, in recent space plasma
observations, fully three-dimensional magnetic loops frequently appear even in the almost one-dimensional
current sheet. This suggests that the classical two-dimensional fast magnetic reconnection may be unstable to
any three-dimensional perturbation, resulting in three-dimensional fast magnetic reconnection. In this paper,
we show that a three-dimensional resistive perturbation destabilizes two-dimensional fast magnetic reconnection
and results in three-dimensional fast magnetic reconnection. The resulting three-dimensional fast reconnection
repeatedly ejects three-dimensional magnetic loops downstream. The obtained numerical results are similar to
the pulsating downflows observed in solar flares. According to the Fourier analysis of the ejected magnetic loops,
the time evolution of this three-dimensional instability is fully non-linear.
Key words: Magnetic reconnection, solar flare, MHD simulation.

1. Introduction
Fast magnetic reconnection provides a physical mecha-

nism by which magnetic energy is explosively converted
into plasma kinetic and thermal energies. This mechanism
has been considered to play a crucial role in solar flares and
geomagnetic substorms. Fast magnetic reconnection has
been reported in many numerical magneto-hydro-dynamic
(MHD) studies (e.g., Ugai and Tsuda, 1977). On the other
hand, the plasma jets and magnetic loops associated with
fast magnetic reconnection have been also reported in space
satellite observations of solar flares (Masuda et al., 1994;
Shibata et al., 1995; Shibata, 1996; Yokoyama et al., 2001;
Asai et al., 2004). In particular, in some observation re-
ports, the three-dimensional (3D) structure of fast magnetic
reconnection was discussed (Shibata et al., 1995; Asai et
al., 2004). Asai et al. (2004) reported that the intermittent
plasma downflows observed in solar flares may be caused
by fast magnetic reconnection in the high-altitude corona.
In order to theoretically explain the observation data, they
suggested that 3D fast magnetic reconnection may occur
even in a uniform (1D) current sheet and, hence, the ejected
3D magnetic loops may be strongly localized in the cur-
rent sheet direction. To explain the formation of impulsive
plasma downflows, Linton and Longcope (2006) proposed a
theoretical 3D model. However, it is still unclear how such
a 3D fast magnetic reconnection process occurs in the 1D
current sheet.

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

In this paper, the 2D spontaneous fast magnetic recon-
nection model proposed by Ugai is numerically developed
to a 3D model. At this point, note that the study shown
in this paper is basically different from the 3D studies re-
ported by Ugai and collegues (Ugai et al., 2004, 2005). In
the studies reported by Ugai, since the initial resistive dis-
turbance is strongly localized in the sheet current direction,
it directly results in a “single” 3D fast magnetic reconnec-
tion. In contrast, in the work presented here, the initial re-
sistive disturbance is almost 2D but only includes a “very
weak non-uniformity (perturbation)” in the sheet current di-
rection, resulting in “multiple” 3D fast magnetic reconnec-
tion processes. In other words, this paper shows that the
2D fast reconnection process is basically unstable for a 3D
perturbation. As a result, the destabilized 2D fast magnetic
reconnection can be three-dimensionally localized even in
a 1D current sheet. At the time, some 3D magnetic loops
are repeatedly ejected from the reconnection region. These
features of 3D fast reconnection seem to be consistent with
the observation data of intermittent plasma downflows ob-
served in solar flares.

2. Simulation Setup
In the spontaneous fast magnetic reconnection model, the

reconnection process is initiated by a small resistive distur-
bance in the current sheet (Ugai and Shimizu, 1996; Ugai,
1999). After the initial disturbance is removed, fast recon-
nection spontaneously develops by a current-driven anoma-
lous resistivity enhanced by the nonlinear tearing instability.
Hence, no external driven mechanism is required to keep the
reconnection process going.
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The MHD simulation procedures are basically the same
as in Ugai (1987), except for the initial resistive disturbance
shown later, in this article i.e., Eq. (1). The 3D compressible
MHD equations are used. The computational region is
restricted to the first quadrant and set to be a rectangular
box, (0 ≤ x ≤ Lx , 0 ≤ y ≤ L y , 0 ≤ z ≤ Lz), because
of the conventional symmetry boundary conditions with
respect to the xz-plane at y = 0, yz-plane at x = 0, and
xy-planes at z = 0 and Lz . On the other boundaries, free
boundary conditions are assumed, where all the quantities
are determined by the state of the inner region, so that the
first derivatives of the quantities in the direction normal
to the boundaries vanish (the normal component of B is
determined by the solenoidal condition). Because of the
symmetry boundary conditions for xy-planes at z = 0 and
Lz , the simulation box is closed in the z-direction. In other
words, the simulation box may be considered to be periodic
in the z-direction, where 2Lz is the maximum wave length
for all the z-directional MHD waves. The computational
region Lx = 30, L y = 10, and Lz = 20 are taken with the
mesh points Nx = 880, Ny = 1000, and Nz = 100.

3. Simulation Results
3.1 The initial stage

The simulation starts with β0 = 0.15 in the magnetic
field region, which consists of Bx0 = 1.0 and P0 = 0.075.
Initially, every magnetic field line is exactly set up in the
x-direction. The current sheet is initially formed on the xz-
plane and the current is flowing in the negative z-direction.
In the initial current sheet, Bx monotonously varies from
Bx0 at y = +1 to zero at y = 0. Then, Bx = Bx0 is
set for y > +1. There is no initial plasma flow. The
Alfven speed VA is unity in the initial upstream magnetic
field region based on Bx0 = 1.0, and the Alfven transit time
to pass the distance of Lx = 30 is set as T = 30 in the time
scale.

The initial resistive disturbance shown below initiates a
tearing instability in the current sheet during 0 < T < 4,
which is strongly localized around the z-axis.

η0 = 0.04 exp
(−α

(
x2 + y2

)) {1 + 0.01 cos (π z/Lz)}
(1)

where α = 0.01. In this initial resistive disturbance, the
magnetic Reynolds number is estimated to be 25 at the
origin. Note that this resistive disturbance fluctuates only by
1% in the z-direction, which is the sheet current direction.
Accordingly, the resulting reconnection process is expected
to be nearly 2D. In fact, the magnetic loop ejected firstly
from the reconnection region is almost 2D, as shown later
in Fig. 1.

After T = 4, η0 is removed and, instead, the current-
driven anomalous resistivity η1 shown below is switched
on, which starts to drive the fast magnetic reconnection after
about T = 20.

η1

{ = 0.002(Vd − Vc) for Vd ≥ Vc (2)

= 0.0 for Vd < Vc (3)

where Vd = |J |/ρ is the ion-electron drift velocity and
Vc = 4.0 is set. The current density J is obtained from

Fig. 1. Some of magnetic field lines, a contour map of By field intensity,
and a pattern of flow velocity at T = 48.

Fig. 2. The figure format is the same as Fig. 1 but at T = 60.

rotB and is unity at the center of the initial current sheet,
i.e., y = 0. Also, the uniform plasma density ρ is initially
set to be unity.
3.2 The first stage (2D fast reconnection)

Figure 1 shows magnetic field lines on three xy-planes
for z = 0, 0.5Lz , and Lz with a By contour map and plasma
flow vectors on an xz-plane for y = 0 at T = 48. Along
the z-axis, the magnetic neutral line for fast reconnection
process is formed. The magnetic field lines in all three xy-
planes are very similar. In addition, the By contour map and
plasma flow vectors are almost uniform in the z-direction.
Hence, at this time, the fast magnetic reconnection process
is 2D, and a 2D large-scale magnetic loop is formed be-
tween 15 < x < 30.
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Fig. 3. By contour map on the xz-plane at y = 0 and T = 45.

Fig. 4. By contour map at T = 60.

Fig. 5. By contour map at T = 75.

3.3 The second stage (3D fast reconnection)
Figure 2 shows the numerical result similar to Fig. 1

but for T = 60. The 2D large-scale magnetic loop in
20 < x < 30 corresponds to the one in 15 < x < 30 of
Fig. 1, so the loop is propagating with the reconnection jets.
More exactly, the propagating speed is about 0.6VA and is
a little slower than the jet speed VA. In addition, another
small magnetic loop is observed in the vicinity of the origin,
which is marked by “A” in Fig. 2. Since this magnetic loop
is not observed in the magnetic field lines of z = 0.5Lz and
Lz , the loop structure is evidently 3D. This 3D magnetic
loop is a result of the z-directional perturbation in the initial
resistive disturbance Eq. (1). In Fig. 2, the By contour
map on the xz-plane at y = 0 is also shown, which is
the intensity of the reconnected magnetic field. Clearly, the
3D magnetic loop marked by “A” corresponds to a high-
intensity island on the By contour map, which is a little
extended in the z-direction and largely curved in the positive
x-direction.
3.4 Time variation of By contour map

Figures 3, 4, and 5 show By contour maps on the xz-plane
for y = 0 at T = 45, 60, and 75. In Fig. 3, no 3D magnetic
loop is observed and a 2D magnetic loop is only observed
as vertical bands at 13 < x < 17. This is consistent
with Fig. 1. Figure 4 is exactly the same as the contour
map in Fig. 2, where Lz = 20. In Fig. 4, a 3D magnetic

Fig. 6. Z -directional Fourier analysis of By contour map on xz-plane at
T = 45.

Fig. 7. Z -directional Fourier analysis at T = 60.

Fig. 8. Z -directional Fourier analysis at T = 75.

loop appears and then, in Fig. 5, slightly propagates in the
positive x-direction. In addition, in Fig. 5, considering the
symmetry boundary condition on the x-axis, i.e., z = 0, two
3D magnetic loops are also observed as small round-shape
islands at (x, z) = (5, 5) and (7, 0).
3.5 z-directional Fourier analysis

Figures 6, 7, and 8 respectively show the z-directional
Fourier analysis of Figs. 3, 4, and 5 as the contour map
of the Fourier components. These figures show the time
variation from T = 45 to 75. The vertical axis Rz of these
figures is scaled as the inverse of the z-directional wave
length λz , where unity Rz = (1/λz) = 1 is equivalent to
1/(2Lz). Note that 2Lz corresponds to the wave length of
the z-directional resistive perturbation in Eq. (1). In Fig. 6,
the growth of the Fourier components 1 ≤ Rz < 10 related
to the 2D magnetic loop is observed at x = 13. In Fig. 7,
the Fourier components move to x = 21, and new Fourier
components 1 ≤ Rz < 10 widely appear in the 3D magnetic
loop region located in 2 < x < 5. Next, in Fig. 8, the
new Fourier components widely spread in the x-direction,
because of the multiple formations of 3D magnetic loops
in Fig. 5. Since the initial resistive disturbance Eq. (1)
only has Rz = 1 component, the higher-order components
Rz ≥ 2 are generated by the non-linear instability of the fast
magnetic reconnection. In Figs. 6 and 7, the 2D magnetic
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Fig. 9. Time variation of some z-directional Fourier components which
are averaged over 0 < x < Lx .

loop also generates the higher-order components Rz ≥ 2.
However, evidently, the higher-order Fourier components
related to 3D magnetic loops are spread more widely than
those of the 2D magnetic loop.

Figure 9 shows the time variation of four typical z-
directional Fourier components for the By contour map,
where k = Rz . On the 2D stage (T < 50), the k = 1 com-
ponent that corresponds to the z-directional perturbation in
Eq. (1) linearly grows up and, on the 3D stage (50 < T ), al-
most saturates. As mentioned in Figs. 7 and 8, since Eq. (1)
has no Rz = k ≥ 2 components, such higher-order compo-
nents should be created from the k = 1 component, due to
the non-linear instability in the 3D fast magnetic reconnec-
tion. In fact, the higher-order components rapidly grow up
after the linear growth of k = 1.

4. Summary
In this paper, we have shown that 2D fast magnetic recon-

nection caused by a current-driven anomalous resistivity is
unstable to a 3D resistive perturbation. In fact, in this MHD
model, the initial current sheet has exactly a 1D structure,
and every setup is exactly prepared for 2D fast magnetic re-
connection, except for the initial 3D resistive perturbation
η0. At this point, note that the 3D fast reconnection process
reported by Ugai (Ugai et al., 2004, 2005) is largely dif-
ferent because the initial resistive disturbance employed in
his papers includes a largely non-uniform component along
the neutral line and, hence, the resulting fast reconnection
processes is fully 3D even on the first stage. In contrast,
as shown in Fig. 1, the fast reconnection studied in this pa-
per is still 2D on the first stage. The 3D fast reconnection
is spontaneously caused after the 2D fast reconnection has
been established. In addition, as shown in the time variation
of Fig. 9, the z-directional higher-order Fourier components
generated by the 3D instability rapidly grows after the 2D
stage. This means that the 3D instability shown here is fully
non-linear.

As shown in Fig. 5, the appearance of the multiple 3D
magnetic loops means that 3D fast reconnection process
is pulsating. This may support the intermittent downflow
reported by Asai et al. (2004), where 3D magnetic loops

may be repeatedly ejected even on the 1D current sheet, due
to the fast magnetic reconnection.

In the next step of this study, the temporal dynamics
of ejected magnetic loops must be studied. In the tem-
poral dynamics, some of the ejected magnetic loops may
merge into a magnetic loop in the downstream region. Fi-
nally, few large-scale magnetic loops can only survive. At
this point, the 3D fast reconnection model shown in this
paper may be closely related to the fractal and intermit-
tent reconnection model that was proposed by Shibata and
Tanuma (2001) to explain the solar flare observation data
as a time-development from micro-reconnection processes
to a macro-reconnection process. Since their basic concept
is a 2D model, the 3D fast reconnection shown here should
give a new view point to their model.
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We study the evolution of the magnetic field in a Y-type current sheet subject to a brief, localized magnetic
reconnection event. The reconnection produces up- and down-flowing reconnected flux tubes which rapidly
decelerate when they hit the Y-lines and underlying magnetic arcade loops at the ends of the current sheet. This
localized reconnection outflow followed by a rapid deceleration reproduces the observed behavior of post-CME
downflowing coronal voids. These simulations support the hypothesis that these observed coronal downflows are
the retraction of magnetic fields reconnected in localized patches in the high corona.
Key words: Solar, corona, flare, reconnection.

1. Introduction
Reconnection is believed to be a key process allowing

the excitation of solar flares and coronal mass ejections
(CMEs). The reconnection releases significant magnetic
energy, leading to solar flare heating, and changes magnetic
topologies, allowing CME magnetic fields to erupt and es-
cape the solar corona into interplanetary space. Observa-
tions of the flaring which occurs behind recently erupted
CMEs show downflowing voids (see, e.g., McKenzie and
Hudson, 1999; Gallagher et al., 2002; Innes et al., 2003;
Asai et al., 2004; Sheeley et al., 2004) which push their way
through the heated flare plasma in the high corona. These
downflowing voids, observed by TRACE, Yohkoh SXT,
and Hinode XRT, have been shown to be evacuated struc-
tures. They are therefore not cool, dense plasma blobs being
pulled down by gravity, but rather appear to be evacuated
loops of magnetic field being pulled down by the magnetic
tension force (McKenzie and Hudson, 1999). The three di-
mensional (3D) structure of these voids breaks up the two
dimensional (2D) symmetry of the flare current sheet and
arcade, implying that the reconnection which creates these
voids occurs in localized 3D patches rather than uniformly
along the current sheet. The reconnected field from this
patchy reconnection takes the shape of individual 3D flux
tubes rather than extended 2D sheets of field. In this let-
ter, we study whether the formation of magnetic loops high
in the corona via a 3D patch of reconnection creates struc-
tures consistent with the morphology and dynamics of these
coronal voids.

In Linton and Longcope (2006), we showed that the
shapes and evolutions of such magnetic loops in a one di-
mensional (1D) Harris type current sheet are consistent with
observations of these downflowing loops. The cross sec-
tions of the simulated magnetic loops form teardrop shapes,

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

similar to that of the voids, while the 3D structure of the
loops is similar to the structure of the coronal loops which
appear below these voids, e.g., as seen by Sheeley et al.
(2004).

However, there is a key aspect of the void dynamics
which the initial 1D nature of the Harris current sheet
cannot reproduce. This is the rapid deceleration of the
voids once they reach the post-flare arcade loops in the low
corona. Sheeley et al. (2004) have shown that the speeds of
these voids through the high corona are relatively constant
until they hit the coronal arcade, when they rapidly decel-
erate. As the Harris current sheet continues unchanged to
the edge of the simulation, there is no arcade of loops at
the base of such a current sheet with which the voids col-
lide. To study this deceleration, we therefore now simulate
this patchy reconnection in a Y-type current sheet (Green,
1965). The Y-type current sheet terminates at a set of mag-
netic arcade loops, as shown in Figs. 1(a) and 2(a). The
intersections of the current sheet and the outermost of these
arcade loops forms the two Y-lines, at z = ±L in Fig. 1(a).
These arcades make the current sheet more representative
of a post-CME coronal current sheet with underlying ar-
cade fields. Note that these Y-lines are not Y-type nulls, as
there is a uniform guide field in both the current sheet and
the arcade, so the field strength does not go to zero at the Y-
lines, even though the reconnection component of the field
does go to zero here.

We study the effect of a localized reconnection event in
this current sheet, focusing on the form of the reconnected
field, and on whether it decelerates once it hits the Y-line
and the coronal arcade below it. The current sheet config-
uration and the simulation setup are discussed in Section 2,
the results are described in Section 3, and our conclusions
are summarized in Section 4.

2. Simulations
The simulations were performed using the magneto-

hydrodynamic (MHD) code ARMS (Adaptively Refined
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Fig. 1. Magnetic field of the Y-type current sheet in the y = 0 plane, with a magnetic reconnection patch imposed at z = 2L/3 for a time tvA0/L = 0.6.
The vectors show the magnetic field in the plane, while the greyscale shows the guide field component, with white representing maximum positive
field. The panels show the simulation at times tvA0/L = [0.2, 0.7, 1.1, 1.6, 2.1, 2.6, 3.1, 3.5]. The x boundaries of each panel shown are at
x = ±3L/4π .

MHD Solver) on the Cray XD1 supercomputer at the Naval
Research Laboratory. The code was used to solve the resis-
tive MHD equations. See Welsch et al. (2005) for a discus-
sion of the code, and a presentation of the equivalent ideal
MHD equations. We include an explicit resistivity η in the
induction equation, ∂B/∂t = ∇ × (v × B − η∇ × B), and
an ohmic heating term in the energy equation.

The Y-type magnetic field (e.g., Priest and Forbes, 2000)
is

Bx + i Bz = −B0

√
ω2/L2 − 1, (1)

where i is the positive value of
√−1, ω ≡ z + i x , and L

is the current sheet half-length. The guide field is uniform
at By = B0/π . Here Bz(z = 0, x ∼ 0) = B0 = 44 in
units where the pressure is p0 = 20/3. Due to the guide
field, the magnetic fieldlines on either side of the current
sheet form a half angle ζ = arctan(Bz/By) ∼ 2π/5. The
reconnection field strength |Bz| decreases as

√
1 − z2/L2

along the current sheet, going to zero at the Y-lines at z =
±L , x = 0. This magnetic configuration is force-free, so
the density and gas pressure are initially set to be uniform
at ρ = ρ0 = 1/2 and p = p0, which sets the ratio of
plasma to magnetic pressure near the center of the current
sheet at β ≡ 8πp/|B|2 ∼ 0.08. The Alfvén speed used
for normalization, vA0 = |B|/√4πρ, is measured near the
center of the current sheet at z = 0, x ∼ 0.

Extrapolative, zero gradient, open boundary conditions
are imposed in the ẑ and x̂ directions, while periodic bound-
ary conditions are imposed in the ŷ direction. The com-
putational mesh is adaptively refined in areas of high cur-
rent magnitude. This gives a resolution ranging from 64 to
512 cells in the ŷ, and ẑ directions [−1.9L , 1.9L], and a
resolution ranging from 32 to 256 cells in the x̂ direction
[−.95L , .95L]. The current sheet is at the highest resolu-

tion, and it is effectively one cell wide, so its thickness is
l = 0.007L .

The simulation is run with a uniform background re-
sistivity η0. To initiate the reconnection, we impose a
sphere of enhanced resistivity on the current sheet for the
first tvA0/L = 0.6 of the simulation. This resistive en-

hancement has the form η = η0

(
1 + 99e−r2/δ2

)
, for r =√

x2 + y2 + (z − 2L/3)2 < 2δ, with δ/L = 0.087. The
Lundquist number of the background resistivity is Sη ≡
δvA0/η0 = 5000, while for the peak resistivity at the center
of the reconnection region Sη = 50. Note that Ugai (2007)
have found that reconnection induced by locally enhanced
resistivity is inhibited if δ < 4l. As δ ∼ 10l here, the re-
connection should not be inhibited by this mechanism.

3. Results
The effects of the magnetic reconnection event on the Y-

type current sheet are shown in Figs. 1 and 2. Figure 1
shows a vector magnetogram view of the field in a plane
perpendicular to the current sheet at y = 0. Figure 1(a)
is taken soon after the reconnection event is turned on.
The guide field, shown by the greyscale, is enhanced in
two small spots on either side of the reconnection event
at z = 2L/3. These spots are the cross sections of the
two recently reconnected flux tubes flowing away from the
reconnection site. The guide field is enhanced in these
reconnected flux tubes because the reconnection component
of the magnetic field has been annihilated, and the guide
field must increase to make up for the lost magnetic pressure
(see Hesse et al., 1996).

Figure 2(a) shows the fieldlines on either side of this
current sheet just before the reconnection starts. Three
topologically distinct sets of fieldlines are shown. One set
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Fig. 2. Fieldlines of the reconnecting Y-type current sheet. The blue color shows where the electric current parallel to the magnetic field is strong.
The panels show the simulation at times tvA0/L = [0.0, 1.3, 2.1, 2.8, 3.4, 3.9]. Panel (a) shows fieldlines traced from both the front and back side
of the current sheet, at the bottom boundary. The rest of the panels show only fieldlines traced from the back side of the current sheet, at the bottom
boundary.

runs just behind the current sheet from the bottom to the top
of the panel, while a second set runs in front of the current
sheet from the top to the bottom of the panel, as marked
by the arrows. The third set arches below the current sheet,
running from the back of the simulation to the front, and
coming close to the Y-line and the base of the current sheet
at its apex. All three sets of fieldlines are canted gradually
from left to right: this is the effect of the uniform guide field
in the ŷ direction. The arched set of fieldlines represents the
post-CME arcade loops while the two other sets of fieldlines
represent the coronal current sheet fieldlines, which may
still be connected to the CME above the second Y-line at the
top of the simulation. For the remaining panels of Fig. 2,
only the first and third sets of these fieldlines are traced,
so that the second set, which lies in front of the current
sheet, does not obscure the dynamics. Both of these sets
of fieldlines are traced from the bottom boundary, behind
the current sheet and arcade. Therefore, any section of a
fieldline which appears in front of the current sheet above
the arcade fieldlines is purely due to reconnection of front-
side fieldlines with the back-side fieldlines.

The reconnection event was initiated very close to the
upper Y-line, so the upflowing reconnected field quickly
hits the Y-line, in Fig. 1(b). The corresponding upward
retracting fieldlines are not shown in Fig. 2, since they
are not connected to the lower boundary from which the
fieldlines are traced. The upflow halts when it hits the upper
Y-line and the arcade fieldlines lying above it. This is the
equivalent of the upgoing fieldlines hitting and merging into
the recently erupted CME, though this would only happen

if the CME were erupting at a slower rate than the fieldlines
retract.

The downflowing part of the reconnected flux is dis-
played in Fig. 2(b) as the fieldlines which trace upwards
with all the field on the back side of the current sheet, but
then suddenly take a hairpin turn and trace back down to the
bottom boundary on the front side of the current sheet. The
blue color of the fieldlines at these hairpin turns shows that
the parallel electric current is enhanced and therefore re-
connection is strong there (see, e.g., Schindler et al., 1988).
The high placement of the initial reconnection region allows
the cross section of the flux tube carrying this downflow-
ing reconnected flux to fully take shape. Figures 1(b)–1(f)
show how the cross section of the tube forms into an ob-
long shape, reminiscent of the coronal void observations,
just as it did in the Harris sheet experiments of Linton and
Longcope (2006). Note that the area of the downflowing
flux tube cross section continues to grow as it absorbs more
reconnected flux, even though the enhanced reconnection
spot was turned off at tvA0/L = 0.6, just before Fig. 1(b).
Apparently the disturbance caused by the initial reconnec-
tion event spontaneously excites subsequent patchy recon-
nection events.

When this downflowing flux tube hits the Y-line and the
arcade field below it, in Fig. 1(f), it decelerates and com-
presses the arcade field, in Fig. 1(g), and eventually joins
the arcade, in Fig. 1(h). The reconnected flux which hits
and joins the lower arcade is shown in Figs. 2(d)–2(f) as the
fieldlines which now lie on top of the original arcade.

To illustrate the downflow and deceleration of the recon-
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Fig. 3. Height-time plot of the guide field at x = y = 0. The white
tickmarks at the top mark the times of the vector plots of Fig. 1.

nected flux tubes, we show a height-time plot of the guide
field along the x = y = 0 line in Fig. 3. Here, the upward
or downward propagating voids are displayed as diagonal
white streaks of concentrated guide field. The first pair of
up- and down-flowing streaks, starting at tvA0/R = 0, are
the tracks of the two initial reconnection voids. The up-
flowing track rapidly hits the upper Y-line and decelerates,
while the downflowing track starts off at about vA0/2, ac-
celerates as it passes the current sheet midpoint, and then
also rapidly decelerates as it hits the lower Y-line. Guidoni
and Longcope (2007) suggest that a reconnected flux should
accelerate near z = 0 as seen here because the magnetic
field strength, and thus the accelerating Lorentz force, peaks
there.

After the reconnection is turned off at tvA0/L = 0.6,
no new tracks appear at the height of the initial reconnec-
tion site until about tvA0/L = 1.3. Then patchy recon-
nection spontaneously sets in, as several reconnection out-
flow pairs appear in rapid sequence. This is supported by
the more detailed views of Figs. 1 and 2. Figures 1(f)–1(h)
show the corresponding newly reconnected flux tube cross
sections flowing up and down at these times. Meanwhile,
Figs. 2(c)–2(e) show the continual generation of newly re-
connected fieldlines high up in the current sheet, well after
the initial reconnection has been turned off and those recon-
nected fields have retracted. The source of this secondary
patchy reconnection may be numerical resistivity due to the
finite grid-scale of the simulation, in tandem with perturba-
tions excited by the initial reconnection event, and will be
explored in a future paper. Isobe et al. (2005) found a simi-
lar spontaneous patchy reconnection, but in their case it was
due to an interchange instability, which cannot occur here.
Interestingly, Fig. 1 also shows the reconnected fieldlines
spreading in the ŷ direction along the current sheet, also
in a patchy fashion, instead of remaining near the initial re-
connection site. This is in contrast with the findings of Ugai
et al. (2005) for a Harris current sheet without guide field.
Their results show that initially localized reconnection does

not expand significantly in this direction. From these pre-
liminary results, it appears that the guide field can play an
important role in expanding the reconnection region along
the current sheet.

4. Conclusions
We have studied the effect of a brief, localized burst of

reconnection in a Y-type current sheet with guide field. The
up- and down-flowing flux this creates decelerates rapidly
when it hits the Y-lines and the arcade fields beyond them.
This gives strong support to the theory that the downflowing
post-CME voids observed by TRACE, Yohkoh, and Hinode
are in fact downflowing reconnected magnetic flux loops.
This model gives a clear mechanism to explain why down-
flowing post-CME voids decelerate rapidly when they reach
the post-flare arcades, as observed by Sheeley et al. (2004).
We also find that the velocities of the voids change as
they propagate through regions of different magnetic field
strength in the current sheet. Finally, we find that the per-
turbation created by the initial burst of reconnection is suf-
ficient to excite spontaneous patchy reconnection events in
the current sheet.
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The chromosphere (the link between the photosphere and the corona) plays a crucial role in flare and CME
development. In analogies between flares and magnetic substorms, it is normally identified with the ionosphere,
but we argue that the correspondence is not exact. Much of the important physics of this interesting region
remains to be explored. We discuss chromospheric flares in the context of recent observations of white-light
flares and hard X-rays as observed by TRACE and RHESSI, respectively. We interpret key features of these
observations as results of the stepwise changes a flare produces in the photospheric magnetic field.
Key words: Solar flares, solar chromosphere, solar corona, Alfvén waves.

1. Introduction
The chromosphere historically has been the origin of

much of what we understand about solar flares. The rea-
son for this was the recognition, in the 19th and early 20th
centuries, of the extreme sensitivity of Hα, a strong Fraun-
hofer absorption line formed in the chromosphere, to solar
magnetic activity. Spectroscopic observations of this line
and its imaging led to exciting discoveries regarding active
prominences, ejecta, flare brightenings etc. (Hale, 1930).
Eventually it was realized that the original flare observa-
tion of 1859 (Carrington, 1859) was simply the tip of the
iceberg, and that the entire solar atmosphere was partici-
pating in events that have now come to be defined more
by their coronal X-ray emission (the GOES classification)
rather than their Hα importance levels (Thomas and Teske,
1971). Research attention, indeed, has largely left the chro-
mosphere layers in favor of coronal and even interplanetary
effects (CMEs and ICMEs; see Schwenn, 2007, for a recent
review).

Our understanding of the chromosphere, until recently,
has been limited to the “semi-empirical” models, based on
1D radiative-transfer physics. Such an approach omits dy-
namics except for the “microturbulence” factor and much
of the interesting plasma physics; for example these mod-
els assume Te = Ti everywhere. See Berlicki (2007) and
Hudson (2007) for recent reviews about the flaring chromo-
sphere, and for references to the abundant literature on this
subject.

In the often-discussed but imperfect analogy between so-
lar flares and auroral substorms, the chromosphere plays
the role of the ionosphere, but these regions have substan-
tially different properties and the detailed physics may not
produce analogous effects (e.g., Haerendel, 2007). On the
larger scale there is also no analog of the solar wind flow-

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
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ing around an active-region field concentration in the solar
corona, so that the convective (v×B) electric field across the
geotail does not have an appropriate analog. The presence
of a highly conductive solar atmosphere below the chromo-
sphere also distinguishes it from the ionosphere. Thus, al-
though striking observational parallels between flares and
aurorae have been noted by many authors (e.g., Obayashi,
1975), the basic physics may be quite different in regard to
causation or the dynamical development of the phenomena.
In this paper we touch on flare energetics (Section 2), en-
ergy build-up (Section 3), and energy release (Section 4),
attempting to use magnetospheric concepts as a guide to
understanding.

2. Chromospheric Flare Energetics
The radiative energy of a solar flare appears mainly in the

optical and UV continuum, which form in the lower solar
atmosphere, most probably the chromosphere (e.g. Allred et
al., 2005; Fletcher et al., 2007). This is in spite of the fact
that the chromosphere itself (for this purpose, all regions
of the solar atmosphere between photospheric and coronal
temperatures) cannot contain sufficient energy to power a
flare (see Hudson, 2007, for discussion). For example,
the gravitational energy contained in coronal filaments does
not play a strong role in flare energization. The radiated
flare energy appears in compact emission patches that our
current observations do not resolve either in space or in
time (Hudson et al., 2006), and Fletcher et al. (2007) have
confirmed that the immediate source of the radiated energy
lies in the electrons accelerated in the impulsive phase of
the flare. Of this energy the chromospheric Hα component
and the coronal soft X-ray component each comprise less
than about 10% of the total (Thomas and Teske, 1971).

Zeeman-splitting observations (Wang, 1993; Sudol and
Harvey, 2005) have shown convincingly that flares result in
large-scale perturbations of the photospheric magnetic field
(see Fig. 1). This would generally be expected from any
model of energy release from the coronal magnetic field,
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Fig. 1. GONG observations of the line-of-sight solar magnetic field prior to the X-class flare of 2003 October 29 (panel a); a difference map showing
flare-related changes in the field (panel b); after Sudol and Harvey (2005). The field changes are of order 10% of the line-of-sight field and can be
detected in essentially all X-class flares, according to Sudol and Harvey.

Fig. 2. Snapshots of TRACE observations (white light filter) of the C4.8 flare of 24 July 2004, showing the intermittency of the continuum emissions
in both space and time. Spatial scale for each frame is 32′′ × 68′′; the times shown on the figure span 30 s (from Hudson et al., 2006).

which will require restructuring in order to reduce the stored
magnetic energy

∫
(B2/8π)dV (e.g., Hudson, 2000), as

for example with large-scale magnetic reconnection. The
main contribution to the coronal magnetic energy and its
stress are concentrated strongly in the lower solar atmo-
sphere (e.g., Régnier and Priest, 2007). Thus we need a
theoretical understanding of how the coronal stored energy
can flow to and focus itself into the chromospheric emission
regions (see Fig. 2). Heretofore this coupling has been un-
derstood as the result of beams of electrons coming from an
unknown coronal acceleration site, for which there are sev-
eral possibilities (e.g., Miller et al., 1997). These ideas un-
derlie the “thick target” model for the impulsive phase of a
flare, which envisions electron beams capable of transport-
ing energy from the coronal storage site into the dissipation
regions (Brown, 1971; Hudson, 1972). We do not know yet
how the particle acceleration relates to the magnetic restruc-
turing needed to release coronal energy.

3. Cross-field Currents
Another aspect of flare energetics and the chromosphere

is the mapping of subphotospheric magnetic twist into coro-
nal currents (Longcope and Welsch, 2000). This in princi-
ple involves the use of the full conductivity tensor, though
there is little discussion of this yet in the solar literature
(e.g., Kazeminezhad and Goodman, 2006; Arber et al.,
2007) at least as regards flares. Haerendel (2007) points
out that the large ion-neutral coupling in the chromosphere
makes the perpendicular conductivity is smaller than the
parallel conductivity, at least for slowly-varying currents,

and yet cross-field current systems must develop slowly in
such a way as to match the conflicting boundary conditions
at the two independent footpoints of a coronal flux tube.
Auroral models make use of ionospheric currents to close
coronal current systems, but in the case of the Sun we be-
lieve that the significant currents are injected through the
photosphere in a slowly-evolving manner, and that these
currents serve to energize the non-potential fields in the
corona. In this sense the chromosphere must play the roles
of both the ionosphere and the magnetopause.

We can write the perpendicular conductivity as

σ⊥,x = Ne2

me

νxn

ν2
xn + ω2

cx

(1)

with x representing either ions or electrons (Banks, 1966),
where ω2

cx represents the Larmor frequency for particle
species x and n denotes neutrals. The neutral collision fre-
quencies νxn largely determine the perpendicular conductiv-
ity and it is not clear at present which particle species dom-
inates the steady-state perpendicular current system. In any
case for “normal” chromospheric and coronal conditions, as
inferred from standard semi-empirical models, the Larmor
frequencies greatly exceed the neutral collision frequencies
so that the perpendicular conductivity is small relative to the
parallel term. So far as we are aware, the questions posed
by the requirement to establish slowly varying cross-field
currents in the chromosphere have not been discussed in
the literature, and we do not know the role that they play in
energy storage or dissipation.
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Fig. 3. Sketch of flare mechanisms as discussed in the text. Deformation of a flux tube results in Alfvén waves that transport energy into the footpoint
regions via the Poynting flux. The wave deformation also perturbs the global structure to produce effects such as those seen in Fig. 1. Particle
acceleration results either directly from parallel electric fields produced by the waves, or in tubulent cascades developing from their interactions.

4. Field Restructuring, Waves, and Energy Trans-
port

Changes of the coronal magnetic structure imply the
transport of energy via Poynting fluxes (Melrose, 1992).
The observations indicate that coronal energy dissipates in
the chromosphere, and the hard X-ray signature directly im-
plicates weakly relativistic electrons. Thus the magnetic re-
structuring, and the energy transport it implies, must some-
how result in the acceleration of electrons to non-thermal
energies. We sketch how this may happen in Fig. 3 (Fletcher
and Hudson, 2008). The sudden reconfiguration of the field,
in the ideal MHD approximation, would launch Alfvén
waves. Emslie and Sturrock (1982) argue that the sudden-
ness of flare energy release requires that the Alfvén mode
and the fast mode predominate in the partition of this en-
ergy. The Alfvén mode is particularly interesting in this
context, because as a transverse wave its Poynting flux E×B
must be strictly parallel to B and thus be strongly ducted
into the footpoint regions.

The mechanism for electron acceleration remains ill-
understood. Because it is energetically so important (Kane
and Donnelly, 1971; Lin and Hudson, 1971), its identifi-
cation is fundamental to understanding the physics of solar
flares. In the view of Fig. 3, the acceleration must happen as
a result of the Alfvén-wave energy flux ducted along the ar-
cade loops that result from the restructuring. This suggests
several possible acceleration mechanisms, some of which
have been recently reviewed by Miller et al. (1997).

Our scenario suggests additional acceleration mecha-
nisms. Alfvén waves in the lower corona may propa-
gate dispersively (e.g., Stasiewicz et al., 2001), inducing
parallel electric fields directly. If the plasma beta, β =
2nkT/(B2/8π), is smaller than me/m i, where me/m i is the
electron/ion mass ratio, then the Alfvén mode can become
dispersive in the form of a kinetic Alfvén wave and develop
a parallel field directly. Fletcher and Hudson (2008) review
how this happens. The waves may also cascade into forms
of turbulence suitable for stochastic particle acceleration,
and this cascade may develop promptly under some condi-
tions. First-order Fermi acceleration and the betatron effect
may also play roles in the “collapsing trap” (e.g., Veronig

Fig. 4. Sketch showing how magnetic reconnection may excite Alfvén
waves. From Haerendel (2007).

et al., 2006), and finally the disruption may create shock
waves that may also accelerate particles.

Our preferred scenario (Fig. 3) has the virtue of link-
ing the observed magnetic-field variations with the pow-
erful energy release seen in the visible and UV continua.
The sketch by Haerendel (2007), reproduced in Fig. 4, illus-
trates the generation of Alfvén waves from the reconnection
process. Particle acceleration, in this picture, could read-
ily occur in the lower solar atmosphere, where the ambi-
ent electrons are numerous enough to overcome the “num-
ber problem” and concerns about electron beam dynamics.
One weakness may be the apparent time-of-flight signature
noted by Aschwanden (2002), which—though somewhat
ambiguous—provides the main observational evidence for
the existence of the intense coronal electron beams the
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thick-target model requires. Type III radio bursts also re-
quire beams, but of significantly lesser intensity.

5. Conclusions
Research in solar flares and terrestrial aurorae has long

been stimulated by the observational analogies one can
draw between the phenomena (e.g., Obayashi, 1975). The
analogous elements include ribbon-like optical emissions,
electron acceleration to keV energies, and similar magnetic
geometries. There are observational differences though,
and theoretically there also are good reasons not to have
a strict analogy. Nevertheless we feel it important to dis-
cuss the physics of chromospheric flares, both in the en-
ergy build-up and release stages, in ways that exploit some
of ideas auroral physics offers to the understanding of so-
lar problems. We interpret the observed photospheric mag-
netic field changes as the result of large-scale Alfvén waves
created during coronal magnetic restructuring (Fletcher and
Hudson, 2008). Particle acceleration, a key observable in
solar flares because of hard X-ray and γ -ray emission, then
becomes secondary to the transport of energy via the Poynt-
ing fluxes of the waves. There are different ways in which
the necessary particle acceleration may happen, most di-
rectly if the waves become dispersive in nature, but the iden-
tification of the acceleration mechanism remains an open
problem.

Consideration of wave transport of energy in solar flares
and CMEs seems like a logical and necessary development
for the advancement of theoretical ideas. Some large-scale
manifestations of waves are readily observable, originally
as type II bursts and Moreton waves (e.g., Uchida et al.,
1973), but now also at higher resolution in the EUV as the
EIT waves (Thompson et al., 1999). The EIT waves intro-
duce new kinds of behavior not seen before and it has be-
come clear that not all of the motions can be identified with
the Moreton-wave phenomenon (Biesecker et al., 2002).
Small-scale waves such as those that could be directly re-
sponsible for particle acceleration are difficult to observe
remotely, but their presence may be just as fundamental to
solar-flare physics as comparable structures are in auroral
physics. We therefore urge theoretical work involving the
ideas discussed here.
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The heliospheric structure ranging from the solar surface to the earth’s orbit is self-consistently reproduced
from a time-stationary three-dimensional (3D) magnetohydrodynamic (MHD) simulation. The simulation model
incorporates gravity, Coriolis, and centrifugal forces into the momentum equation, and coronal heating and field-
aligned thermal conduction into the energy equation. The heating term in the present model has its peak at 2.8
solar radius (Rs) and exponentially falls to zero at greater distance from the solar surface. The absolute value of
heating depends on the topology of the solar magnetic field so as to be in inverse proportion with the magnetic
expansion factor. The results of the simulation simultaneously reproduce the plasma-exit structure on the solar
surface, the high-temperature region in the corona, the open- and closed-magnetic-field structures in the corona,
the fast and slow streams of the solar wind, and the sector structure in the heliosphere.
Key words: Solar wind, MHD simulation, CIR.

1. Introduction
There is a long history associated with the development

of sun-earth-system models that try to predict the changes
in the terrestrial environment caused by the disturbances on
the solar surface following propagation through the inter-
planetary space (Dryer, 1998). Many early studies applied
the physics-based model. Among these, the pioneering
Hakamada-Akasofu-Fry kinematic model (Hakamada and
Akasofu, 1982) is still currently in use by the U.S. space
weather system. Since the large-scale structure and dynam-
ics of the solar corona is dominated by the magnetic field,
the source surface current sheet model was developed as an
observed magnetic field data-driven model for the corona.
This model can predict not only the sector structure but also
the solar wind speed from the expansion factor (Wang and
Sheeley, 1990). By extending the results up to the earth’s
orbit, model outputs can be compared directly with satellite
observations.

In recent years, increases in computing speed have en-
abled the development of first-principle-based models. The
hybrid model developed by Detman et al. (2006) combined
the source surface current sheet model for the corona with
the MHD solar wind model to predict the MHD parameters
at the earth’s orbit. Full MHD models from the solar surface
to the solar wind region have also been developed by several
authors (Linker et al., 1999; Riley et al., 2001; Manchester
et al., 2004; Tóth et al., 2005; Shen et al., 2007). Although
there are differences in the details for each model, these
models can extrapolate the surface magnetic field together
with self-consistently described plasma into the interplane-
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tary space.
In this paper, we report an attempt to develop an im-

proved MHD simulation that unitedly reproduces quasi-
stationary heliosphere from the solar surface to the earth’s
orbit from the observed solar surface magnetic field. When
we try to reproduce the heliosphere extending form the so-
lar surface to the earth’s orbit, we must calculate both the
fine structure around the corona and a global structure from
the sun to near the earth’s orbit simultaneously. In the fol-
lowing part of this paper, we first show how these difficul-
ties are solved in our simulation model, and then we present
some calculation results for a typical solar rotation period.

2. Simulation Model
2.1 Basic equation

The basic equations of the simulations are the modified
MHD equations written by dividing magnetic field B as
B = B0+B1 with B0 a fixed potential field and B1 deviation
from B0 (Tanaka, 1994).

∂ρ

∂t
+ ∇ · (ρv) = 0, (1)

∂(ρv)

∂t
+ ∇ ·

(
ρvv + PI + B2 − B2

0

2µ0
I − BB − B0B0

µ0

)

= ρg − 2ρ� × r − ρ� × (� × r), (2)

∂B1

∂t
+ ∇ × (v × B) = 0, (3)

∂U1

∂t
+∇·

[
v·

(
U1+P+ B2

1

2µ0

)
− B1(v · B1)

µ0
− B0(v · B1)

µ0

+ v(B1 · B0)

µ0

]
= Q − ρv · � × (� × r)+ρv · g, (4)
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Table 1. Boundary conditions of the MHD and Poisson equations.

Distance form the Sun 1Rs 200Rs

Density Fix ∂/∂r = 0

Velocity (parallel) ∂/∂r = 0 ∂/∂r = 0

Velocity (perpendicular 1) 0 ∂/∂r = 0

Velocity (perpendicular 2) 0 ∂/∂r = 0

B1 (radial) 0 ∂/∂r = 0

B1 (tangential 1) ∂/∂r = 0 ∂/∂r = 0

B1 (tangential 2) ∂/∂r = 0 ∂/∂r = 0

U1 Fix Fix (P → 0)

B0 (line-of-sight) observation free

B0 (perpendicular 1) free free

B0 (perpendicular 2) free free

U1 = ρv2

2
+ P

γ − 1
+ B2

1

2µ0
, (5)

where ρ, v, P , r, µ0, g, and γ are the density, velocity,
plasma pressure, position vector, the vacuum magnetic per-
meability, acceleration of gravity, angular velocity of solar
rotation and polytropic index set as 5/3, respectively. These
equations are generally called as continuity equation (1),
equation of motion (2), induction equation (3), and energy
equation (4). The energy equation (4) written through the
modified total energy of plasma U1 (Tanaka, 1994) includes
the heating term Q . The equations are written in the rotat-
ing system, and they include the Corioli’s force as well as
the centrifugal force and gravity force.
2.2 Boundary condition

The inner boundary of the heliosphere is set at coronal
base, which is approximately assumed to be 1 solar Radii
(Rs), and the outer boundary is set at the near earth’s orbit at
200Rs. On the inner boundary, the density and total energy
of the plasma are fixed, and field perpendicular velocities
are set to 0. The field parallel velocity is obtained from
the Neumann condition. For the magnetic field, we put the
observation data, which were obtained from Wilcox Solar
Observatory, to the line-of sight component of B0. For B1,
the radial component is set to 0. On the outer boundary,
total energy of the plasma is set so as the pressure becomes
a small value near 0. Other variables are solved under the
Neumann condition. The boundary conditions of the MHD
equation used for the present simulation are summarized in
Table 1.
2.3 Coronal heating

To obtain a realistic solar wind with γ = 5/3, some
additional energy input is required (Lionello et al., 2001;
Sittler et al., 2002). For the purpose of accelerating the solar
wind to a high enough speed, we included an additional
heating term to the energy Eq. (4) as

Q = ρq0(r − 1.0)e−r/L + ∇
(

ξT 2.5 ∇T · B
B2

)
· B, (6)

where q0, L , and T are amplitude of heating, decay distance
of heating (set to 1.8Rs), and temperature (Sittler et al.,
2002). The first term of the right handed side shows the
ad hoc heating, while the second term shows Spitzer’s heat
conduction term parallel to the magnetic field line. This
heat conduction is applied only inside 10Rs. From Eq. (6),

Fig. 1. Grid system made from a dodecahedron. One pentagon surface of
regular dodecahedron is first divided into five right triangles, and then
the generated triangles are divided into four smaller triangles.

it is clear that heating has its peak at L + 1 = 2.8Rs and
subsequently decreases with a distance from the sun.

The magnetic field topology of the solar surface is im-
portant for solar wind speed. Therefore, we consider the
magnetic field topology into the calculation of heating am-
plitude q0. It is known that the flux tube expansion factor fs ,
which is the ratio of the magnetic field intensity on the pho-
tosphere to that of respective points at extension along mag-
netic field, is inversely correlated with the velocity (Wang
and Sheely, 1990). So, we set q0 to be inversely propor-
tional to fs written in the form

fs ≡
(

rs

rs ′

)2 Brs

Brs′
=

(
rs

rs ′

)
fs ′ , (7)

where rs and Brs are 1Rs and field intensity at the photo-
sphere, and rs ′ and Brs′ denote distance from the solar cen-
ter and field intensity at rs ′ . Given the magnetic field B, the
expansion factor fs is calculated by solving ∇ · (n fs ′) = 0
(∇ · (−n fs ′) = 0) with n = B/|B| along the away (toward)
field lines, together with the boundary condition fs = 1.0
on the inner boundary. In addition to this inverse correlation
considered through Eq. (7), q0 is additionally reduced in the
place where temperature is higher than 2.8 million K.
2.4 Grid system and numerical scheme

When calculating a global system with a centrifugal con-
figuration like the heliosphere, it is desirable to construct
a spheroidal unstructured grid system having no apparent
singularity. The grid system must also be tolerable for the
calculation which treats both the fine structure around the
center and wide-range structure extending the whole area
simultaneously. To realize such a grid system, we first di-
vide one pentagon surface of regular dodecahedron into five
right triangles, adding a central point that inscribes a sphere.
Next, we divide the generated triangles into four smaller
triangles with all new points inscribing a sphere. Figure 1
shows this process of how we generate higher order split-
ting successively. By the fourth order splitting, 1922 grid
points are generated. Stacking such spheres radially, a 3-D
grid system is generated.

The control volume for the Finite Volume Method (FVM)
calculation is hexagonal columns connecting the exocentric
points of triangles on interfacing spheres. For each control
volume, data for volume, area of interfacing surface, and
normal and tangential vectors on the interfacing surface are
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prepared for the FVM calculation.
The numerical scheme used in the present simulation

for the time integration of the conservative MHD equa-
tion is the FVM total variation diminishing (TVD) scheme
with the monotonic upstream scheme for conservation laws
(MUSCL) method, and the Van Leer’s differentiable lim-
iter originally developed by Tanaka (1994). For details, see
Tanaka (1994).

3. Numerical Results
Here, we show the simulation results for 3-D structures

of the solar corona and the solar wind for a typical solar ro-
tation period. We have calculated the period of Carrington
Rotation (CR) 2028 (2005, March 25–April 21) and then
compared it with the observation is made at the earth’s or-
bit using the solar wind data obtained by ACE (OMNI web
service).

Figure 2 shows a 3-D close up view of the solar surface
and solar corona as viewed from the earth on 2005 March
29. In this figure, the contour surface shows an isotemper-
ature surface at 2.8 and inside of it is higher than 2.8. This
temperature value is normalized by the surface temperature
0.8 × 106 K. These high temperature regions correspond to
the closed field regions, where the plasma is trapped. Red
and blue lines show magnetic field lines. Here red (blue)
lines show the away (toward) field lines. We can observe
the origin of sector structure in the corona where toward and
away sectors are separated by the high temperature region.
Open field lines extending from one continuous region have
a same color. The area of another-color open field lines is
separated by the high-temperature region. These structures
are a 3-D generalization of 2-D field, temperature and flow
structures shown by Sittler et al. (2002).

Color shading on the solar surface shows plasma flux
emitted from the solar surface. Yellow and red colors show
the region from where solar wind plasma is supplied to
the interplanetary space. Consequently, these regions can
be looked upon as the coronal hole. Coronal holes are
situated at the center of one continuous region having same-
color field lines. Compared with SOHO extreme ultraviolet
image observed during CR 2028, positions of these coronal
holes estimated from the flux exiting region almost coincide
with dark regions seen in X-ray images.

From Fig. 2, we can see that the calculation has repro-
duced the solar and coronal fine structures near the sun. The
coronal hole, sector structure, and high temperature corona
are organized as a combined structure. As will be shown
in Fig. 3, sector and high-speed flow structures in the inter-
planetary space are the extension of this organized structure
near the sun.

Figure 3 shows the global solar wind structure on the
ecliptic plane from the solar surface to the earth’s orbit.
White lines show the start longitudes of each quarter which
were face to face with the earth on March 25, April 1,
April 15, and April 22. The shading and contour lines in
Fig. 3 show the magnetic sector and solar wind speed in
the interplanetary space. Velocity is shown by the contour
lines after the conversion from the rotating (calculating)
frame to the non-rotating (observing) frame. In Fig. 3,
the interplanetary magnetic structure exhibits four sectors.

Fig. 2. A 3-D close up view of the solar surface and solar corona viewed
from the earth on 2005 March 29. The contour surface shows an
isotemperature surface at 2.8. Temperature value is normalized by the
surface temperature 0.8 × 106 K. The coronal temperature outside the
contour surface is about 1.7. Red lines show the away field lines and
blue lines show the toward field lines. Color shading on the solar surface
shows plasma flux emitted from the solar surface. The outward-flux area
is indicated by warm colors.

Fig. 3. The global solar wind structure in the ecliptic plane from the solar
surface to near the earth’s orbit. White lines show the start longitudes
of each quarter which were face to face with the earth on March 25
(right), April 1 (top), April 8 (left), and April 15 (top). The shading and
contour lines shows the magnetic sector (green-away, blue-toward) and
solar wind speed (color bar: red-fast, blue-slow) in the interplanetary
space.

Fig. 4. Top pannel shows observed (pink) and calculated result
(navy) of solar wind speed and bottom shows Bφ for ovserved data
and Br > 0 (upper) or Br < 0 (lower) for calculation result.
Observed near-Earth solar wind speed and magnetic field data by
OMNI (http://omniweb.gsfc.nasa.gov). From the observed data during
CR2028, it seems to have three speed peaks and 4 sectors including one
very narrow sector around Apr 10.

This four sector structure reflects, in the ecliptic plane, the
sectors shown in 3D in Fig. 2. The away sector seen on the
right of Fig. 2 corresponds to the first away sector in the
first quarter of Fig. 3 that starts on March 25 at the earth,
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as the beginning of CR 2028, and the toward sector seen on
the left of Fig. 2 corresponds to the second toward sector
in the second quarter of Fig. 3 that starts on April 1 at the
earth. The third away sector seen in the third quarter at the
earth is a very narrow away sector, and the fourth sector in
the third and fourth quarter at the earth are both a toward
sectors with a normal width.

Due to the solar rotation, the solar wind blows like a
sprinkler seen in the non-rotating frame. In Fig. 3, three
high-speed flows can be seen at the earth with their posi-
tions in the first away, second toward and fourth toward
sectors. There is no high-speed flow in the third narrow
away sector. In one sector, only one high-speed flow ap-
pears without consecutive high speed flows (Neugebauer et
al., 2004). These flow and sector structures can be quite
reasonably understood from the coronal structure shown in
Fig. 2. The time recognized on the earth for the increas-
ing of wind speed is shorter than that for decreasing. This
characteristic resembles the observed feature of solar wind
variation in the increasing and decreasing of speed (Gosling
and Pizzo, 1999). In Fig. 3, no shock is generated associ-
ated with the CIR. Actually, there may not be an obvious
CIR formation in the interval treated in this paper. However,
we cannot draw a firm conclusion, because grid spacing in
the present model is still too sparse for the shock resolution.

Figure 4 shows observed and calculated results for vari-
ations in solar wind speed and sector near the earth’s orbit.
Comparing the calculation results with these observation
data, it is clear that the four sectors and three high speed
winds seen in calculation are also observable . A narrow
third away sector in the third quarter is similarly seen both
in the calculation and in the observation data. As for the
relative position of the sector boundary and fast flow, sim-
ilar features are seen in Figs. 2, 3 and 4. At the earth, fast
flow starts after the sector boundary has been passed, and
fast flow does not restart until the passage of the next sector
boundary. However, some discrepancies are seen. How-
ever, provided that the calculated and observed magnitude
of the low-speed solar wind is the same, the magnitude of
the calculated high-speed solar wind value is lower than the
observed value. In other words, the contrast between high-
and low-speed flows is not sufficient in the calculated re-
sult. In addition, the decreasing speed of third fast flow is
too rapid in the calculated than the observed data. These re-
sults suggest a further necessity for the improvement of the
model. There are many uncertainties that prevent a model-
observation coincidence. There may still be many unknown
factors in heating term, expansion factor, radiation energy
balance, and magnetic field observation.

4. Summary
We have succeeded in constructing an MHD model to re-

produce the heliospheric structure extending from the solar
surface to the earth’s orbit using a uniform triangular grid
system with no apparent singular point. The calculation re-
sults have reproduced both of the fine structure around the
corona and global structure from the solar surface to the
earth’s orbit. The tendency of a rapid increase and slow de-
crease of velocity seen on the earth and the relative position
of the sector boundary, including the narrow sector, have

been well reproduced in the model. Whereas three velocity
peaks are seen at the earth’s orbit in both the calculated and
observed solar winds, the calculated results are still insuffi-
cient for the absolute speed of solar wind. This means that
we need to improve this model further when using it for the
real prediction of solar wind. For this purpose, we are go-
ing to continue variations and improvements of the model.
In future research, we are going to adopt this model for the
space weather prediction system operated in the National
Institute of Information and Communication Technologies
(NiCT), Japan.
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Tóth, G., I. V. Sokolov, T. I. Gombosi, D. R. Chesney, C. R. Clauer, D. L.
De Zeeuw, K. C. Hansen, K. J. Kane, W. Manchester, R. C. Oehmke,
K. G. Powell, A. J. Ridley, I. I. Roussev, Q. F. Stout, O. Volberg, R. A.
Wolf, S. Sazykin, A. Chan, B. Yu, and J. Kóta, Space Weather Modeling
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A new code, called the interplanetary magnetic decrease (MD) automatic detection (IMDAD) code, has been
developed to enable researchers in the field to rapidly identify MD events for further analyses. The criterion
used for MD selection is Bmin < X B0, where X is a variable value and B0 is the ambient magnetic field
magnitude. The code can be applied to data sets from different instruments/missions located in different space
plasma environments in the heliosphere. The code has been tested during slow solar wind, fast solar wind and
CIR intervals at ∼5 AU (from November 28 to December 03, 1992). For this test, we used a sliding window
with a width of 300 seconds applied to 1-second high-resolution magnetic field data. The events identified by the
code have been confirmed by hand analyses. The routine was able to identify 57 of the 118 MDs identified by
hand (∼50%). The selection criteria for IMDAD and hand-analyses MDs were not exactly the same, accounting
for the different rates of occurrence. What is particularly encouraging is that IMDAD did not falsely identify any
events. The discrepancies between the two methods are discussed in the text. This code will be made available
to the general public.
Key words: Interplanetary magnetic decreases, solar wind, Alfvén waves.

1. Introduction
Magnetic Decreases (MDs; Turner et al., 1977) have

been defined as ∼50% decreases in the interplanetary mag-
netic field magnitude (Winterhalter et al., 1994; Fränz et
al., 2000; Tsurutani et al., 2003). These structures have
been called a variety of names (magnetic holes, holes, mag-
netic dips, magnetic cavities, magnetic bubbles, etc.) due
to their discovery at different times and in different loca-
tions of the heliosphere/Earth’s magnetosphere (Sugiura et
al., 1969; Turner et al., 1977; Luhr and Klocher, 1987;
Winterhalter et al., 1994; Fränz et al., 2000). For events
that have been examined to date, the magnetic pressure de-
creases have been supplanted by plasma thermal pressure
increases, so that the entire structure is generally in pressure
balance (Winterhalter et al., 1995; Burlaga, 1995; Fränz et
al., 2000).

Most past studies have focused on large decreases of the
magnetic field magnitude, events where the decrease mag-
nitudes are larger than 0.5 times the ambient field. It is clear
that this is an arbitrary threshold. Similar structures gener-
ated by the same mechanism, but lesser in intensity, are also
present in the interplanetary medium. To allow the rapid
detection of MDs of arbitrary intensity, a computer code
called Interplanetary Magnetic Decrease Automatic Detec-
tion (IMDAD) has been developed for the space research.
This code allows variable magnetic field decreases, variable
inter-MD spacing, and can be applied to variable data rates.
The code can be used to identify MDs of arbitrary length
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by adjusting its window size (here we discuss only MDs of
length up to 300 s to compare results to previous works).
Although previous workers have developed routines to au-
tomatically identify MDs (Winterhalter et al., 1994; Fränz
et al., 2000), those codes did not have the special features
of IMDAD. The codes are also not available to the general
public.

2. Method of Analyses
A general routine to identify MDs using high time reso-

lution magnetometer data has been developed. The aim of
the development of the IMDAD computer code is to be able
to correctly identify MDs present in the data. In this paper,
the routine will be described in detail. Pitfalls will also be
discussed.

We have used the Ulysses high-resolution magnetometer
data as our test sample. The data used for this test is nomi-
nally one-second (the Ulysses sampling rate varies) resolu-
tion magnetic field vector data for the interval from Novem-
ber 25 (day 330) to December 3 (day 338), 1992. Ulysses
had recently encountered Jupiter (February, 1992) and was
starting its first south polar pass. Ulysses was at ∼−20◦ and
at 5.1 AU from the sun during the selected test data interval.
This 9-day interval contained a variety of solar wind types.
There are ∼4 days of quiet solar wind, ∼3 days of Coro-
tating Interaction Region (CIR) solar wind, and ∼1 day of
non-CIR (pure) high speed stream solar wind.

IMDAD was tested on the above data interval. The MDs
were identified by hand analyses and they were also inde-
pendently identified by computer analyses. The MDs iden-
tified by hand but missed by computer were carefully ex-
amined to understand the reasons why.
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The definition of a MD used in this test is a decrease
of field magnitude of 50% of the ambient magnetic field
strength (0.5B0). This is the same general criterion used by
Winterhalter et al. (1994). This criterion is kept so there will
be continuity of methods used in the literature (however,
we will latter show that even with this simple definition,
slightly different selection methods may yield significantly
different results). We also hope to intercompare our results
with those of others. It should also be noted by the reader
that different decrease levels can be easily implemented.
This program can be used by other scientists for analyses of
MDs in the heliosphere and magnetosphere. Interested per-
sons should contact F. L. Guarnieri at guarnieri@univap.br.
2.1 Details of the IMDAD routine

A sliding window of 300 seconds was used to calculate
the average field magnitude (B0) during the interval. All
points that have values less than 0.5B0 are identified. The
window is shifted by 1 second and the process repeated.
This analysis is done for the entire data set. After the
data has been initially processed in this manner, the same
data points identified by different window placements and
adjacent potential MD candidates are deleted (keeping only
the beginning and end points). Single isolated points are
also deleted, assuming that they are spurious data errors.

The window size of 300 seconds and the minimum MD
separation of 30 seconds were empirically selected for this
data set. We caution the reader that he/she might have to
change these parameters for applications to different plasma
regions. It would also be important that they empirically
hand check the accuracy of the code as done in this paper.

A schematic showing the basics of the routine is indicated
in Fig. 1. A nine-point interval with a sliding window size
of three points is illustrated (only as an example) to give
the reader a general idea of how the routine works. The
sliding windows are represented by brackets A (black), B
(blue), C (red), etc. For bracket A, the first 3 points are
examined. The magnetic field average of the first three
points is calculated. Any points that have values less than
50% of the average of the field are identified. In this case no
points meet this criterion. Next, the window is slid by one
point in time to give a new analysis subinterval (bracket B in
the figure). The result of the subsequent calculation is that
point 4 satisfies the MD criterion. A blue star is noted above
the point (for visualization). For the subinterval bracket C,
the average magnetic field is low, so no points are identified.
The same is true for bracket D. For bracket E, point 5 will
be detected as an MD. A yellow star is indicated above this
point. After the entire interval has been analyzed, there are
2 points identified, points 4 and 5.

The program next considers single MD points. If there is
only a single isolated MD point, this is discarded assuming
that it is a spurious data spike. In the example shown above,
two adjacent points were selected, so there are no such
single point cases.

The next step of the routine is to consider cases where
there are several adjacent points. Point 5 is adjacent to
point 4 so the program considers the deletion of point 5.
Next point 6 is examined. Since it is not identified as an
MD, point 5 is retained and identified as the end of the MD.
Thus, the program identifies point 4 as the beginning of the

F
E

D
C

1 2

3

4 5

6

7
8 9

A
B

4 5

Fig. 1. Illustration of the general features of the routine. The stars over the
brackets indicate the points that were identified as following the MDs
criteria.

MD and point 5 as the end. This allows us to automatically
determine the MD width.

The window width selected in our final analysis of the
real Ulysses data was 300 seconds rather than 3 points, as
shown in Fig. 1. The much shorter interval was chosen only
to illustrate the general features of the program.

To be able to handle waves inside the MD or highly tur-
bulent data, the program examines adjacent MDs that are
closer than 30 seconds. Several different separation time
scales, from 5 to 50 seconds were tested. The interval of
30 seconds was found to be the one with best correspon-
dence to the hand-analyzed MD set, and it was selected
for the present version of the program. If candidate MDs
are closer together than 30 seconds, they are considered as
a single MD. The two MDs are “merged” and the begin-
ning of the first event and the end of the second become the
boundaries of the new (merged) MD.

The MD duration indicated by the program is based only
in the points that follow the MD criteria. The user would
have to define what method he/she may find appropriate to
identify the edges. Tsurutani et al. (1999), in their hand
analyses of MDs, assumed an 1/e decay from the B0 cal-
culated outside the MD. This is the criteria used in this pa-
per in order to check the IMDAD code. Although we have
stated the method used here, we state this as only an ex-
ample. Other users can select their own criteria for edge
detection.
2.2 Hand analyses of MDs

To test the accuracy of IMDAD MD selection, the same
9-day Ulysses magnetic field interval was examined by vi-
sual inspection (without reference to the computer results).
For a potential MD, a background field on both sides of the
MD was estimated by drawing line “averages” on a data
plot. These were determined by visual inspection. Of the
two “background fields”, the higher value was used for the
calculation. Next, the minimum field was determined by the
same method. The 1/e value of the difference between the
highest background field and minimum field was required
to be greater than 0.5B0. This is the same method applied
by Tsurutani et al. (1999).

3. Results of the Intercomparison Between
Computer-selected Events and Hand-selected
Events

Figure 2 shows the Ulysses data interval of the test. From
top to bottom are the solar wind speed, proton density,
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Fig. 2. Ulysses data interval (November 25 to December 3, 1992) used
to test the routine. The panels are, from top to bottom, the solar wind
speed, proton density, proton temperature, magnetic field components,
R, T and N , and at the bottom, is the magnetic field magnitude. The
slow speed stream is identified by SSS. The high speed stream is marked
by HSS, and IF indicates the interface between the two regions. Present
in the interval is a heliospheric current sheet, marked as HCS.

proton temperature, magnetic field components (in Solar
Heliospheric R, T , and N coordinates), and at the bottom,
the magnetic field magnitude. At the top of the figure,
the slow speed stream (SSS) and high speed stream (HSS)
intervals are indicated by horizontal arrows. The slow speed
stream is present from November 25 to 29 and the high
speed stream from December 2 through 3. The CIR is
the region of interaction of the two types of streams and
is the interval between the slow and high speed streams
proper. Some of the CIR structures are indicated for the
interested reader. The CIR boundaries are a fast forward
shock (FS, blue line) at the anti-solar direction boundary. A
reverse wave (RW, blue line) is present at the solar direction
boundary. The CIR occurs from 02:35 UT November 29
(day 334) to 11:30 UT December 1 (day 336). Several
structures within the CIR are also indicated. There is an
embedded heliospheric current sheet (HCS) indicated by a
green line. The interface between the high speed stream and
the slow speed stream is denoted by “IF” (for “interface”).
The IF is indicated by a red line.

Figure 3 shows an example of a MD identified by the pro-
gram. The panels are, from top to bottom, the magnetic field
components BR , BT , and BN , and the B magnitude. This
MD event, clearly visible in the B magnitude panel, oc-
curred on November 28, 1992 (DOY 333). The blue square
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Fig. 3. Example of a MD identified by the program. The blue square
marks the MD event, and the red box the MD identified by the program.
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Fig. 4. MD occurrence rates using the two methods of analyses. The
results from the computer analyses are plotted in dashed red and those
from hand analyses are in solid black.

marks the MD event and the red box the MD identified by
the program. There is a discontinuity in BT and BN compo-
nents at the time of the MD occurrence. The BT component
changes from ∼0.125 nT to ∼−0.1 nT across the disconti-
nuity. The change in BN is from ∼−0.125 nT to ∼0.15 nT.

The MD identified by the computer routine (red box) has
a shorter duration when compared with hand analysis due
to different identification procedures. In the IMDAD iden-
tification, the edges are based only in the points following
the criteria, while in the hand analysis the inspectors used
the borders values as the reference field to identify the MDs
(the same method previously applied by Tsurutani et al.,
1999).

The MD occurrence rates of the two methods of analy-
ses are shown in Fig. 4. The top panel shows the number
of MDs per day from the computer analyses in dashed red,
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and for those from hand analyses in solid black. The reader
should note that the number of events from hand analyses is
always greater or equal to the number from computer anal-
yses. Over the whole interval, there are 118 MDs identified
by hand and 57 events identified by computer.

Each computer-selected event was compared with the
events identified by hand. It is noted that all 57 computer
selected events were also identified by hand analyses.
This result gives confidence to the accuracy of the present
program (and its internal parameters) used for this region of
space, since no false positive MD was detected.

The causes for the code missing MDs were studied. It
was found that the missed events fall into several categories.
The two main causes were: 1) events where the magnetic
field decrease is near the threshold of −0.5B0, and 2) when
there are rapid oscillations in the magnetic field magnitude
(if these oscillations have amplitudes comparable to the MD
decrease, they can change the reference value [B0] for the
window, while hand-analysis is not affected by these struc-
tures). In the first category there were 25 cases of “missed
events” and in the second category there were 17 cases.
Moreover, there are two minor causes of misidentification
that we called “large MD” or “background contamination”.
The “large MD” refers to MDs that are longer than the win-
dow size used. These MDs can be selected by hand inspec-
tion but they may be missed by the computer since their
durations are close to the window size. The “background
contamination” usually occurs when there are discontinu-
ities or shocks around the MD that may affect the B0 calcu-
lation for the window.

For the first category of “missed events”, the near
“threshold” events, it is noted that the computer and hand
analysis methods of determining the “background” field
were slightly different. The hand analysis method used
higher field values for the “background”, so this criterion
was less strict than the computer criterion. The computer
method often contains field values in the decreasing slopes
of the MDs, lowering the calculated “background” fields,
giving stricter limits than hand analyses. Here the back-
ground field on both sides of the MD was estimated by
drawing line “averages” on a data plot. Of the two “back-
ground fields”, the higher value was used for the calculation
(a more liberal assumption than the IMDAD code). Next,
the minimum field was determined by the same method.
The 1/e value of the difference between the highest back-
ground field and minimum field was required to be greater
than 0.5B0. As the reader will readily note, although a sim-
ple condition of “0.5B0” was used, this is a different cri-
terion still. The point that we wish to emphasize is that
slightly different criteria will yield a different set of events.
Thus, the method of implementation of the criterion is im-
portant to understand. On the other hand, it is felt that no
one method is better than another. All methods will give
equally valuable information.

It should be obvious that the IMDAD “missed events”
are not really “missed”. Since hand-analyses and computer
analyses will never have identical criteria, each is correct.
It should be noted that the type of hand analyses done here
and in Tsurutani and Ho (1999) is not exact and not 100%
reproducible.

4. Summary and Discussion
A computer program has been written which identifies

heliospheric MDs in the Ulysses magnetic field data at
∼5 AU from the sun. The program works well in the slow
solar wind, in the pure high speed stream solar wind, and in
the compression regions at the interface between slow and
high speed streams (CIRs). The routine was able to identify
57 of the 118 events identified by hand analysis, about 50%
of the events (48.3%). However, all the 57 MDs identified
by the program were also identified by hand analyses, giv-
ing confidence to the accuracy of the method. The events
that were missed by the code were events that fell into two
main categories: events that were slightly below the hand-
technique threshold level of detection and events associated
with “wave-like” intervals. For the first case, the slightly
more liberal hand analyses method allowed the detection
of these events. “Wave-like” events were generally found
in hand analyses when the magnetic field magnitude was
low. These events could possibly be compressional waves
or small amplitude mirror mode (Tsurutani et al., 1982)
structures. These low field magnitude regions are generally
low plasma beta (the ratio of magnetic pressure to plasma
thermal pressure) regions. Thus they could also be due to
magnetic noise or turbulent structures.
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Our recent analysis of interplanetary magnetic clouds (MCs) showed that the orientations of MC axes deter-
mined by a model fitting with curvature of MCs taken into account (referred to as a torus model, hereafter) can be
significantly different from those obtained from fittings with a straight cylinder model. Motivated by this finding,
we re-examined geometrical relationships between magnetic field structures of MCs and their solar origins. This
paper describes the results of the re-examination with special attention paid to two MC events, for which different
orientations of MC axes were obtained from a torus model and a cylinder model. For both cases, it is shown that
the torus models give the MC geometries of magnetic field structures in good agreement with those of coronal
arcade structures which were formed in association with the launch of MCs along the magnetic field inversion
lines. Summarizing the analysis results for 12 MCs investigated here, we conclude that: (1) the formation of
coronal arcade structure is a good indication of MC formation; (2) MC geometries can be obtained that are con-
sistent with the coronal arcades with respect to the axis orientation and the magnetic field structure including
chirality, indicating that no significant direction changes occurred during the propagation of MCs through the
interplanetary medium.
Key words: Interplanetary magnetic clouds, magnetic field structures, solar origins, geometrical relationships.

1. Introduction
The interplanetary magnetic cloud (MC) occupies the

whole body or a significant part of a plasma cloud ejected
into the solar wind in association with the coronal mass
ejection (CME). The internal structure of a MC is charac-
terized by the nested helical fields, which can be described
as a magnetic flux rope (Goldstein, 1983; Marubashi, 1986;
Burlaga, 1988). The geometrical relationship between mag-
netic structures of MCs and their solar source region is
one of the key issues for understanding the mechanisms in-
volved in the formation of MCs and their possible deforma-
tion during their propagation in interplanetary space. Most
previous studies on this subject have shown that the orienta-
tions of MCs are roughly aligned with the inversion lines of
photospheric longitudinal magnetic fields in the associated
CME sites and that the chirality of MCs are of the same sign
as the chirality of solar magnetic fields in the source regions
(e.g., Marubashi, 1986, 1997; Bothmer and Schwenn, 1994;
Bothmer and Rust, 1997; Yurchyshyn et al., 2001). More
recent studies, however, point out several cases in which the
orientations of MCs do not agree with those of the associ-
ated filaments or solar magnetic inversion lines (Rust et al.,
2005; Wang et al., 2006; Yurchyshyn et al., 2007).

The purpose of this study is to re-examine the geometri-
cal relationships between the MC magnetic fields and the
solar magnetic fields with a new technique to determine

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

the orientations of MCs. In most studies on this subject,
as mentioned above, the MC orientations were determined
by fitting techniques with a straight cylinder model. Re-
cently, Marubashi and Lepping (2007) analyzed the MC ge-
ometries using a torus-shaped flux rope model to take into
account the curvature of the global configuration of MCs.
Their comparison of the MC orientations determined from
the torus and cylinder models revealed that there actually
are such MC events for which observations can be as well
explained by either of the models but that the obtained ori-
entations are significantly different from each other. This
finding impacts on our understanding the connection be-
tween MCs and CMEs and suggests that it may be possible
to obtain a better agreement between the MC orientations
and the solar magnetic inversion lines if the MC geometries
are determined with a torus model.

The MC database for this study consists of the analysis
results of 17 long-duration MCs (Marubashi and Lepping,
2007). We compared the MC geometries obtained from the
torus and cylinder models with the magnetic field structures
in the possible solar source regions of the MCs. We present
here our analysis results, with a focus on two events for
which the connection between the MC and related solar
phenomena can be seen in a straightforward way. Similar
connections are also seen for other MC events.

2. Analysis Results
Figure 1 shows the fitting results of the MC encountered

on March 4, 1998, with solid lines for the torus model and
dotted lines for the cylinder model, superposed on the ob-
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Fig. 1. Results of fitting the torus model (solid curve) and the cylinder
model (dotted curve) to the magnetic cloud encountered on March 4,
1998. The bottom three panels show the projected magnetic field vectors
onto three planes in GSE coordinates.

served variations of solar wind magnetic fields during a 3-
day interval. Plotted from top to bottom are the magnetic
field intensity, the X , Y , and Z components in GSE (geo-
centric solar ecliptic) coordinates, the ratio of standard de-
viations of high-resolution data to the average intensity, the
solar wind speed, the number density ratio of He++/H+, the
proton number density, the proton temperature, the plasma
beta based on protons, and the magnetic field vectors pro-
jected on the X -Y , X -Z , and Y -Z planes of GSE coordi-
nates. The dashed curve drawn along with the proton tem-
perature shows the temperature statistically expected from
the solar wind speed (Lopez, 1987). Two vertical solid
lines indicate the MC boundaries as determined by such
characteristics as the magnetic field rotation, the enhanced
He++/H+ ratio, the relatively small magnetic field fluctua-
tions, and the abnormally low proton temperature (Richard-
son and Cane, 1993). The vertical dashed line indicates the
shock associated with this MC. The observed variations in
magnetic field and solar wind speed are well reproduced by
both the torus and cylinder models, so that the difference
between the two fitted curves can be hardly distinguished in
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Fig. 2. Two geometries obtained for the magnetic cloud of March 4, 1998,
from the fittings to the torus model (a) and to the cylinder model (b).
Three directions are indicated: A, axial field; S, toroidal field on the
surface; S/C, spacecraft trajectory relative to the magnetic cloud.

this presentation. However, the MC orientations obtained
from the two models are substantially different from each
other.

Figure 2 depicts the MC geometry obtained from the
torus model (Fig. 2(a)) and that from the cylinder model
(Fig. 2(b)), in which three arrows indicate the direction
of the axial field of MC (A), the direction of magnetic
field on the MC surface (S), and the direction of spacecraft
trajectory (S/C). We can see that this MC has the left-
handed magnetic chirality from the two arrows, A and S.
At the location where the spacecraft traversed the MC, the
approximate direction of the torus axial field is given by
θ (latitude angle) = 17.4◦ and φ (longitudinal angle) =
136.9◦, whereas the direction of the cylinder axis is given
by θ = 29.3◦, and φ = 76.7◦ (for details of the fitted values,
including other parameters, see Marubashi and Lepping,
2007).

In an attempt to identify the most plausible solar source
event of this MC, we searched the LASCO CME cata-
log (Yashiro et al., 2004; see also the website http://cdaw.
gsfc.nasa.gov/CME list) for candidate CMEs and related
solar phenomena within a selected time window. For this
purpose, we first estimate the launch time of the CME corre-
sponding to this MC, assuming that the MC propagated at a
constant speed. In accordance with three values for the typ-
ical speeds, 340 km/s (from the cylinder fitting), 350 km/s
(from the torus fitting), and 365 km/s (the maximum speed
within the MC), the launch time is estimated to be in the
interval from 15:00 UT, February 27 to 01:00 UT, February
28, 1998. Thus, we select a time window from 03:00 UT,
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Fig. 3. Solar observations related to the March 4, 1998 MC: (a) LASCO C2 CME running difference image at 17:27 UT, February 28, 1998; (b)
Yohkoh/SXT image at 11:34 UT; (c) SOHO/MDI image 12:48 UT, (d) BBSO Hα image at 19:15 UT, February 27; (e) the torus MC inclination
inferred from a local fit with a torus model.

February 27 to 13:00 UT, February 28, allowing an extra
±12 h from the estimated launch time for searching the
CME corresponding to the MC. The CME catalog shows
that there were two CMEs with an angular width larger
than 120◦ in this time window. The first one is a full halo
CME which appeared in the LASCO C2 field of view first
at 20:07 UT on February 27, 1998, and the second one is a
partial halo CME with angular width of 169◦ that appeared
at 12:48 UT on February 28, 1998. Of these two, the lat-
ter was identified as a solar source event of the March 4,
1998 MC by Gopalswamy et al. (2000, 2001), the speed of
which is estimated to be approximately 300 km/s at 20 Rs.
We adopt this selection and search for the solar source re-
gion of the CME for the purpose of comparing structures
between the MC and solar magnetic fields.

Figure 3 shows images of solar observations relevant to

generation of the MC of March 4, 1998 (a: SOHO/LASCO
C2 image; b: Yohkoh/SXT, c: SOHO/MDI; d: BBSO Hα).
The torus shape corresponding to the MC is also shown in
Fig. 3(e) for the purpose of indicating the tilting angle of
the fitted model. (It should be noted that the actual MC
shape is just locally approximated by the torus.) During
several hours before this CME (Fig. 2(a)) first appeared in
the LASCO C2, we can see two kinds of prominent activi-
ties in the Yohkoh/SXT movie. One consists of small activ-
ities repeatedly observed in the AR 8171 (approx. 24◦S, ap-
prox. 1◦W), and the other is the formation of a soft X-ray ar-
cade possibly associated with a filament eruption (Figs. 3(b,
d)) along the neutral line extending from the north of AR
8164 towards the north-east in the region of weaker mag-
netic fields (see Figs. 3(c, d)), similar to the arcade forma-
tion exemplified by Tripathi et al. (2004). Although it is
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Fig. 4. Results of fitting the torus model (solid curve) and the cylinder
model (dotted curve), respectively, to the magnetic cloud encountered
on October 1, 1997. The bottom three panels show the projected mag-
netic field vectors.

difficult to rule out the association between the CME and
some small activity in AR 8171, the arcade-formation event
seems to be directly connected with the CME in Fig. 3(a).
The latter association is more plausible based on several
supporting pieces of evidence: (1) the orientation of the MC
axis is close to the orientation of the arcade, as is evident
by comparing Figs. 3(b, e); (2) the polarity of the mag-
netic field on the surface of the MC is consistent with the
arcade magnetic field, as inferred from the MDI data; (3)
the left-handed magnetic field chirality of MC agrees with
the chirality of the coronal magnetic field expected from
the inverse-S type sigmoid in this region (Rust and Ku-
mar, 1996); (4) The chirality agrees with general tendency
that the MCs with left-handed (right-handed) chirality are
formed in association with the solar events in the northern
(southern) hemisphere (Marubashi, 1986, 1997; Bothmer
and Schwenn, 1994; Bothmer and Rust, 1997). Finally, it
is possible to suppose from Fig. 3(a) that this CME was
launched a little toward south, and that the ACE spacecraft
passed the southern end of the MC loop as indicated by the
dark dot in Fig. 3(e).
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Fig. 5. Two geometries obtained for the magnetic cloud of October 1,
1997, from the fittings to the torus model (a) and to the cylinder model.
Three directions are indicated: A, axial field; S, toroidal field on the
surface; S/C, spacecraft trajectory relative to the magnetic cloud.

Figures 4 and 5 show the fitting results for another MC
which was encountered on October 1, 1997, in the same
format as Figs. 1 and 2. Again, both cylinder and torus
models having the left-handed chirality reproduce the mag-
netic field variations agreeing well with the observation. It
should be noted here that the torus parameters used here are
different from original values presented in Marubashi and
Lepping (2007). The orientation of the torus plane deter-
mined by the standard fitting method is given by θn = 35.1◦,
and φn = 65.0◦, the latitude and longitude angles of a vec-
tor normal to the torus plane. This torus plane is tilted too
much compared with the direction of the post-eruption ar-
cade as will be seen later. Since our purpose is to exam-
ine a possibility to obtain the orientation of the MC axis
which is close to the orientation of the inversion line of
solar magnetic fields, we executed a least-squares method
slightly modified from that applied in the previous work.
We tried fitting with fixed φn, using different values around
φn = 65.0◦, and searched the parameter set which can re-
produce the observed magnetic fields, and give geometries
having the axis orientation as parallel to the inversion line
as possible. Thus, we obtain a result shown in Fig. 4 for
θn = 14.6◦, and φn = 77.5◦. The point is that we can get
such an MC geometry by using a torus model.

As for the solar source of this MC, the CME catalog
shows that there was only one CME with angular width
greater than 120◦ within the time window from 08:00 UT
on September 27 to 14:00 UT on September 28, 1997, that
is, the halo CME that appeared in the LASCO C2 field of
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Fig. 6. Solar observations related to the October 1, 1997 MC: (a) LASCO C2 CME running difference image at 03:53 UT, September 28, 1997; (b)
Yohkoh/SXT image at 08:27 UT; (c) SOHO/MDI image 12:51 UT, (d) Meudon Hα image at 06:55 UT, September 27; (e) the torus MC inclination
inferred from a local fit with a torus model.

view at 01:08 UT on September 28, 1997. Though there is a
gap in the Yohkoh/SXT data from 22:39 UT September 27
to 08:23 UT September 28, we can see an arcade-formation
activity which started around 22:12 UT on September 27
and developed rather slowly near the region surrounding the
magnetic inversion line in the northern hemisphere. Gopal-
swamy et al. (2001) identified the solar source of the MC
of October 1, 1977 to be this halo CME and associated
it with the disappearing filament at 22◦N, 05E. Figure 6
presents the images relevant to the generation of the MC,
together with the torus tilt obtained from the fitting. Ac-
cepting this association, we see that the relationships be-
tween this interplanetary MC and the solar magnetic field
are very much similar to the case of the March 4, 1998 MC.
The MC with left-handed magnetic chirality was formed in
association with the filament disappearance in the northern
hemisphere, where an inverse-S type sigmoid had been ob-
served. The orientation of the MC axis is nearly parallel to
the neutral line or the erupted filament. The CME plasma

was launched slightly southward rather than radially, and
hit the Earth with its southern end, as seen in Figs. 5(a)
and 6(e).

Thus far we have seen the analysis results for two MC
events with special attention being paid to the geometri-
cal relationships between MCs and the magnetic field struc-
tures in their possible solar source regions. Here, we briefly
summarize results of our analysis of the 17 long-duration
MCs. This analysis was carried out for only 12 of these
MCs because solar observation data were insufficient for
the other five MCs (for reference, we present the same event
numbers used in Marubashi and Lepping, 2007; #1, #2, #10,
#16, and #17). We were able to find plausible solar source
event in six cases (#4, #5, #7, #12, #13, and #15), and for
each of these, the magnetic inversion line on the Sun is con-
sistent with the orientation of the MC axis determined by
the torus fitting. We also found a formation of arcade-like
structures along the magnetic inversion line within the so-
lar source regions near the time of CME launch. For one
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case (#14), no prominent solar activity was seen in the time
window estimated by the MC observation. For the remain-
ing five cases, more detailed analyses are needed both on
the solar events and on the MC structures, although it is not
impossible to find candidates as the solar sources.

3. Conclusions and Discussion
By analyzing the geometries of 12 long-duration MCs

and their relationships with their solar origins, we have
drawn the following conclusions.

(1) The arcade formation in the corona is a good indication
of the generation of an MC.

(2) The magnetic field structure of a MC is consistent with
the structure of a flux rope loop formed in the coronal
region above the arcade, as various CME models com-
monly predict (see Forbes, 2000, for a review).

The above two findings are consistent with the view that
MCs are expanding helical flux ropes formed in association
with CME launch (Marubashi, 1997). The more compre-
hensive relation between the post-eruption arcades and flux
rope structures in CMEs has been shown by Cremades and
Bothmer (2004) and Tripathi et al. (2004).

(3) Furthermore, for MCs of which the orientations ob-
tained from cylinder fitting mismatch the above re-
lationship, it is possible to obtain an MC orientation
which is consistent with the above by using a torus.
This suggests that no significant direction change of
MCs is needed during the propagation through the in-
terplanetary medium.

It is desirable to extend this study further to other MC
events of shorter durations because our study is focused
only on the long-duration MCs. Such a study is currently
underway, but we can point out that two MCs analyzed
by Ishibashi and Marubashi (2004) and Crooker and Webb
(2006), respectively, are good examples of where good re-
lationships are obtained using a torus model to explain the
alignment between the MC axis and the inversion line of
coronal magnetic fields.
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In this letter, I show that the discrepancies in the geoeffectiveness of halo coronal mass ejections (CMEs) re-
ported in the literature arise due to the varied definitions of halo CMEs used by different authors. In particular,
I show that the low geoeffectiveness rate is a direct consequence of including partial halo CMEs. The geoeffec-
tiveness of partial halo CMEs is lower because they are of low speed and likely to make a glancing impact on
Earth.
Key words: Coronal mass ejections, geomagnetic storms, geoeffectiveness, halo CMEs.

1. Introduction
Coronal mass ejections (CMEs) that appear to surround

the occulting disk of the observing coronagraphs in sky-
plane projection are known as halo CMEs (Howard et al.,
1982). Halo CMEs are fast and wide on the average and are
associated with flares of greater X-ray importance because
only energetic CMEs expand rapidly to appear above the
occulting disk early in the event (Gopalswamy et al., 2007).
Extensive observations from the Solar and Heliospheric Ob-
servatory (SOHO) mission’s Large Angle and Spectromet-
ric Coronagraphs (LASCO) have shown that full halos con-
stitute ∼3.6% of all CMEs, while CMEs with width ≥120◦

account for ∼11% (Gopalswamy, 2004). Full halos have
an apparent width (W ) of 360◦, while partial halos have
120◦ ≤ W < 360◦. Halo CMEs are said to be frontsided if
the site of eruption (also known as the solar source) can be
identified on the visible disk usually identified as the loca-
tion of H-alpha flares or filament eruptions. Details on how
to identify the solar sources can be found in Gopalswamy
et al. (2007). Halos with their sources within ±45◦ of the
central meridian are known as disk halos, while those with a
central meridian distance (CMD) beyond ±45◦ but not be-
yond ±90◦ are known as limb halos. Disk halos are likely
to arrive at Earth and cause geomagnetic storms, while limb
halos only impact Earth with their flanks and hence are less
geoeffective (see Gopalswamy et al., 2007).

Since CMEs propagate approximately radially from the
Sun (except for a small eastward deflection due to solar
rotation—see Gosling et al., 1987), disk halos are likely hit
Earth. Of course, the interplanetary counterpart of CMEs
(ICMEs) must contain southward magnetic field component
(Bs) to be geoeffective. It is well known that the intensity
of the resulting magnetic storm depends on the magnitude
of Bs and the speed V with which the CME impacts Earth’s
magnetosphere (see e.g., Gonzalez et al., 1994; Tsurutani
and Gonzalez, 1997). Halo CMEs are more energetic (av-
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erage speed is ∼1000 km/s compared to ∼470 km/s for or-
dinary CMEs), so the V part is expected to be high. When
CMEs are aimed directly at Earth, the ICMEs are likely to
arrive at Earth as magnetic clouds (MCs), which are a subset
of ICMEs that have flux rope structure. Since Earth passes
through the nose of the MC, the chance of encountering Bs

somewhere within the MC is high (except for unipolar MCs
with north-pointing axis—see Yurchyshyn et al., 2001).
When the ICME is shock-driving, the sheath portion lying
between the shock and the MC may also play a significant
role in producing geomagnetic storms (see e.g., Gosling
et al., 1990). The sheath may have intervals of north and
south-pointing magnetic fields, in addition to the varying
field orientation in the MC portion. An Earth-directed halo
CME leads to a situation whereby Earth passes through the
nose of the shock, where the sheath field is most intense and
may cause intense magnetic storm if south-pointing. Thus
the ability of a halo CME in producing a geomagnetic storm
depends on the structure of its interplanetary counterpart
(the ICME event).

Since halos became common place in the SOHO era,
there have been several attempts to characterize their geo-
effectiveness (see e.g., Zhao and Webb, 2003; Yermolaev
and Yermolaev, 2003; Kim et al., 2005; Yermolaev et al.,
2005; Gopalswamy et al., 2007). Using CMEs from the rise
phase of solar cycle 23, St. Cyr et al. (2000) concluded that
∼75% of the frontside CMEs are geoeffective. In most of
the works discussed here, the geoeffectiveness is defined as
the ability of a CME or an interplanetary structure to cause
geomagnetic storms with intensity (Dst) ≤ −50 nT. While
most of the intense storms are caused by CMEs, moderate
storms (−100 nT < Dst < −50 nT) may also be caused
by other structures such as corotating interaction regions.
Zhao and Webb (2003) found an overall geoeffectiveness
rate of ∼64% for frontside halos detected up to the solar
maximum in 2000. Yermolaev and Yermolaev (2003) used
data from the period 1976–2000 and came up with a lower
rate of 40–50%. Michalek et al. (2006) found that ∼56%
of frontside halos are geoeffective, but they did not use all
the halos because of limitations in the method of obtaining
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space speeds. Kim et al. (2005) reported that only about
40% of the frontside halos are geoeffective. Yermolaev et
al. (2005) compiled published results and noted that that
the geoeffectiveness rate varied from <40% to >80%. Re-
cently Gopalswamy et al. (2007) analyzed 378 halo CMEs
covering almost whole of solar cycle 23 and found that
∼71% of frontside halos are geoeffective. Zhao and Webb
(2003) and Gopalswamy et al. (2007) used the same defini-
tion of halo CMEs (W = 360◦) and obtained similar geo-
effectiveness rates. On the other hand, Kim et al. (2005)
and Yermolaev and Yermolaev (2003) defined their halos
as CMEs with W ≥ 120◦ and obtained the lower geoef-
fectiveness rate. The purpose of this letter is to show that
the discrepancy in the rate of geoeffectiveness can simply
be explained by the different definition of halo CMEs used
by these authors. We take Kim et al. (2005) and Gopal-
swamy et al. (2007) representing the low and high geoef-
fectiveness rates, respectively. Both these works have pub-
lished their list of events and the study periods have maxi-
mum overlap. They also use data from the same instrument
(SOHO/LASCO), so the comparison is straightforward. Fi-
nally, both works use the same definition of geoeffective-
ness: the ability of a CME to produce a geomagnetic storm
with Dst ≤ −50 nT.

2. Geoeffectiveness of Partial Halo CMEs
Kim et al. (2005) investigated 305 CMEs (1997 to 2003)

that included full (W = 360◦) and partial halos (120◦ <

W < 360◦) and found that 121 of them were geoeffective.
On the other hand Gopalswamy et al. (2007) studied 378
full halos for the period 1996 to 2005. For making a proper
comparison, we first separate the full and partial halos in
Kim et al. (2005). We then use the geoeffectiveness of a
subset of full halos from Gopalswamy et al. (2007) corre-
sponding to the Kim et al. (2005) study period to estimate
the geoeffectiveness of partial halo CMEs.

Among the 378 full halos reported by Gopalswamy et
al. (2007), 168 occurred during the period 1997 to 2003
(the study period of Kim et al., 2005). Many geomagnetic
storms during the study period had multiple CME associa-
tion, so we eliminate 68 such CMEs in estimating the geo-
effectiveness rate. Sixty five of the remaining 100 frontside
full halos (65%) were geoeffective. Note that this rate is
close to the one obtained by Zhao and Webb (2003). Ex-
cluding the full halos from the CMEs in Kim et al. (2005),
we get 205 partial halos (305 minus 100), out of which 56
(121 minus 65) were geoeffective. Thus we get a geoeffec-
tiveness rate of 27% (56 out of 205) for the partial halos
alone. The 40% geoeffectiveness rate obtained by Kim et
al. (2005) is thus a consequence of combining highly geoef-
fective (65%) full halos and marginally geoeffective (27%)
partial halos.

Note that we used the CME data for the period 1997–
2003 in the above calculation. To extend this result to
the whole study period (1996–2005) considered by Gopal-
swamy et al. (2007), we need to estimate the faction of
partial halos that are geoeffective. Since Gopalswamy et
al. (2007) did not include partial halos in their study, we
estimate the geoeffectiveness of partial halos by extrapo-
lation. To do this, we make use of the fact that 3.5% of

all CMEs are full halos, while 11% are full + partial halos
(Gopalswamy, 2004). Assuming that these fractions apply
equally well to the front and backside CMEs and recall-
ing that 229 full halos were frontsided, one can estimate
the frontside wide CMEs as (11%/3.5%) × 229 = 720.
Therefore, 720 − 229 = 491 is the likely number of partial
halos. At the 27% geoeffectiveness rate estimated above,
134 of the 491 partial halos are expected to be geoeffec-
tive. Therefore, out of the 720 wide CMEs, 163 full halos
and 134 partial halos (total of 297 or 41%) are geoeffec-
tive. This is virtually the same as the 40% rate obtained by
Kim et al. (2005) and confirms that inclusion of partial ha-
los lowers the overall geoeffectiveness rate. Note that the
geoeffectiveness of halos varies with the phase of the so-
lar cycle (see Gopalswamy et al., 2007, figure 8; Zhao and
Webb, 2003) and the way multiple halos associated with a
given storm are treated. We estimate that these effects can
account for an additional 10% variation.
2.1 Why are partial halos less geoeffective?

In studying the geoeffectiveness of CMEs as a function
of source latitude, Gopalswamy et al. (2007) found that
the strongly geoeffective (Dst ≤ −100 nT) and moder-
ately geoeffective (−50 ≥ Dst > −100 nT) CMEs have
average longitudes of W10 and E03, respectively. The
non-geoeffective CMEs have an average longitude similar
to the moderately geoeffective CMEs (E02). Furthermore,
the fraction of limb halos steadily increases from 17% for
strongly-geoeffective, to 31% for moderately geoeffective,
and 37% for non-geoeffective CMEs. The average speeds
also decrease in the same order (see figure 9 of Gopalswamy
et al., 2007). From these observations, Gopalswamy et
al. (2007) concluded that non-geoeffective CMEs are rel-
atively slower, originate predominantly from the eastern
hemisphere, and have a greater central meridian distance.
Partial halos generally have properties similar to the mod-
erately geoeffective and non-geoeffective halos. Thus par-
tial halos are less energetic and do not expand enough to
fully surround the occulting disk within the LASCO field
of view.

Gopalswamy et al. (2007) also reported that the geoef-
fectiveness rates of limb and disk halos as 60% and 75%,
respectively. The geoeffectiveness of partial halos originat-
ing closer to the limb is expected to be even lower because
they are slower and less likely to impact Earth. Thus, in-
clusion of partial halos reduces the overall geoeffectiveness
rate of halo CMEs and hence correctly explains the lower
geoeffectiveness rates reported in the literature.

3. Discussion and Conclusions
One of the important aspects of CME geoeffectiveness

studies is to identify the solar source of CMEs. One might
argue that the geoeffectiveness may be overestimated when
frontsided CMEs are mistakenly classified as backsided
CMEs. This can happen only when frontsided halos have
no disk signature. There may also be cases in which a for-
tuitous disk activity coincides with a backside CME and
hence a backside CME gets classified as a frontside CME.
Sometimes, one observes a full halo, which may be a com-
bination of multiple CMEs occurring at different position
angles. Such occurrences are generally rare and cannot ac-
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count for the large discrepancies in the reported geoeffec-
tiveness rate.

To clarify the identification of solar sources of halo
CMEs, let us consider the association between CMEs and
soft X-ray flares, one of the obvious indicators of disk ac-
tivity. Whenever the eruption occurs on the frontside (CMD
in the range 0 to 90◦), we observe a soft X-ray flare. The
halo CME appears asymmetric when the solar source has
a larger CMD, typically beyond 45◦. When the eruption
is behind the limb, but not too far behind, we usually ob-
serve some EUV dimming above the concerned limb, but
no soft X-ray flare is observed because the flare gets oc-
culted by the solar limb. When a flare is partially occulted
by a limb, the soft X-ray light curve tends to be very grad-
ual and we observe the CME above the occulting limb. The
extreme case is a backside CME whose associated flare is
completely occulted, and we see no disk activity. In some
of these cases one can see EUV dimming around most part
of the solar disk, indicating a backsided eruption. This kind
of relationship between the soft X-ray flare and CMEs can
be easily seen by tracking a large active region (AR) during
its disk passage and eventual disappearance behind the west
limb (e.g., AR 10486 reported in Gopalswamy et al., 2005).

When one starts from geomagnetic storms and relate
them to CMEs near the Sun, occasionally it becomes dif-
ficult to identify the CME. Zhang et al. (2007) were not
able to identify wide CMEs or their solar sources for ∼10%
of large geomagnetic storms. Zhang et al. (2007) started
with large geomagnetic storms and searched for CMEs and
their solar sources. The solar and geomagnetic events were
separated by more than a day to a few days. On the other
hand, Gopalswamy et al. (2007) started with halo CMEs
and identified their solar sources. Observations of the halo
CME and the associated disk signature are nearly simul-
taneous. Halo CMEs are more energetic (see figure 4 of
Gopalswamy et al., 2007), so there is usually a prompt (and
strong) disk signature if the halo is frontsided. Thus, the
solar source identification for geomagnetic storms and that
for halo CMEs do not have the same level of difficulty. Fur-
thermore, geomagnetic storms can also be caused by non-
halo CMEs. If a CME originates close to the disk center
and arrives at Earth with a southward magnetic field com-
ponent, it will cause a geomagnetic storm. It is known
that some magnetic clouds, which are interplanetary CMEs
(ICMEs) with flux rope structure, are associated with non-
halo CMEs. A recent statistical study (Gopalswamy et al.,
2008) finds that only ∼63% of magnetic clouds are associ-
ated with full halos. The fraction increases to ∼86% when
full and partial halos are combined. The remaining 14% of
magnetic clouds are associated with non-halo CMEs origi-
nating from close to the disk center. Since magnetic clouds
constitute the most geoeffective subset of ICMEs, one ex-
pects that some magnetic clouds associated with non-halo
CMEs are also geoeffective.

In conclusion, we confirm that the lower rate of geoef-
fectiveness obtained by some authors is due to the inclusion
of partial halos. The reported variation in geoeffectiveness

rates can be readily explained by the different definition of
halo CMEs used by different authors. Partial halos are less
energetic and generally originate far from the disk center, so
most of them behave similar to the nongeoeffective CMEs.
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Numerical simulations of Coronal Mass Ejections (CMEs) can provide a deeper insight in the structure and
propagation of these impressive solar events. In this work, we present our latest results of numerical simulations
of the initial evolution of a fast CME. For this purpose, the equations of ideal MagnetoHydroDynamics (MHD)
have been solved on a three-dimensional (3D) mesh by means of an explicit, finite volume solver, where the
simulation domain ranges from the lower solar corona up to 30R�. In order to simulate the propagation of a
CME throughout the heliosphere, a magnetic flux rope is superposed on top of a stationary background solar
(MHD) wind with extra density added to the flux rope. The flux rope is launched by giving it an extra initial
velocity in order to get a fast CME forming a 3D shock wave. The magnetic field inside the initial flux rope is
described in terms of Bessel functions and possesses a high amount of twist.
Key words: Magnetohydrodynamics, numerical, coronal mass ejections.

1. Introduction
It is generally accepted that coronal mass ejections

(CMEs) originate from the so-called ‘closed’ magnetic re-
gions on the Sun, consisting of thousands of magnetic
loops. Such ‘closed’ magnetic fields can be found in ac-
tive regions, filaments, and transequatorial interconnection
regions. The latter regions are most likely to appear dur-
ing solar minimum, when the active regions are located, on
average, much closer to the equator. Cremades and Both-
mer (2004) studied 124 structured CME events and anal-
ysed the relation between the source region characteristics
at the solar surface and the morphology of the correspond-
ing CME observed with LASCO. They concluded that
structured CMEs can be interpreted as three-dimensional
magnetic field entities that arise in a self-similar manner
from pre-existing small-scale loop systems. Jing et al.
(2004) made a statistical study of more then 100 filament
eruptions and found that 56% of the investigated events cor-
responded with a CME. Gilbert et al. (2000) performed
also a statistical study of prominence activity and developed
definitions of active and eruptive prominences. These au-
thors came to the conclusion that eruptive prominences are
more strongly associated to CMEs (viz. 94% of the investi-
gated events) than active prominences (only 46%), and that
probably all CMEs associated with eruptive prominences
possess the three-part front-cavity-core structure. In gen-
eral, filaments are believed to form in magnetic fields of
the shape of sheared arcades and that the prominence ma-
terial is suspended in the corona by concave upward mag-
netic fields, possibly possessing some twisted topology (e.g.
Kippenhahn and Schlüter, 1957; Kuperus and Raadu, 1974;
Manchester, 2001; Karpen et al., 2001; Low and Zhang,
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2004).
Axisymmetric (2.5D) MHD models can be used to nu-

merically simulate CME propagation (e.g. Wu et al., 1999).
Chané et al. (2006) demonstrated that 2.5D simulations
with a simple CME model, consisting of a high-density
plasma blob including a magnetic flux rope, can predict the
flow variables at 1 AU for a specific CME event reason-
ably well. Remark that Jacobs et al. (2007) made a detailed
comparison of these 2.5D simulation results to a similar 3D
simulation and showed that the 2.5D simulation yields ac-
ceptable results provided the momentum of the initial CME
is chosen in a proper way. However, it is straightforward to
see that the effect of the CME depends on the angular posi-
tion of the observer and that the assumption of axial symme-
try poses severe restrictions to the possible magnetic field
configuration in the magnetic cloud. In the present paper,
the three-dimensional (3D) extension of this 2.5D model
is presented. The strategy followed for simulating a CME
event is the same as in Chané et al. (2006), but in stead of
launching a spherical plasma blob, a more advanced mag-
netic flux rope model, with an enhanced density, is flung
into the interplanetary medium by giving it an initial veloc-
ity profile. The initial magnetic configuration in the flux
rope is a modification of the Lundquist equilibrium for con-
stant α force-free fields in cylinder geometry and will be
presented in the next section.

2. Simulation Set-up
The ideal MHD equations have been solved in spherical

coordinates (r, θ, ϕ) on a three-dimensional spherical mesh,
covering a complete sphere, i.e. θ ∈ [0, π ] and ϕ ∈ [0, 2π ].
The magnetic field is kept divergence-free by using the
vector potential on the nodal points. The computational
domain covers the region between the lower corona and
30R�, using a grid resolution of 324 × 95 × 184 cells,
including two ghost cells at each boundary. The grid shows
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an accumulation of cells both towards the solar surface and
towards the solar equator, where the grid size varies from
	r = 0.02R� near the solar surface to 	r = 0.25R�
at the outer boundary and from 	θ = 4◦ near the poles
to 	θ = 0.8◦ at the equator. The grid was taken to be
equidistant in the azimuthal direction. The simulation was
executed on the VIC-cluster of the K.U.Leuven. To reach
a time of t = 10 h in the code, 35 382 iterations were
needed. The run was finalised in about 21.5 h by using
120 processors simultaneously.

In order to construct a background solar wind model, the
full set of (ideal) MHD equations has been solved in a co-
rotating frame along with an extra added gravitational force
as well as an additional heating/cooling source term, very
similar to the term that was used by Groth et al. (2000).
This wind model shows no dependence on the azimuthal di-
rection and provides a good approximation for the roughly
axisymmetric wind occurring at solar minimum.

Romashets and Vandas (2003) present an expression for
the magnetic field in toroidal geometry, reading:

Br ′ = B0
R0 − 2r ′ cos θ ′

2αR0(R0 + r ′ cos θ ′)
J0(αr ′) sin θ ′, (1)

Bϕ′ = B0

(
1 − r ′

2R0
cos θ ′

)
J0(αr ′), (2)

Bθ ′ = B0
R0 − 2r ′ cos θ ′

2αR0(R0 + r ′ cos θ ′)
J0(αr ′) cos θ ′

−B0

(
1 − r ′

2R0
cos θ ′

)
J1(αr ′), (3)

where (r ′, ϕ′, θ ′) represent the toroidally curved cylindrical
coordinates, J0 and J1 are Bessel functions of the first kind
(of order 0 and 1, respectively), and R0 denotes the major
axis of the torus. The minor axis is indicated by r ′ = r0

and the constant α is determined by J0(αr0) = 0. In this
way, the magnetic field lines are confined within the torus.
This solution for the magnetic field satisfies the solenoidal
constraint and approximates the force-free condition in the
limit of a large aspect ratio, i.e. in the limit R0/r0 
 1.
Next, the Romashets and Vandas solution is subjected to
the transformation r −→ r − a (Gibson and Low, 1998),
stretching space inward, towards the origin. The transfor-
mation deforms the shape of the original flux rope, resem-
bling an already rising prominence. The stretch factor a is
set to a value of 0.3R� and the top of the flux rope is at a
height of 0.7R� above the solar surface. The transformed
flux rope solution is then superposed on top of the station-
ary background wind model discussed above. To keep the
analogy with previous work (e.g. Jacobs et al., 2005; Chané
et al., 2006) some extra density and velocity is added to the
flux rope. The additional density and velocity profiles are
both dependent on the toroidal coordinates r ′ and ϕ′. In
doing so, we have control over the added amount of mass,
energy, and momentum, and as such over the propagation
of the CME.

Prominences are always observed above photospheric re-
gions where the magnetic field changes sign. Since in the
applied (axisymmetric) background coronal model for so-
lar minimum the only polarity inversion line coincides with
the equator, the flux rope solution is placed above the so-

Fig. 1. Initial magnetic field configuration. The solar surface is coloured
with the radial magnetic field strength. Inside the flux rope the isosur-
face of ρ = 2ρ∗ is plotted, with ρ∗ the surface density. The isosurface
is coloured with the radial velocity.

lar equator in the present simulation. From observations
it is known that filaments lie in a highly sheared fashion
over the inversion line, making an angle of ∼20◦ (Leroy
et al., 1984). Also according to Leroy et al. (1984), most
quiescent prominences are of inverse polarity. The initial
configuration of the flux rope was taken such that the ob-
servational constraints were satisfied. The magnetic field
strength in a quiescent prominence is typically between 5
and 40 Gauss. In the model, the value for the toroidal field
in the centre of the flux rope was set to B0 = 1.44 Gauss.
This is lower than what is observed, but remember that
the initial condition represents a prominence that is already
erupting. The maximum velocity inside the flux rope was
set to vcme = 4000 km s−1 and the total amount of mass
added equals 4 × 1015 g. A visualisation of the initial state
is shown in Fig. 1.

3. Results
Figure 2 shows contours of the radial velocity at t =

15 min after the onset of the CME event. The initially
highly twisted magnetic field in the flux rope reconnects
with the overlying magnetic field, but the magnetic field
lines in the CME remain connected to the solar surface.

Figure 3 illustrates the longitudinal variation in the den-
sity and the velocity. This plot shows the density and ra-
dial velocity in the cross-section of three meridional planes
and the equatorial plane. The three meridional planes are
located at a constant azimuthal position of ϕ = 150◦,
ϕ = 165◦, and ϕ = 180◦. The velocity and density pro-
file in the original undisturbed background solar wind are
indicated on the plots with at dashed line. From these plots
it is clear that a strong shock is propagating ahead of the
CME. Since the CME is launched along the negative X -
axis, the part of the CME in the plane ϕ = 180◦ moves the
fastest.

Gopalswamy et al. (2005) studied the arrival times of
several historical fast events and these authors argue that
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Fig. 2. Snapshot at t = 15 min showing the radial velocity contours
(colour) and the magnetic field lines (black). The solar surface is
coloured with the radial magnetic field strength. Top: velocity contours
in the equatorial plane; bottom: velocity contours in the xz-plane.

the maximum initial speed of a CME may not be much
higher than ∼3000 km s−1. In the present simulation, the
plasma blob was given an initial speed in order to mimic the
eruption. Since no initiation mechanism was considered,
also the mechanism for accelerating CMEs is not captured
well in this simulation and the plasma cloud will experience
a strong deceleration in the initial phase of the simulation.
Therefore, the vcme parameter is set to a quite high velocity
of 4000 km s−1. However, remark that this high velocity
is only reached in one single point of the flux rope and the
average amount of extra velocity added corresponds to a
value of only ∼600 km s−1. The deceleration of the CME
is made clear in Fig. 4, where the position of the CME front
in the equatorial plane is plotted versus time. The figure
shows the height-time plots for the CME front in the three
meridional planes discussed above. The plot shows also the
height-time profile for the centre of mass, being defines as

rCRM =

∫
V

r ρ̄(r) d3 r
∫

V
ρ̄(r) d3 r

.

Fig. 3. Cut along the equator of the radial velocity (top) and the density
(bottom) at three azimuthal positions, 2 h 15 min after the launch of the
CME. The dashed line indicates the steady state wind value.

Fig. 4. Height-time curves for the position of the CME front along the
equator in three meridional planes and for the centre of relative mass
(CRM).

The centre of mass is calculated by using the relative den-
sity ρ̄, which is a measure for the excess or depletion of the
density with respect to the background solar wind density.
Since a CME is defined as an outward motion of a new, dis-
crete, bright, white light feature in the coronagraph field of
view, only those locations with an enhancement in density
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Table 1. Average velocity and acceleration of the CME front and of the
centre of relative mass (CRM).

ϕ = 150◦ ϕ = 165◦ ϕ = 180◦

〈v〉 1059 km s−1 1411 km s−1 1594 km s−1

〈a〉 −21.3 m s−2 −48.5 m s−2 −78.8 m s−2

of at least 10% with respect to the background density were
taken into account in the calculation of the centre of mass.

The height-time curves were fitted with first and sec-
ond order polynomials to obtain the average velocity and
acceleration. The measured quantities for the average ve-
locity and acceleration are summarised in Table 1. The
CME front (in the ϕ = 180◦-plane) shows a strong de-
celeration of 79 m s−2. The extensive statistical study of
Yashiro et al. (2004) pointed out that, on average, the accel-
eration of CMEs with average velocity 〈v〉 ≥ 900 km s−1

is −15 m s−2. The strong deceleration of 79 m s−2 of the
CME front is rare, but not un-occurring.

4. Conclusions
A three-dimensional time dependent MHD simulation of

a CME event has been performed, where the simulation
domain ranged from the lower corona up to 30R�. The
CME was mimicked by launching a high density flux rope
in the solar wind, where the used model for the background
wind represents solar minimum conditions. The magnetic
field topology of the flux rope was the Romashets and Van-
das (2003) solution in toroidal geometry. By applying the
transformations of Gibson and Low (1998), the flux rope
was stretched towards the solar surface, imitating a rising
prominence. The simulation presented in this paper is the
3D generalisation of the 2.5D models described in earlier
work (e.g. Jacobs et al., 2005; Chané et al., 2006). Three-
dimensional CME simulations provide the ability to investi-
gate the three-dimensional nature of CMEs. With the recent
launch of the STEREO mission, it will become possible to
check the outcome of the models with the multiple view
point observations made by STEREO.

The model presented here is different from the simula-
tions of e.g. Roussev et al. (2003) and Manchester et al.
(2004) in the sense that we add an extra amount of momen-
tum and energy to the flux rope, in order to have more con-
trol over its propagation. Roussev et al. (2003) used the flux
rope model of Titov and Démoulin (1999) and by removing
the overlying line current, the flux rope became unstable,
causing an eruption. In case no extra density or velocity is
added, the magnetic field of the flux rope in our model sim-
ply reconnects with the overlying coronal field, not causing
a violent eruption. This might be due to the low magnetic
field strength inside the flux rope and a higher magnetic
field strength might be desirable. Another weakness of the
simulation is the background wind model. The medium in
which the CME is propagating influences the evolution of
the CME. A more realistic wind model with input from
magnetograms and/or empirical laws (e.g. Wang and Shee-
ley, 1990) for the solar wind is then also necessary if the
model wants to be used to simulate specific CME events.
For future studies it might be interesting to investigate the
effect of the initial parameters like the amount of added ve-

locity, density, and magnetic field on the CME evolution.
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K. G. Powell, G. Tóth, and M. Opher, Three-dimensional MHD simula-
tion of a flux rope driven CME, J. Geophys. Res., 109, A01102, 2004.

Romashets, E. P. and M. Vandas, Interplanetary magnetic clouds of
toroidal shapes, Proc. ISCS 2003 Symposium, 535–540, 2003.

Roussev, I. I., T. G. Forbes, T. I. Gombosi, I. V. Sokolov, D. L. DeZeeuw,
and J. Birn, A three-dimensional flux rope model for coronal mass
ejections based on a loss of equilibrium, ApJ, 588, L45–L48, 2003.

Titov, V. S. and P. Démoulin, Basic topology of twisted magnetic configu-
rations in solar flares, A&A, 351, 707–720, 1999.

Wang, Y.-M. and N. R. Sheeley, Solar wind speed and coronal flux-tube
expansion, ApJ, 355, 726–732, 1990.

Wu, S. T., W. P. Guo, D. J. Michels, and L. F. Burlaga, MHD description
of the dynamical relationships between a flux rope, streamer, coronal
mass ejection, and magnetic cloud: An analysis of the January 1997
Sun-Earth connection event, J. Geophys. Res., 104, 14789, 1999.

Yashiro, S., N. Gopalswamy, G. Michalek, O. C. St. Cyr, S. P. Plunkett,
N. B. Rich, and R. A. Howard, A catalog of white light coronal mass
ejections observed by the SOHO spacecraft, J. Geophys. Res., 109,
A07105, 2004.

S. Poedts (e-mail: Stefaan.Poedts@wis.kuleuven.be), C. Jacobs, B. van
der Holst, E. Chané, and R. Keppens
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The Earth’s bow shock is known to produce non-thermal electrons which are generally observed as a ‘spike’
in their flux profile. Here, in this paper, we present an analysis of electron and whistler wave properties for a
quasi-perpendicular shock crossing that is supercritical, but subcritical to the so-called whistler critical Mach
number, Mw

crit, above which whistler waves cannot propagate upstream. We have found that the amplitudes of
whistler waves increased exponentially as a function of time prior to the shock encounter, while the suprathermal
(>2 keV) electron flux similarly increased with time, although with differing e-folding time scales. Comparison
of the electron energy spectrum measured within the ramp with predictions from diffusive shock acceleration
theory was poor, but the variation of pitch angle distribution showed scattering of non-thermal electrons in the
upstream region. While not finding a specific mechanism to account for the electron diffusion, we suggest that the
whistlers seen probably account for the differences observed between this ‘gradual’ event and the ‘spike’ events
seen at shocks with no upstream whistlers.
Key words: Particle acceleration, scattering, bow shock, whistlers.

1. Introduction
Energetic electrons with energies of more than 20 keV

have been observed at and near the Earth’s bow shock (e.g.,
Fan et al., 1964; Frank and Van Allen, 1964; Anderson,
1969; Vandas, 1989). Since larger electron flux can be
found on the interplanetary magnetic field (IMF) tangent
to the bow shock (e.g., Anderson et al., 1979; Kasaba
et al., 2000), electrons are considered to be accelerated
in the quasi-perpendicular region where the shock angle
θBn is larger than 45◦. Gosling et al. (1989) were the
first to carry out comprehensive analysis of suprathermal
(<20 keV) electrons across the shock front. In their quasi-
perpendicular shock events, energetic electron flux was en-
hanced at the shock transition, and because of the local-
ized feature, they termed their events as ‘spike’ events. The
energy spectrum showed a power-law form with the spec-
trum index of 3–4. The pitch angle distribution was almost
isotropic at the transition layer while it was anisotropic in
both the upstream and the downstream regions. More re-
cently, Oka et al. (2006) conducted a statistical analysis of
the power law indices measured in the shock layers. They
reported that the power-law index of electron energy spec-
tra is regulated by the so-called whistler critical Mach num-
ber Mw

crit, which is defined as the critical point above which
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ences; TERRAPUB.

whistler waves cannot propagate upstream.
In this paper, we report a shock crossing event that

showed a ‘gradual’ profile of non-thermal electron flux in
association with an intensification of precursor whistlers.
Contrary to the spike events reported by Gosling et al.
(1989), the electron flux increased exponentially with de-
creasing distance from the shock. The event has been de-
termined to be subcritical in relation to the whistler crit-
ical Mach number Mw

crit. We will describe properties of
the waves and discuss the origin and transport of the non-
thermal electrons in this gradual event.

2. Observation
Our event is observed by Geotail at ∼03:10 UT on 11

February 1995 at an inbound crossing of the bow shock near
the subsolar point, i.e., at (12.2, 4.0, 0.6)RE in the GSE co-
ordinate. Figure 1 shows the overview of main physical
parameters of the gradual crossing event. The shock transi-
tion appears as an abrupt change in both the magnetic field
data (MGF, Kokubun et al., 1994) as well as the plasma data
(LEP, Mukai et al., 1994). The shock normal direction es-
timated by the Minimum Variance Analysis (Sonnerup and
Cahill, 1967) was (0.94, 0.31, −0.17), consistent with the
shock normal derived from the semi-empirical bow shock
model of Peredo et al. (1995). This model is known to give
normal directions in agreement with those obtained by the
timing method of multi-spacecraft (Horbury et al., 2002).
The upstream parameters, MA and θBn , were then estimated
to be ∼6.8 and ∼68◦, respectively. (For various methods
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Fig. 1. From top to bottom are (a) magnitude |B|, (b) azimuthal φB , and
(c) latitudinal θB component of the magnetic field (MGF) with 3 s (black
line) and 1/16 s (gray line) sampling, and the energy-time (Et) diagrams
of (d) solar wind ions (LEP/SWI), (e) omni-directional energetic ions
(LEP/EAI), and (f) omni-directional electrons (LEP/EAE), respectively.

of shock normal determination, see, e.g., Paschmann and
Daly (1998).) Noticeable in the magnetic field data in Fig. 1
are the relatively large fluctuations increasing with time
(03:08–03:10 UT, δB/B ∼ 20%). Our particular interest
also goes to the time profile of higher energy (>0.5 keV)
electrons, as can be seen in the panel (f) as a smooth in-
crease of count rate in the time period of 03:09–03:11 UT.
It is noted that the spacecraft soon exited from the magne-
tosheath at 03:15 UT.

Figure 2 shows the detailed spectral properties of the
waves. They are dominated by the right-hand polarized
component accompanied by a frequency cut-off at around
fLH which threshold seems not to have been noted ear-
lier. We speculate that this is because whistler generation
concerns both ion and electron dynamics. There are tens
of detailed models for whistler generation, and it is not
the purpose of this letter to discuss the physical meaning
of fLH. From the Minimum Variance Analysis as well as
the Means method (Means, 1972), the propagation angle
θk B (the cone angle between the k-vector and background
magnetic field) were estimated to be 20–40◦. We also re-
moved the 180◦ ambiguity of the estimated k-vector using
one component of electric field (EFD) data (Matsui et al.,
1997). As a result, the waves with frequencies lower than
∼10 Hz indicated propagation toward the sun, away from
the shock front, consistent with a past report (Orlowski et
al., 1994). For higher frequencies, we could not obtain re-
liable results on the propagation direction, probably due to
the low intensities of the waves. Note that the cone angle
between the k-vector and the solar wind VSW, θkV , were
estimated to be 60–90◦ so that the Doppler shift was not
significant. Supportingly, the spectral slope of the high-
frequency range is approximately 5, consistent with past ob-

Fig. 2. From top to bottom are (a) the magnetic field magnitude (equiv-
alent with Fig. 1(a)), (b) root mean square of band pass filtered mag-
netic field, (c) FFT spectra obtained at region A, B, and C indicated by
the shaded regions in panel (b). The root mean square was obtained
from frequency greater than fourfold the ion cyclotron frequency and
has been normalized by the ambient magnetic field magnitude. Ar-
rows in panel (c) show ion cyclotron frequency ( fci = 0.19 Hz) and
lower-hybrid frequency ( fLH = √

fci fce = 8.4 Hz), whereas the black
curve shows the background level obtained from 03:07:05–03:07:20 UT
(indicated by two vertical lines). The red, green, and blue corresponds to
the R, L, and C component, respectively from the fluxgate magnetome-
ter (MGF/FX, <8 Hz, light colored) and the search coil magnetometer
(MGF/SC, <32 Hz, dark colored).

servations of right-hand polarized whistler waves (Orlowski
et al., 1995). While traveling upwind, the waves suffered
considerable (exponential) damping, as shown in the left-
hand side of Fig. 3, which shows the temporal profiles of
band pass-filtered magnetic field data. The characteristic
time scale of the damping was calculated for each best fit
model shown by the gray curves and found to be 47 s on
average.

All observed features described above are well consis-
tent with those of the so-called ‘1 Hz whistlers’ reported
elsewhere (e.g., Fairfield, 1974; Sentman et al., 1983; Or-
lowski et al., 1994). From the above arguments, we con-
clude the observed waves to be the right-hand polarized
whistler waves propagating away from the shock front.

It is to be emphasized that, while thermal electrons had
been studied with respect to whistler wave generation (e.g.,
Tokar et al., 1984; Orlowski et al., 1995), non-thermal
electrons, to the best of these authors’ knowledge, had never
been observed in association with the upstream whistlers.
Note again that the gradual profile of non-thermal electrons
has not been analyzed in the past in connection with the bow
shock crossing events as we will discuss below.

The right-hand side of Fig. 3 shows the time profiles of
electron phase space densities (PSDs). The flux increased
exponentially as the spacecraft approached the shock front.
The characteristic time scale of the increase was calculated
for each best fit model, shown by the red curves. Above
2 keV, the typical time scale was 24 s. During the flux in-
crease, a pitch angle distribution also changed, as shown
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Fig. 3. (left) Temporal distributions of averaged power spectral densities
(red, green, and blue for R, L, and C components) and their exponential
fits (gray lines, 03:08:00–03:10:00 UT). Numbers in each panel show
frequency ranges used for averaging. Frequencies are chosen so that
they correspond to the resonance conditions of electrons with energy
shown to the right. (right) Temporal distributions of electrons (black
lines) and their exponential fits (red lines, 03:08:00–03:10:30 UT).
Numbers in each panel show center energies of each energy channel.

in Fig. 4. Black symbols indicate the far upstream region
of the shock, and they show strong asymmetry (i.e., larger
flux in µ < 0 region, where µ is the cosine of pitch an-
gle α), indicating that electrons were streaming away from
the shock front. However, substantial amount of electron
counts were detected in the µ > 0 region during the time
interval from 03:08:30 to 03:10:00 UT, as indicated by red
symbols. By this time, the spacecraft was immersed in the
precursor waves. The distributions were isotropized in the
immediate downstream (green and blue symbols).

Figure 5 shows the electron energy spectra. The gray
line shows the spectrum obtained at 03:00 UT in the pure
solar wind where there was no contamination from the bow
shock. The open squares show the spectrum at 03:09:45 UT
just prior to the crossing. There was a significant amount of
energetic (>1 keV) electrons compared to the solar wind.
The spectrum is roughly a power law. The filled squares
show the spectrum at 03:10:26 UT just within the middle
of the shock ramp. It now forms a complete power law
above 2 keV. We then applied a chi-square fit above 2 keV
with a power-law f (E) ∝ E−� exp (−E/Eroll-off), where
E is the electron energy as variable, � = 4.3(±0.05),
Eroll-off = 3.5(±0.6), and the figures in the parenthesis are
the 68% confidence region. The resultant χ2/d.o.f. was
28/21, where d.o.f. is the degree of freedom and is equal to
the number of data points minus the number of free param-
eters. A fit with the kappa distribution covering the whole
energy range yielded relatively high χ2/d.o.f.. A similar

Fig. 4. Pitch angle distributions of electrons of energies 1.89, 2.25,
2.69, 3.21, 3.83, and 4.57 keV. The vertical and horizontal axes show
PSDs and µ (the cosine of pitch angle α), respectively. Since the
magnetic field was directed toward the sun, µ > 0 corresponds to
propagation away from the shock front. We have organized the obtained
three-dimensional distribution function by µ, and the horizontal axis
has been binned into 16 bins. The color code indicates different time
intervals (in UT), as shown in the annotation.

Fig. 5. Energy spectra of electrons during the bow shock transition.

spectrum was observed in the immediate downstream as
well. Note that Eroll-off was introduced to better fit the ob-
servation, but we have not succeeded in deriving informa-
tion of maximum attainable energy of electrons (Oka et al.,
2006).

3. Discussion
The ‘gradual’ profile of electron flux, the scattering of

particles, and the appearance of the power-law energy spec-
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trum remind us of the diffusive shock acceleration (DSA,
e.g., Blandford and Ostriker, 1978). In this process, par-
ticles are continuously scattered and move back and forth
across the shock front to gain a net momentum from the ve-
locity difference between upstream and downstream. How-
ever, there are some difficulties in the DSA to fully explain
the observed features. The observed density ratio r ∼ 2.5
(N1 = 21/cm3 for the upstream and N2 = 52/cm3 for
the downstream) and the classical DSA formula �DSA =
3r/2(r − 1) = 2.5 do not reproduce the observed � ∼ 4.3.
The quantitative difference can readily be interpreted by, for
instance, a free escape boundary that allows a significant
number of particles to escape from the acceleration region.
The discrepancy between the e-folding distances derived
from wave measurements (with the resolution of 47 s) and
particle measurements (with the resolution of 24 s) indicates
that the waves were not generated by the non-thermal elec-
trons and that self-scattering was weak. Therefore, we do
not consider the classic DSA mechanism to be fully respon-
sible for the generation of the observed power-law spectra.

Nevertheless, we still consider there was substantial scat-
tering in the upstream, as is evident from Fig. 4. We have
shown that the whistler waves were propagating along with
the majority of the electrons. Since the direction must
be opposite to that of electron streaming in order to sat-
isfy the cyclotron resonance condition, the cyclotron res-
onance by the right-hand-polarized whistlers is unlikely
as the physical mechanism of scattering. The observed
whistlers were oblique waves (θk B = 20–40◦), and so the
left-hand-polarized component and/or electrostatic compo-
nent of the waves might have been playing a role in electron
scattering. It should be also mentioned that the amplitudes
of the upstream waves were relatively high so that a non-
linear effect should have played a role not only for the scat-
tering but also acceleration. A recent theory indeed points
out the possibility of efficient particle acceleration at a tur-
bulent magnetic field where all scales are larger than the
particle gyroradius (e.g., Giacalone, 2005; Jokipii and Gi-
acalone, 2007). That the spectral index was relatively large
also favors this theory, although the detailed comparison is
left for future work.

We focus on the fact that the gradual profile was found at
the shock with MA slightly below Mw

crit (MA/Mw
crit ∼ 0.65

in this event). Our interpretation is as follows. In a higher
MA shock (MA > Mw

crit), whistler waves do not propagate
upstream so that any electron that escapes the shock front
cannot interact with the waves and the intense flux can
only be found at the shock front resulting in ‘spike’ events.
On the other hand, in a much lower MA shock (MA 

Mw

crit), there would be plenty of waves to scatter particles,
but the number of non-thermal electrons that are subject
to scattering is small. Therefore, we expect to find similar
events in the Mach number range slightly below Mw

crit.
Unfortunately, however, the time resolution needs to be

sufficiently high to resolve the decaying profile of non-
thermal electrons. In the 78 events of Oka et al. (2006),
there were a few events that seemed to be ‘gradual’, but the
decaying time was of the order of the time resolution of the
particle measurement (12 s), and thus we could not replicate
the analysis presented in this paper. We anticipate that more

sophisticated observations of multi-spacecraft mission such
as Cluster, MMS, and SCOPE/CrossScale will reveal the
nature of ‘gradual’ events.
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Interplanetary shocks have been recognized as a very efficient source of geomagnetic disturbances. We present
a short study of the propagation of one interplanetary (IP) shock observed by five spacecraft located in the solar
wind far upstream of the Earth’s bow shock as well as in its close vicinity. The IP shock normal was highly
inclined from the Sun-Earth line and thus the IP shock-bow shock interaction started at the flank. We have
found a significant evolution of IP shock parameters during its motion along the bow shock. This modification is
discussed and attributed to the presence of strong fluxes of energetic particles in the foreshock.
Key words: Solar wind-magnetosphere interaction, upstream conditions, interplanetary shock, foreshock.

1. Introduction
Geospace is affected by the solar wind, a supersonic

plasma stream emerging from the Sun. Besides large-scale
structures (such as the interplanetary magnetic field sec-
tor and solar wind flow regime boundaries), eruptive solar
events of high intensity, predominantly solar flares result-
ing in halo Coronal Mass Ejections (CMEs) and solar en-
ergetic particle emissions, can have a significant impact on
geospace. The majority of the very intense storms were ob-
served to be associated with interplanetary CMEs (ICMEs)
and shocks passing by the Earth (Tsurutani and Gonzalez,
1997). They are an interplanetary manifestation of earth-
ward directed CMEs. For example, interplanetary pres-
sure events, like interplanetary (IP) shocks, compress or ex-
pand the magnetosphere and increase or decrease the mag-
netopause and tail currents that result in changes of other
near-Earth current systems (Le et al., 1998). The geoeffec-
tiveness of the solar wind structures and discontinuities is
related to their 3D geometry and orientation. Since multi-
spacecraft observations are necessary for the determination
of the 3D geometry and structure of shocks (and/or other
structures in the solar wind) (e.g., Thomsen, 1988), not too
many experimental studies have attempted to address this
problem.

Several studies have been done in the recent years an-
alyzing the solar wind interplanetary magnetic structures
that can be geoeffective (e.g., review by Gonzalez et al.,
1999). Vennerstroem (2001) examined 30 years of satel-
lite measurements of the solar wind during magnetic storms
and he had estimated the relative importance of the ejec-
tion of magnetic structures from the Sun and the stream in-
teraction processes during solar wind propagation in gen-
erating intense southward magnetic fields in the interplan-
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etary medium. Echer et al. (2006) presented a statistical
study of the geoeffectiveness of the solar wind magnetic
interplanetary structures including magnetic clouds (MCs),
corotating interaction regions (CIRs) and interplanetary (IP)
shocks over a wide observational period. They observed
that magnetic clouds are more efficient than shocks or CIRs
in producing all geomagnetic disturbances and they have
confirmed that compound structures (shocks and MCs) are
more geoeffective in every type of magnetospheric activity
than isolated structures. However, the application of these
findings in the space weather models requires a precise fore-
casting of the structure arrival to the Earth that is generally a
difficult tasks (see e.g., Fry et al., 2003 or McKenna-Lawlor
et al., 2006).

A strong correlation between IP shocks impinging on
the magnetosphere and geomagnetic disturbances has been
reported by many authors (e.g., Gonzalez et al., 1999).
The interaction of IP shocks with the Earth’s bow shock
and their transmissions through the magnetosheath to the
boundary of the magnetosphere has been studied mainly
by a gas dynamic modeling (e.g., Dryer, 1973; Grib et al.,
1979; Spreiter and Stahara, 1994). Generally, it is assumed
that the incoming IP shocks are planar on the scale-size of
the magnetosphere in the undisturbed solar wind. Russell
et al. (2000) analyzed a single IP shock with four solar
wind spacecraft and found that normals calculated from the
data of three of them were consistent with the planarity
assumption (with the accuracy of the travel time estimates).
On the other hand, a deviation from planarity has also been
reported (e.g., Russell et al., 1983; Safrankova et al., 1998).

Two papers by Koval et al. (2005, 2006) demonstrates
that the shock front in the magnetosheath is inclined and
this inclination results in a delay of the shock arrival to the
magnetopause. A non-planar shock propagation through
the magnetosheath resulting from experimental observa-
tions has been confirmed by two numerical MHD simula-
tion results (Koval et al., 2006).

607
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The short survey has shown that the problem of the in-
teraction of an IP shock with the Earth’s magnetosphere is
not fully explained. Although MHD modeling achieved a
particular success in description of the IP shock interac-
tion with the bow shock (e.g., Zhuang et al., 1981; Grib,
1982; Yan and Lee, 1996; Samsonov et al., 2006), the mod-
els have two significant limitations: (1) their present codes
can be applied only to the shocks perpendicular to the so-
lar wind velocity and (2) they cannot account for foreshock
effects.

In the paper, we have identified one IP shock that was
registered by 5 spacecraft in the solar wind. Two of them
were located far upstream and three others in a close vicin-
ity of the bow shock in different positions with respect to
the expected foreshock boundary. Moreover, the shock nor-
mal determined either by the 4-spacecraft method or from
Rankine-Hugoniot relations (this method solves the full set
of Rankine-Hugoniot equations according to the Vinas and
Scudder (1986) paper) was declined on a large angle from
the Sun-Earth line. The paper is devoted to a comprehen-
sive study of this event and it is oriented to a preliminary
analysis of the foreshock effects.

2. Observation
The IP shock (probably CIR-driven) was first observed

by ACE near the L1 point at ∼0007 UT on August 10, 1998
and about 24 minutes later by WIND at the distance about
80RE from the Earth. As can be seen in Fig. 1, both space-
craft observed nearly rectangular jumps of all parameters;
the solar wind speed changed from ∼410 to ∼440 km/s
and the density from ∼4 to ∼9 cm−3. These jumps sug-
gest a rather weak IP shock but the shock parameters calcu-
lated from the WIND magnetic field and plasma data using
Rankine-Hugoniot relations show that its Alfvénic Mach
number is as high as 6.6 (vA = 54 km/s) in the normal inci-
dence frame. The reason is that, although the shock speed is
only 355 km/s in the observer reference frame, it is largely
(on ∼50◦) declined from the Sun-Earth line because the
shock normal vector is n = [−0.53; −0.44; 0.73] and the
shock speed in the solar wind frame is 346 km/s. The shock
can be classified as quasiperpendicular, �BN = ∼ 63◦.

The same IP shock was observed later by IMP 8, Geo-
tail, and Interball-1 in front of the bow shock. Since their
locations are very important for the present study, we are
bringing a sketch in Fig. 2. The spacecraft positions were
rotated into one plane but it should be noted that all of them
were very close to the ecliptic plane. We have used the tim-
ing of the shock observations by ACE, WIND, IMP 8, and
GEOTAIL and estimated the shock parameters. These pa-
rameters are given in the captions of Fig. 2 and one can note
that they are very similar to those derived from WIND mea-
surements. This fact confirms that the shock can be consid-
ered to be planar on the scale of the spacecraft separation.
The cross-section of the shock plane with the XYGSE plane
is shown as a dashed line in the figure.

Taking into account the shock orientation, one would ex-
pect that the shock would arrive nearly simultaneously to
IMP 8 and Geotail and with a significant delay to Interball-
1. We have chosen the magnetic field strength and ion flux
for a comparison of observation in different points that is
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Fig. 1. Fast forward shock observed on August 10, 1998 by ACE and
Wind upstream of the bow shock (thin dashed and dashed-dotted lines).
From the top to bottom: ACE (first four panels) and Wind (second four
panels) densities, velocities, and IMF strengths and all components.

shown in Fig. 3. The ion flux is computed as a product
of the proton speed and density for all spacecraft except
Interball-1 and it cover the energy range of several keV (up
to ∼25 keV) depending on a particular spacecraft. Interball-
1 was equipped with a special set-up of for ion flux mea-
surements without any selection of energies. Since the con-
tribution of high-energy ions to the total ion flux is small,
we assume that the different energy ranges cannot spoil the
results of our qualitative study.

The originally very steep IP shock front underwent a sig-
nificant evolution. The IMP 8 observation reveals similar
shock features as those observed by WIND but a strong
significant modification of the shock front was observed
by Geotail and no similar shock-like discontinuity was de-
tected at the Interball-1 location. Instead, Interball-1 ob-
served short spikes of both depicted parameters approxi-
mately at the predicted time of the IP shock arrival. These
spikes are followed by a gradual rise and they reached their
expected post-shock values only after 10–12 minutes.

3. Discussion and Conclusion
The shock front modification observed by Interball-1

cannot be probably attributed to a temporal evolution be-
cause the shock withstood unchanged for ∼35 minutes from
ACE to IMP 8 and the expected time lag between IMP 8
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10-Aug-1998

ACE WIND

IMP-8

INTERBALL-1

GEOTAIL

Fig. 2. Cylindrical projection of the spacecraft locations onto the equato-
rial plane. Jerab et al. (2005) and Petrinec and Russell (1996) mod-
els were applied to determine Earth’s bow shock and magnetopause
positions before the shock. Shock parameters computed from Rank-
ine-Hugenoit relations from the Wind data are: vsh = 355 km/s, and
n = [−0, 53; −0, 44; 0, 73] (an arrow at the Wind location). The nor-
mal and speed computed from timing of the 4 spacecraft (Wind, ACE,
Geotail, IMP 8) observations (Koval et al., 2005) are: vsh = 319 km/s,
and n = [−0, 55; −0, 29; 0, 77]. The dashed line shows this shock
plane.

and Interball-1 is about 7 minutes, only. On the other hand,
IMP 8 was orbiting in front of the quasiperpendicular bow
shock, whereas Interball-1 was moving in the quasiparal-
lel region and Geotail was probably near the ion foreshock
boundary as can be seen from the schematics in Fig. 4 (note
that the ion foreshock boundary lies downstream of that of
electron foreshock due to a smaller ion speed). Positions
of the spacecraft as well as the magnetic field vectors are
projected onto the XYGSE plane. The estimated location of
the IP shock is shown by thin dashed lines with about two-
minute spacing, the heavy dashed line stands for the elec-
tron foreshock boundary after the IP shock arrival. Both
upstream and downstream IMF orientations are shown by
the heavy arrows.

The main foreshock feature that can influence the prop-
agation of the IP shock is probably a presence of energetic
particles because the amplitude of ULF waves was very low
in our case (see Fig. 3). For this reason, we are showing
the temporal profiles of several energies measured by Geo-
tail and Interball-1 in Fig. 5. The estimated IP shock fronts
are distinguished by dashed vertical lines. The Interball-1
magnetic field profile is shown for the sake of reference.
The measurements of both spacecraft are, in some sense,
similar. Prior the IP shock arrival, both of them observe
gradually increasing particle fluxes at all energies. Their
anisotropy is very low. It is shown in the last panel for Geo-
tail as anisotropy coefficients and it can be estimated from a
(lack of) spin modulation in the Fp2 panel of the Interball-1
data (3th panel in Fig. 5). The anisotropy coefficients, a1
and a2, are amplitudes of the first and second harmonics of
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Fig. 3. IMP 8, Geotail, and Interball-1 observations of the IP shock
upstream of the bow shock on August 10, 1998. From top bottom: IMF
(first three panels) and ion fluxes (in units of 108 [cm−2 s−1]) from
IMP 8, Geotail, and Interball-1, respectively. In each panel, the IMF or
ion flux from Wind (thin lines) are presented for the sake of reference.

Fig. 4. The sketch of projections of spacecraft locations onto the ecliptic
plane that respects their real observations in different distances from the
electron foreshock boundary (heavy dashed line). The orientations of
upstream (Bu) and downstream (Bd) IMF are shown by the arrows. The
estimated orientation of the IP shock is depicted by thin dashed lines.

the Fourier fit to the measured ratio of paralell and perpen-
dicular particle fluxes. The increase of the particle flux can
be connected with the approaching IP shock because the
flux of particles accelerated there is added to the original
foreshock flux. The rise of the energetic particle flux is ter-
minated not at but about two minutes after IP shock arrivals
to both locations. After this peak, the particle flux drops
down by an order of magnitude and becomes anisotropic at
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Fig. 5. The temporal profiles of energetic particles measured on In-
terball-1 and Geotail before and after the IP shock transition. Inter-
ball-1 (first three panels) show 3 different energies (blue line—115 keV,
red—50 keV, and black—25 keV) in two directions (Fp1 in the sun-
ward and Fp2 near the anti-sunward directions). Geotail panels (two
bottom panels) show energetic particle fluxes (4th panel from top to bot-
tom—the energy range from 67 to 414 keV) and anisotropy coefficients
(a1 and a2 in the 5th panel).

the Geotail location. This decrease is probably connected
with the Geotail exit from the ion foreshock because the
IP shock (and the downstream IMF) approached the bow
shock about 2 minutes after it passed Geotail (see Fig. 4).
The drop of the energetic particle flux is associated with a
new rise of the magnetic field toward its post-shock equilib-
rium value (compare Figs. 3 and 5).

The behavior of the energetic particles at the Interball-1
location is more peculiar because their flux remains nearly
isotropic for about 6 minutes after the IP shock arrival and
then it jumps down and a strong anisotropy appears. An
analysis of pitch angles revealed that the flux at about 90◦

remains nearly on a previous level and only particles with
low and high pitch angles disappeared. This change is ac-
companied with a new rise of the magnetic field strength.
In this case, the delay of the change of energetic particle
properties cannot be connected with reformation of the fore-
shock and its source is unclear.

Finally, we have presented a short case study of the IP
shock propagation through the foreshock. We have shown
that the profiles of basic parameters can be substantially
modified, probably due to presence of energetic particles.
However, the exact mechanism of this modification requires
a further study that would include a modeling of particle
trajectories.
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Šafránková



LETTER Earth Planets Space, 61, 611–614, 2009

Three dimensional configuration of earthward fast plasma flow
in the near-Earth plasma sheet

Koji Kondoh, Masayuki Ugai, and Tohru Shimizu

Research Center for Space and Cosmic Evolution, Ehime University, Japan

(Received November 2, 2007; Accepted August 16, 2008; Online published May 29, 2009)

The earthward short-term (1-min. order) fast flow event (Flow Burst) and the long-term (10-min. order) fast
flow event (Bursty Bulk Flow) observed in the near-Earth plasma sheet are examined using three dimensional
MHD simulations on the basis of spontaneous fast reconnection model. It is well known that these fast flow events
are closely related to the magnetic substorms. On the other hand, it is considered that these fast flow events are
caused by the magnetic reconnection in the near-Earth magnetotail. The time profiles of plasma quantities in these
events observed by in-situ satellites are quite different in each event. Above Flow Burst and Bursty Bulk Flow
events are often examined separately due to the large difference in time scale. In this paper, these differences are
interpreted by the three-dimensional position of satellite relative to the X-line and the reconnection jet channel,
and the simulation results are directly compared with the results of in-situ satellite observations using the virtual
satellites located in simulation domain.
Key words: Earthward flow, magnetic reconnection, near-Earth plasma sheet, three-dimensional MHD simula-
tion.

1. Introduction
Earthward fast flows in the near-Earth plasma sheet have

been observed in association with geomagnetic substorms
(Angelopoulos et al., 1992). It is considered that these fast
flows are fast reconnection outflows. In space plasmas of
extremely large magnetic Reynolds number, magnetic re-
connection can convert magnetic energy to plasma ener-
gies most effectively by slow shocks. A possible fast re-
connection configuration, involving standing slow shocks,
was first proposed by Petschek (1964). In this respect, we
have proposed the spontaneous fast reconnection model.
This model predicts that the fast reconnection mechanism
spontaneously develops from inside the system by the self-
consistent interaction between plasma microscopic pro-
cesses and macroscopic reconnection flows (Ugai, 1984,
1986). The previous MHD simulations have demonstrated
that the spontaneous fast reconnection model works quite
effectively even in three dimensional situations (Ugai and
Kondoh, 2001; Ugai et al., 2004, 2005). Once the fast re-
connection builds up, an Alfvénic fast flow is caused, and
if the fast flow is obstructed, the reconnected field lines are
piled up, and a magnetic loop is formed. A magnetic loop
in our simulation is allowed to be formed because of a wall
boundary assumed at one edge of a current sheet system
(Ugai et al., 2003). Sergeev et al. (2000) showed a nar-
row transient flow jet using five spacecraft measurements.
They showed that the ∼3Re wide fast plasma jet propagates
from �40Re in the midtail, and is able to reach the inner
magnetosphere at 6.6Re in about 10 minutes. This property

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

consists with the previous results of MHD simulations on
the basis of spontaneous fast reconnection model (Ugai et
al., 2003).

Earthward fast flow events observed in the near-Earth
plasma sheet have the different profiles in each event. For
example, Figs. 1(a) and (b) are the different two events
observed by Geotail satellite. These figures show the time
profiles of the plasma bulk velocity component Vx (top
panel), the magnetic field components Bx (dotted line), Bz

(solid line) (middle panel), and the ion density N (bottom
panel). These satellites observed at X = −29.67RE, Y =
7.50RE, Z = −1.26RE (a), X = −28.31RE, Y = 2.65RE,
Z = −2.03RE (b) in GSM coordinate, respectively. In
GSM coordinate system, these events were observed at very
near positions. The maximum velocity of Vx is almost
same, 600 km/s. As you can see, however, these two events
are quite different. The duration of the enhancement of flow
velocity in Fig. 1(a) (∼7 min.) is remarkably longer than
that in Fig. 1(b) (∼1 min.). The variation of the ion density
in the course of fast flow is large in Fig. 1(a), while that is
little in Fig. 1(b). In this paper, we examine the earthward
fast flow using three-dimensional MHD simulations on the
basis of spontaneous fast reconnection model, and what
causes these differences.

2. Simulation Model
The earthward fast flow is closely related to the formation

of magnetic loop (or magnetic dipolarization), so that the
present simulation model is similar to the one of the 3D
magnetic loop dynamics (Kondoh and Ugai, 2007).

These previous magnetic loop simulations using the wall
boundary showed that the fast magnetic reconnection pro-
duces fast reconnection jet, and it flows in plasma sheet and
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Fig. 1. Geotail observation data showing the plasma bulk velocity com-
ponent (Vx ), magnetic field components (Bx , Bz) and ion density (N )
(12:15–12:25 UT, 14 February 1998 (a), 20:30–20:40 UT, 27 January
1996 (b)). The variables in parenthesis indicate the corresponding ones
in our coordinate system.

is suddenly braked at the boundary between the dipolar and
tail-like magnetic field because of the counterward pressure
force, and the reconnection jet is decelerated. This situation
may be consistent with the earthward fast flow, and these re-
sults are in good agreement with the situation inferred from
the observation results of earthward fast flow (Shiokawa et
al., 1997).
2.1 Simulation modeling

As an initial configuration, the one-dimensional anti-
parallel magnetic field B = [Bx (y), 0, 0] is assumed as:
Bx (y) = sin(πy/2) for 0 < y < 1; Bx (y) = 1 for 1 <

y < Y1; Bx (y) = cos[(y − Y1)π/1.2] for Y1 < y < Ym(=
Y1 + 0.6); Bx (y) = 0 for Ym < y; also, Bx (y) = −Bx (−y)

for y < 0. The plasma pressure P(y) initially satisfies the
pressure-balance condition, P + B2

x = 1 + β0, where β0

is the ratio of plasma pressure to the magnetic pressure in
the ambient magnetic field region 1 < y < Y1, so that
P(y = 0) = 1+β0 initially (in the present study, β0 = 0.15
is taken); Initially, fluid velocity u = (0, 0, 0) and constant
temperature T = P/ρ = 1 + β0 is assumed, so that the
plasma density ρ initially satisfies ρ(y) = P(y)/(1 + β0).
The normalization of quantities, based on the initial quanti-
ties, is self-evident; Distances are normalized by the half-
width of the current sheet d0, B by the field strength in
the magnetic field region Bx0, P by B2

x0/(2µ0), and ρ by
ρi = ρ(y = 0); also, u by VAx0(= Bx0/

√
µ0ρi ), time t

by d0/VAx0, current density J by J0 = Bx0/(µ0d0), and so
forth.

Here, the conventional symmetry boundary conditions
are assumed on the (x, y), (y, z), and (z, x) planes. Hence,
the computational region can be restricted to the first quad-
rant only and taken to be a rectangular box, 0 < x < Lx ,

0 < y < L y , and 0 < z < Lz ; also, for simplicity, the con-
ventional symmetry boundary condition is assumed on the
outer boundary plane x = Lx , and on the other boundary
planes (y = L y and z = Lz) the free boundary conditions
are assumed.

As in the 2D model, a current-driven anomalous resistiv-
ity model is assumed in the form,

η(r, t) = kR [Vd(r, t) − VC] for Vd > VC,

= 0 for Vd < VC
(1)

where Vd(r, t) = |J(r, t)/ρ(r, t)| is the relative electron-
ion drift velocity, and VC may be a threshold for micro
instabilities. Here, kR = 0.003 and VC = 12 are taken.

In order to disturb the initial static configuration, a local-
ized resistivity model is assumed around the point (Lx , 0, 0)
in the 3D form,

η(r) = η0 exp
[
− ((x − Lx ) /kx )

2 − (|y|/ky
)3 − (|z|/kz)

3
]

(2)

Here, we take kx = ky = 0.8 and η0 = 0.02 in the manner
similar to the previous 2D simulations; also, kz provides
the 3D effects, we take kz = 5 in the present study. The
disturbance (2) is imposed only in the initial time range
0 < t < 4, and the anomalous resistivity model (1) is
assumed for t ≥ 4. Hence, the fast reconnection mechanism
may be triggered at x = Lx in this model.

It should be noted that sufficiently small mesh sizes
are required for precise computations of the spontaneous
fast reconnection evolution, so that we assume �x =
0.04, �y = 0.015, and �z = 0.1. Also, we take the
magnetic field region size Y1 = 4, and the whole compu-
tational region size is assumed to be Lx = 10, L y = 9.6
and Lz = 9.8. Here, we should notice that positive x, y, z-
directions in this paper correspond to tailward, south-ward,
and east-ward in usual GSM co-ordinate system, respec-
tively.

3. Results
In this simulation model, initiated by the disturbance (2)

given at x = Lx in the finite extent |z| < kz = 5, the cur-
rent sheet thinning occurs near the x = Lx , giving rise to
distinct enhancement of the current density. Once the drift
velocity Vd exceeds the given threshold (1), fast reconnec-
tion drastically grows as nonlinear instability because of the
positive feedback between the anomalous resistivity and the
reconnection flow. Ahead of the Alfvénic reconnection jet
flowing to negative x-direction, a large-scale 3D plasmoid
is formed and propagates, and the plasmoid collides with
the x = 0 wall boundary, giving rise to a 3D magnetic loop.
3.1 Virtual observations

In order to directly compare the simulations with the
satellite observations, let us consider such a virtual satellite
that is located at a spatial point (x, y, z) in the plasma sheet.
For simplicity, we assume that the satellite does not move in
spite of the progress of time. Then, the virtual satellite can
readily detect the temporal changes of plasma quantities at
its location on the basis of the simulation results. In what
follows, we examine what the virtual satellite observes as
the fast reconnection mechanism builds up and proceeds.
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Fig. 2. Time variations of −Vx , Bx , −By , ρ, and P for the interval of
t = 30 to 42 at X = 4.0, Z = 0.0, Y = 0.0 (a) and 0.8 (b).

At first, two virtual satellites are located at the positions
(4.0, 0.0, 0.0) and (4.0, 0.8, 0.0) in order to examine the pro-
files at different y-positions. These positions correspond
to them in the central plasma sheet (hereafter, call CPS)
and near the plasma sheet boundary layer (hereafter, call
PSBL), respectively. Figure 2 shows the temporal varia-
tions of the plasma flow velocity (top panel), magnetic field
components (middle panel), plasma pressure and plasma
density (bottom panel) detected by the virtual satellites lo-
cated at (4.0, 0.0, 0.0) (a) and (4.0, 0.8, 0.0) (b). In the CPS
(a), the earthward flow velocity Vx reaches Alfvén veloc-
ity. The local magnetic field dipolarizes a little. P and ρ

largely decrease in the course of the fast flow, and the tem-
perature becomes high there. On the other hand, near the
PSBL (b), the enhancement of Vx is small and short, Bx

largely decrease in the course of fast flow. The clear dipo-
larization is also detected. The durations of the variations
in P and ρ are nearly same and short. The temperature
in the course of the fast flow is high as well as that in the
CPS. The peak times of the pressure enhancement TP indi-
cated by the vertical solid lines are almost same t ∼ 37.7.
The vertical dotted lines indicate the peak times of the other
quantities. The earthward flow speed |Vx | at TP are almost
same ∼1.0 at both positions. The earthward flow speed in
the CPS gradually increase from t ∼ 30, whereas it near the
PSBL starts to increase just before TP . The anti-correlation
between the earthward flow speed |Vx | and earthward com-
ponent of magnetic field Bx is clear in Fig. 2(b). This rapid
increase (decrease) and decrease (increase) of |Vx |(Bx ) near
the PSBL means that the satellite suddenly goes in the fast
flow channel and suddenly goes out there.

Secondly, the other two virtual satellites are located at
(4.0, 0.4, 0.0) and (4.0, 0.4, 1.2) in order to examine the
profiles at different z-positions. These positions correspond
to the those in the channel of Alfvénic fast flow (hereafter,
call fast flow channel) and outside of the fast flow channel
in the z-direction, respectively. In Fig. 2, the one satellite

Fig. 3. Time variations of −Vx , Bx , −By , ρ, and P for the interval of
t = 30 to 42 at X = 4.0, Y = 0.4, Z = 0.0 (a) and 1.2 (b).

was located in the y = 0 plane in order to examine the
profiles of the satellite observations at different y-positions.
However, it is rare case that the actual satellites are located
in the neutral sheet, that is, they observe no Bx compo-
nent. Therefore, these two virtual satellites are located in
the y = 0.4 plane. Figure 3 shows the temporal variations
of the plasma flow velocity (top panel), magnetic field com-
ponents (middle panel), plasma pressure and plasma den-
sity (bottom panel) detected by the virtual satellite located
at (4.0, 0.4, 0.0) (a) and (4.0, 0.4, 1.2) (b). In the fast flow
channel (a), the enhancement of earthward flow speed is
large, but the satellite goes out the fast flow channel in the
y-direction at t ∼ 40. The plasma pressure and density
decrease is significantly large. On the other hand, the en-
hancement of earthward flow speed observed outside the
fast flow (b) is small, but the duration is very long because
the satellite does not go out the fast flow channel in the y-
direction easily due to the calm plasma sheet thinning. The
decrease of plasma pressure and density observed outside
the fast flow channel is not so large.

4. Summary
In this paper, the earthward fast flow events observed in

the near-Earth plasma sheet were examined using three di-
mensional magnetohydrodynamics simulations on the basis
of the spontaneous fast reconnection model. In particular,
the properties of the variation of physical quantities in each
observation point relative to the X reconnection line and the
narrow channel of fast reconnection jet were investigated in
three dimensions. The time variations of physical quantities
observed by virtual satellites were quite different between
the satellite positions in central plasma sheet and near the
plasma sheet boundary layer. The satellite located in cen-
tral plasma sheet does not go out the narrow channel of fast
flow, so that the enhancement of earthward fast flow speed
is large, and the decrease of plasma pressure and density
is large. On the other hand, the satellite located near the
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plasma sheet boundary layer suddenly comes in the narrow
channel and suddenly goes out, so that the enhancement of
earthward fast flow speed is small and short, the decrease
of earthward component of magnetic field is large in the
course of fast flow, and the variations of plasma pressure
and density are observed only in the course of fast flow.
The time variations of physical quantities observed by vir-
tual satellites were also quite different between the satellite
positions in the sheet current direction. As mentioned in
Introduction, the Alfvénic earthward fast jet flows in very
narrow channel. In addition to this, relatively slow earth-
ward jet (about 1/3 of Alfvén speed) flows in wider region
in the sheet current direction. In that region, plasma sheet
thinning is also calm, so that the satellite located in that re-
gion does not go out that region easily. Therefore, the long
duration enhancement of earthward flow is observed in that
region. Let us interpret the positions of the satellites which
observed the sample two events shown in Introduction on
the basis of these results. The properties in Fig. 1(a) were
long enhancement of earthward flow speed, small variation
of earthward component of magnetic field, small increase
of northward component of magnetic field, and small de-
crease of plasma density. These properties are same as that
observed in the region near the central plasma sheet and
outside of the narrow channel of the Alfvénic fast flow. On
the other hand, the properties in Fig. 1(b) were short en-
hancement of earthward flow speed, very small variation
of plasma density, and large variation of earthward com-
ponent of magnetic field. These were clearly same as the
results observed at the near plasma sheet boundary layer. In
summary, we have demonstrated that the time variation of
plasma quantities in the earthward fast flow event depends
on the satellite position, in particular on the position relative
to narrow channel of Alfvénic fast flow.
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Timing of substorm related auroral oscillations
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Previous studies have shown that auroral luminosity oscillations are often associated with substorms. Here we
examine photometer data for the magnetospheric substorm on April 1, 2000 (expansive phase onset at 0525 UT)
to study the detailed timing of the auroral oscillations relative to onset. Accurate timing information for the
periodicities in the photometer data were determined using the wavelet transform. We find that the oscillations
occur primarily during the recovery phase.
Key words: Aurora, substorm, wavelet, CANOPUS.

1. Introduction
Magnetospheric substorms are among the more conse-

quential space weather effects, second in importance only to
the massive and global space storms. Several studies have
considered the effects of magnetohydrodynamic (MHD)
waves on particle precipitation in the ionosphere (Berger,
1963; Davidson, 1990; Milan et al., 2001), and a strong link
has been suggested between discrete auroral arcs and MHD
waves (Samson et al., 1996; Wanliss and Rankin, 2002;
Wanliss et al., 2002). MHD field line resonances (FLRs) are
formed through wave coupling of compressional and shear
Alfvén waves. The local compression of the magnetosphere
at substorm expansive phase onset generates compressional
MHD waves that encounter positive gradients in the Alfvén
velocity leading to the excitation of shear Alfvén waves on
the magnetic shells distant from the source of the onset. Be-
cause of the coupling of energy at spatially different loca-
tions, auroral activity is expected to occur at high and low
latitudes. Theory predicts that the high latitude activity will
feature a poleward phase shift of 180 degrees across the belt
of auroral oscillation (Hughes, 1983; Liu et al., 1995). Sim-
ilarly, the low latitude activity should exhibit a 180 degree
equatorward phase shift and a temporarily varying parallel
electric field will be established along the resonant field line
(Block and Fälthammer, 1990; Liu et al., 1995). A conse-
quence of this parallel electric field is the periodicities of
the precipitating protons and electrons are anti-correlated.
If there were no parallel electric field there should be no
such phase difference and the precipitation of protons and
electrons would likely be similarly modulated (Liu et al.,
1995).

In this study we examine the timing of substorm associ-
ated auroral oscillations in order to determine which sub-
storm phase they are associated with. The data are for the
substorm on April 1, 2000 previously studied in detail by

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

Wanliss and Rankin (2002). They found 2.2 mHz pulsations
in magnetometer and photometer data. The proton and elec-
tron auroras were found to oscillate essentially out of phase,
and the variation of phase across the peak in the luminos-
ity resonance followed the pattern expected for the coupling
of resonant Alfvén modes by normal compressional modes
in the magnetotail. The previous work established accu-
rate frequency information, but here we wish to establish
detailed timing of the oscillations, a task for which the mul-
tiple filters of the wavelet transform are best suited.

2. Data Description
Wanliss and Rankin (2002) used photometer data from

the Gillam meridian scanning photometer in northern
Canada and found luminosity oscillations associated with
magnetospheric substorms. They examined photometer
and magnetometer data of a magnetospheric substorm on
April 1, 2000 which had its expansive phase onset at
0525 UT. They examined the proton (486.1 nm) and elec-
tron (557.7 nm, 630.0 nm) auroras. The 486.1 nm (Hβ)
emission is caused by precipitation of protons of tens of
keV, 557.7 nm from hot electrons of several keV, and
630.0 nm from warm electrons of a few hundred eV. This
particular substorm occurred during a moderate space storm
recovery phase with minimum Dst = −60 nT. Figure 1
shows the 557.7 nm photometer data from the Gillam sta-
tion (GILL). The data show brightness (Rayleighs) as a
function of latitude and time. Each meridian scan takes one
minute to complete, and data are organized into 17 latitu-
dinal bins. The substorm growth phase is indicated by the
steady equatorward motion of the auroras prior to 0525 UT,
indicative of stretching of the inner magnetotail (Wanliss et
al., 2000). At this time the emissions brighten and begin
to move poleward, indicative of dipolarization of the previ-
ously stretched field lines.

A Fourier spectrogram of each wavelength revealed
a peak around 2.2 mHz (Wanliss and Rankin, 2002).
The 630.0 nm wavelength also showed peaks at 2.9 and
3.8 mHz. Using CANOPUS magnetometer data the Pi2
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Fig. 1. Photometer data (557.7 nm) from the Gillam station for April 1, 2000 where substorm onset begins at the 309th minute of the day. The first
vertical line indicates substorm onset and the two other lines indicate an equatorward intensification of the aurora.

pulsation was found to be localized between 67.4 and 69.7
degrees geomagnetic latitude. A phase correlation analy-
sis was performed to determine if the spectral peaks might
be related to field line resonances (FLR). The signals at
66.6, 66.1, and 65.6 degrees magnetic latitude, were anti-
correlated which is consistent with a FLR and a parallel
electric field. The phase shift around 2.2 mHz showed a
120 degree phase shift at ∼66 degrees for the 557.7 nm line
which is lower than the theoretically required 180 degrees
expected for a FLR (Chen and Hasegawa, 1974). For the
630.0 nm emission there was a 100 degree phase change
which is qualitatively consistent but not quantitatively con-
sistent with the FLR theory.

3. Wavelet Analysis Method
As with our previous work we produce a spectrogram

of the photometer data for the substorm on April, 1 2000.
Spectral analysis yields excellent frequency resolution for
the peaks in the spectrogram, but poor timing information.
In this study we seek good timing and frequency informa-
tion, thus the wavelet transform is used to identify signif-
icant spectral power in frequency/time space. The varying
size of the frequency/time bins makes it easier to identify
wave power in time compared to the fixed size of the fre-
quency/time bins in the windowed Fourier transform. Obvi-
ously, good time information results in decreased frequency
resolution.

The output of the wavelet transform is both time and fre-
quency dependent which is similar to the windowed Fourier
transform. However, one obvious difference is the variable

time length of the wavelet which results in a variable scale
size or frequency band. The user does not need to know the
frequency band to be searched for significant waves. The
time span of the wavelet determines the frequency of the
band in the spectrum. The wavelet makes multiple passes
through the time series, adjusting its size for each pass. This
is necessary to guarantee a complete period will fit in the
wavelet and be recognized as a true wave, not a disconti-
nuity. The resulting wave power is distributed in frequency
and time. The highest possible frequency of the wavelet
transform is the Nyquist frequency which is determined by
the sampling rate. The lowest possible frequency is deter-
mined by the time length of the time series. The version
of the wavelet transformed used in this study, required a
minimum of eight complete wavelets to fit in the time se-
ries. The time length of the wavelet determines the lowest
possible frequency. The multiple scale sizes also provide
an advantage, in terms of timing issues, over the windowed
Fourier transform. There is little power leakage along the
time axis.

The power element of the wavelet transform represents
the variance of the original time series at a specific range of
time and frequency. Percival and Walden (1993, 2000) and
Torrence and Compo (1998) showed the distribution of the
power elements of the windowed Fourier and wavelet spec-
trums are similar to a chi-square distribution with 2 degrees
of freedom. Therefore, analysis of variance (ANOVA) can
be performed on the output to determine an accurate esti-
mate of the frequency/time spectrum of the time series or
the power spectral density (PSD).
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Fig. 2. The wavelet spectrum of the 557.7 nm photometer data measured at 61.6 degrees latitude. The regions outlined highlight significant spectral
power.
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Fig. 3. The significant peaks in the 486.1 nm photometer spectra based on measurements at different latitudes. The data are divided into time intervals
which represent the phases of the substorm. The vertical dashed lines mark the CMS frequencies greater than 1 mHz.
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Fig. 4. The significant peaks in the 557.7 nm photometer spectra based on measurements at different latitudes.
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Fig. 5. The significant peaks in the 630.0 nm photometer spectra based on measurements at different latitudes.
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The power spectrum is determined from the baseline
power level for each frequency band from which wave
amplitudes can be measured (Percival and Walden, 1993,
2000; Torrence and Compo, 1998). The process of anal-
ysis of variance for the wavelet power spectrum assumes
the time series has a mean power spectrum (Torrence and
Compo, 1998). If a peak in the spectrum is significantly
above the background then it can be assumed to be a true
feature with a particular percent confidence (Torrence and
Compo, 1998). A 90% confidence level was calculated for
each scale which spans the entire length of the time series
(256 minutes). Any random power variable with a value
less than the 90% confidence level has a 90% probability
of being the true mean and was considered to be part of
the background. A power value greater than the confidence
level is considered extraordinary and therefore significant.
Any significant power value is considered to be a real peak
in the spectral estimate.

We have used the complex valued Morlet wavelet over a
256 minute interval (±128 minutes from substorm onset).
The time resolution of the continuous wavelet transform
(CWT) increases at higher frequencies where the bandwidth
gets larger (Press et al., 1992; Percival and Walden, 2000).
For this analysis, the transform is set up for 56 scales or
frequency bins; there are 5 subscales for every scale and
there are 11 scales. These scales span 0.47 mHz to 500 mHz
which is the Nyquist frequency. The first 18 scales (0.47 to
5.73 mHz) were used for this analysis. Figure 2 shows the
spectrogram for the 557.7 nm data with the 90% confidence
level indicated.

4. Results
The significant peaks from the seventeen latitudes for

each of the three auroral wavelengths are combined to cre-
ate Figs. 3 through 5. The spectra are summarized accord-
ing to latitude and frequency across the entire 256 minute
interval around the substorm onset which is marked as time
equal to zero. The error bars indicate the bandwidth of the
peaks. The error bar range marks high and low frequencies
where the signal/noise drops below a value of 1. The ver-
tical dashed lines mark the CMS frequencies greater than
1 mHz as identified by Samson et al. (1991) (1.3, 1.9, 2.7
and 3.3 mHz).

We find that spectral peaks in the 3 observed auroral
wavelengths (486.1, 557.7, and 630.0 nm) have a North-
South alignment during the expansion phase of the sub-
storm. The North-South arrangement is a result of the
spectral peaks from the 17 different latitudes possessing the
same frequency. In each of the three studied auroral wave-
lengths no significant wave activity is observed during the
growth and early expansive phases of the substorm (−50 to
0 min, and 0 to 5 min). Figures 3 through 5 show that the
peaks in the spectrum form a North-South arrangement near
one of the CMS frequencies, with most significant activity
occurring from 10 to 30 minutes after substorm onset when
the expansion phase is well developed.

5. Discussion
The study by Wanliss and Rankin (2002) showed how os-

cillations in the aurora were tied to substorm initiated, field
line resonances. Here we have considered the timing of the
FLR. Whereas the previous study accurately determined the
frequency of the auroral oscillations, here we have utilized
the wavelet transform to achieve accurate and quantitative
isolation of the timing of significant oscillations. We find
that the auroral oscillations for both electron and proton au-
roras do not begin at substorm expansion phase onset, but
several minutes after the identified onset, and at a relatively
localized latitude range. The oscillations intensify through-
out the rest of the expansion phase across a wide range of
latitudes, before dying down during the substorm recovery
phase.
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In this paper we construct a regression relationship for predicting Dst 1 hour ahead. Our model uses only
previous Dst values. This regression is totally unbiased and does not rely on any physical model, except for the
fact that Dst somehow contains the information on the recurrent geomagnetic storms. This regression has the
prediction efficiency of 0.964, linear correlation with official Dst index of 0.982, and RMS of 4.52 nT. These
characteristics are inferior only to our other model, which uses satellite data and provides the prediction efficiency
of 0.975, linear correlation with official Dst index of 0.986, and RMS of 3.76 nT. This makes it quite suitable for
prediction purposes when satellite data are not available.
Key words: Space weather, statistical model, Dst prediction.

1. Introduction
Space weather prediction is one of the main tasks of mod-

ern space research. The necessity of such activities was
well understood for a long time (Marubashi, 1989). Space
weather prediction activities divide into two large cate-
gories: prediction of space weather directly in space, and
prediction of space weather manifestations on the Earth.
The first category is mostly important for planning of
space missions, predicting and evading hardware failures
of spacecraft due to arcing in electronic components, and
assuring astronaut safety with respect to radiation hazard.
These tasks mainly require prediction of energetic particle
fluxes. The second category deals with influence of space
weather on power grid operation, radio communications,
and health of people, especially those with cardiovascular
diseases. These tasks mainly require prediction of geomag-
netic disturbances. This article will focus on space weather
prediction on the Earth.

There are many quantitative indices of geomagnetic ac-
tivity. The most widely used of them are storm-time distur-
bance Dst and planetary geomagnetic activity index Kp. Dst
is more convenient for prediction purposes, because it di-
rectly equals the disturbance of H -component on the Earth
measured in gammas (1γ = 10−4 Gs = 1 nT). It is aver-
aged over several low- and mid-latitude magnetometer sta-
tions and is usually associated with the westward ring cur-
rent, which appears during the storm at 4–8RE, although
this association was strongly criticized by e.g. Campbell
(1996). At the same time, Kp is an integral and more arti-
ficial characteristic of the overall level of geomagnetic dis-
turbance. In this paper Dst is used for space weather pre-
diction.

Space weather prediction is a challenging and nontrivial
activity (Joselyn, 1995; Li et al., 2003). Since Burton et

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
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al. (1975) published their pioneering work, many authors
tried to forecast space weather indices. Papers (Kugblenu
et al., 1999; Watanabe et al., 2002; Wing et al., 2005;
Pallocchia et al., 2006) featured neural network approach;
papers (Zhou and Wei, 1998; Balikhin et al., 2001; Harrison
and Drezet, 2001) incorporated adaptive filtering; papers
(Rangarajan and Barreto, 1999; Oh and Yi, 2004; Wei et al.,
2004; Johnson and Wing, 2004) applied statistical methods;
papers (Burton et al., 1975; Valdivia et al., 1996; O’Brien
and McPherron, 2000a, b; Temerin and Li, 2002; Ballatore
and Gonzales, 2003; Cid et al., 2005; Siscoe et al., 2005;
Temerin and Li, 2006) used empirical models; and papers
(Dryer et al., 1984; Raeder et al., 2001) developed global
MHD simulations.

The best results for 1-hour prediction were achieved by
Temerin and Li (2002, 2006), who used an empirical model.
They achieved the prediction efficiency of 0.91, linear cor-
relation of 0.95 and RMS of 6.4 nT. Neural network ap-
proach provides short-term predictions up to 4 hours in the
paper (Wing et al., 2005). It experiences significant difficul-
ties predicting geomagnetic storms with Kp > 5, though.
Adaptive filtering seems more successful being able to pro-
vide 8-hour predictions in the paper (Harrison and Drezet,
2001). However, in the papers, which incorporate adaptive
filtering, the volume of the dataset usually does not exceed
6 months of data (4380 points), which is not enough to cor-
rectly describe long-time variations in geomagnetic activity,
caused, e.g., by 11-year solar cycle. Statistical methods give
interesting results, but were rarely used for prediction, and
much more often for developing and constraining empirical
models (Johnson and Wing, 2004). Empirical models were
the most often used, and provided some of the best 1-hour
predictions. Most of them are improvements of the empir-
ical relationship proposed in a pioneering paper by Burton
et al. (1975), who analysed the ring current injection and
decay. However, their model suffered from the lack of solar
wind data and poor physical understanding of solar wind-
magnetosphere interaction at that time. Global MHD simu-
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Fig. 1. Scatter plots of measured Dst versus Dst 1 hour ago (on the left) and versus predicted Dst (on the right).

lations give the longest prediction times but fail to correctly
describe kinetics in boundary layers and ballooning insta-
bilities, which are believed to be responsible for the sub-
storm onset.

Here we use the same method as in our other article
(Parnowski, 2008), which combines statistical and empir-
ical approaches. We payed attention mostly to 1-hour pre-
diction, though we obtained a 9-hour prediction as well. We
predicted Dst 1 hour ahead because the temporal resolution
of the dataset was 1 hour, so we just predicted the next value
in the series. Besides, longer prediction times resulted in
predicted value being shifted in time. For prediction we
use only that information, which is available at the moment
when prediction is made, i.e. 1 hour prior to the predicted
value. We will reference to this value as “1 hour ago”. We
determine the quality of prediction by 3 values: residual
mean square (RMS), prediction efficiency (PE), defined as
[1 − (mean squared residual)/(variance of data)] (Temerin
and Li, 2002), and the linear correlation coefficient (LC)
between the prediction and Dst. In the article (Parnowski,
2008) we constructed a regression relationship, which pro-
vides PE = 0.975, LC = 0.986, and RMS = 3.76 nT.

However, this relationship requires satellite data to be
continuous for the previous 20 hours. Thus, when the data
contain a gap for some reason, we are unable to predict Dst
for the next 20 hours. For this reason, we need an ‘emer-
gency’ regression, which would operate without satellite
data. Besides, satellite data are often missing during very
strong geomagnetic storms, which are the most interesting
events. Such a regression will be constructed in this article.

2. Data, Routine and Results
We used the OMNI 2 database, available at NSSDC

(http://nssdc.gsfc.nasa.gov/omniweb/). It contains IMF, so-
lar wind and geomagnetic data, averaged over 1-hour inter-
vals (49 parameters in total, starting from Jan 1, 1963). The
complete 43-year Dst time series given therein is continu-
ous and features an eye-visible 27-day and 11-year period-
icity, which hints for strong dependence on solar activity.

We seek Dst in a regression form

Dst( j) =
∑

i

Ci xi ,

where j is the current step (number of hours since Jan 1,

1963), Ci are the regression coefficients, and xi are the
regressors, which are functions of input quantities and their
combinations. Values of Ci are determined by the least
square method with equal statistical weights of all points,
and the statistical significance of the regressors–by Fisher
test (Fisher, 1954; Hudson, 1964).

The initial number of regressors was deliberately exces-
sive to let Fisher test select the most statistically significant
of them. This was done in the following way. After pro-
cessing the data with the least square method, Fisher sig-
nificance parameter F was determined for each regressor.
All F values were compared to the values 2.7055, 3.84,
5.02, 6.635, 7.879, 10.83 and 12.1, which correspond to
statistical significance of 90, 95, 97.5, 99, 99.5, 99.9 and
99.95% respectively. Then, insignificant regressors were
rejected and the routine was repeated until all the regres-
sors were significant. We chose the minimal significance
level of 90%. In contrast to empirical models we do not
add fitting parameters and all the regressors have obvious
physical meaning. The described routine was applied to the
complete 43-year dataset sans rejects. More details on the
routine can be found in the paper (Parnowski, 2008).

First, we determined which previous Dst values are sta-
tistically significant. For this purpose, we constructed a re-
gression

Dst( j) = C0 +
N∑

i=1

Ci Dst( j − i),

where N is the oldest Dst value; we reached the value N =
900. We found that there are statistically significant values
as far as 801 hours ago (33 days and 9 hours). The statistical
significance of this oldest value is over 99.9%. However, it
is possible that there are even older statistically significant
values. A similar situation was reported by Johnson and
Wing (2004) regarding Kp: “the significance is often quite
large for extended periods of time (10–20 days)”. This
might be related in some way to recurrent geomagnetic
storms, but some additional research is required before final
explanation could be given to this phenomenon. This will
be done in a future article.

After determining which previous Dst values are statisti-
cally significant, we added nonlinear terms. We tried differ-
ent powers of the most significant terms and their products.
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Fig. 2. Experimental Dst index data and theoretical predictions from several models. Reprinted from (Cid et al., 2005). “Dst from Kyoto” stands for
the official Dst index from WDC-B.

Fig. 3. Our prediction for the same period of time as on Fig. 2. Satellite data is missing in the left part of the plot.

Thus, we constructed a regression, which consisted only of
Dst terms and a constant regressor. Its characteristics are:
PE = 0.964, LC = 0.982, RMS = 4.53 nT.

To illustrate predictive capabilities of our model we
present several figures: Fig. 1 shows scatter plots of mea-
sured Dst versus Dst 1 hour ago (it is the simplest possible
prediction model) on the left and versus prediction on the
right; Fig. 2 shows predictions by Cerrato et al. (2004),
Fenrich and Luhmann (1998), O’Brien and McPherron
(2000b), and Burton et al. (1975) for Jul 15–19, 2000; Fig. 3
shows our prediction for the same period of time.

More comparison with other models can be found in the
paper (Parnowski, 2008).

3. Conclusion
It appeared possible to predict Dst 1 hour ahead using

only its previous values. This hints for recurrent behaviour
of geomagnetic activity. In terms of prediction efficiency
and linear correlation with the official Dst index this model
is inferior to the model, which uses satellite solar wind data.
However, satellite data is often missing during strong geo-
magnetic storms and this model can be used to fill the gap
in predicted Dst time series. Thus, a combination of a re-
gression model using satellite data with the model obtained
in this article can provide accurate on-line operational Dst
forecast.

Of course, larger prediction times are desirable, but 1-
hour prediction is still useful. For example, magnetometers

can be switched to high temporal resolution mode, sensitive
equipment can be turned off, etc.

4. Summary
In this article we obtained the following results:

1. We derived a regression, which relies only on previous
Dst values.

2. It allows predicting Dst 1 hour ahead with PE = 0.964,
LC = 0.982 and RMS = 4.53 nT. Thus, it is very
convenient for on-line Dst prediction when satellite
data are not available.

3. Previous Dst values are statistically significant up to
801 hours ago and possibly more.

4. Nonlinear terms appeared to be very significant.
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This paper studies some wave properties of nonlinear rising tone chorus emissions in the outer regions of the
dayside equatorial magnetosphere at ∼(6.3, −4.7, 0.7RE) in GSE coordinates. We analyze data obtained with
the PWI and WFC receivers on GEOTAIL associated with a substorm on April 29, 1993. Fine structure of the
chorus elements and inter-element spacings are shown. Directions of propagation of the chorus elements relative
to the local magnetic field lines are analyzed. Wave polarizations, intensities and spectral properties of chorus in
the equatorial Earth’s magnetosphere are discussed.
Key words: Chorus emissions, wave-particle interactions, electron acceleration.

1. Introduction
Major chorus statistical properties have been presented in

Tsurutani and Smith (1974, 1977), Nagano et al. (1996) and
Meredith et al. (2001, 2003). Recently, progress has been
made in studies of wave properties in the generation region,
such as fine structure and propagation of chorus (Santolik
et al., 2003, 2004) using multipoint Cluster measurements.
We will summarize some relevant chorus characteristics
below.

Chorus ELF waves are observed in the outer magne-
tosphere at L > 5RE primarily in two latitude regions,
and have been classified into equatorial and high-latitude
chorus (Tsurutani and Smith, 1977). Equatorial chorus
(MLAT<15◦) occurs during substorms with the peak inten-
sity near the magnetic equator. These waves are believed to
be generated by trapped substorm electrons via a cyclotron
resonance instability (see also Lauben et al., 2002). High-
latitude chorus is detected near the magnetopause and has
little apparent connection with substorm activity. Our study
is focused on the near-equatorial dayside chorus waves.

Equatorial chorus is an electromagnetic whistler mode
wave observed as two distinct bands, one above and one
below 0.5 of the local electron gyrofrequency, νce (Tsuru-
tani and Smith, 1974). The wave absence at 0.5νce can be
explained by Landau damping. Chorus is often composed
of ∼0.5 sec elements. There are several types of frequency-
time chorus structures: rising and falling tones, and narrow-
band (structureless) chorus. Chorus is a nonlinear emission.
Its elements are composed of sub-elements or wave pack-
ets separated by intervals of noise (Santolik et al., 2003).
Chorus plays an important role in wave-particle interac-

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

tions in the outer magnetosphere (Tsurutani and Lakhina,
1997; Horne et al., 2005). An up-to-date review of the
chorus-driven electron acceleration based on CRRES ob-
servations was made by Meredith et al. (2001, 2003). Com-
puter modeling results on relativistic electron interaction
with whistler mode waves were reported by Omura and
Summers (2004). In the case of a chorus element, contri-
bution to the pitch-angle diffusion from a nearly monochro-
matic large-amplitude sub-element(s) can be much larger
than from an average wave field of the whole element. The
main focus of this study is on properties of nonlinear chorus
emissions which could be important for wave-particle inter-
actions, i.e., fine structure of the chorus waves, direction of
propagation, polarization and magnitudes of the magnetic
field disturbances.

2. Analysis of the GEOTAIL Data
We present first results on four time intervals of wave

activity during a substorm interval starting at ∼2307 UT of
April 29, 1993. A major negative excursion of the AL index
started at ∼2100 UT. Assuming chorus wave generation by
gradient-drifting of 10–40 keV electrons, a delay time be-
tween the onset of chorus and a substorm is estimated as ∼
2 hrs (Tsurutani and Smith, 1974). Equatorial daytime cho-
rus is expected to have maximum intensity at ∼1000 LT due
to the dayside maximum of energetic electron precipitation.
This timing agrees with the beginning of rising tone chorus
observations by GEOTAIL around ∼930 LT. The satellite
was located in the near-equatorial magnetosphere at ∼(6.3,
−4.7, 0.7RE) (in GSE coordinates) and the geocentric dis-
tance of �7.9RE at the time of these observations. Intense
chorus emissions were observed with the PWI and WFC
instruments (Matsumoto et al., 1993; Nagano et al., 1996)
onboard GEOTAIL. The PWI (plasma wave instrument)
consists of a 3-component search-coil and 2 wire (elec-
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Table 1. Properties of rising tone elements (see text for details).

Start time �t , sec ν1,2, kHz �ν, Hz ν0, kHz νce, kHz Bmax, pT θ , ◦ θG, ◦ θr, ◦

2306:55 0.3 0.9, 0.5 220 0.8 3.44 80 11 62 77

2306:55 0.15 0.75, 0.62 130 0.7 3.44 70 29 66 78

2311:39 0.3 0.95, 0.55 400 0.75 3.51 200 17 65 78

2321:07 0.68 1.1, 0.65 450 0.875 3.50 300 42 60 76

2349:31 0.7 1.1, 0.65 450 0.875 3.03 100 22 55 73

2349:31 0.6 1, 0.6 400 0.8 3.03 100 22 58 75

Fig. 1. Time-frequency power spectra of three magnetic field components in GSM coordinates derived from WFC measurements onboard GEOTAIL.
The beginning of the interval corresponds to 2306:55 UT of April 29, 1993. The left, central and right panels correspond to Bx , By and Bz components.

tric) antennas with sensitivity of 1.5×10−5 nT/Hz1/2 for the
magnetic field and 8.0×10−9 V/(m Hz1/2) for the electric
field, respectively. The WFC (wave form capture) receiver
samples 8.7 sec snapshots every 5 min between 10 Hz and
4 kHz. For each of the four time intervals of ∼8.7 sec dura-
tion we select several distinct rising tone chorus elements.
Properties of 6 such elements are summarized in Table 1.
The following parameters were estimated: �t is the dura-
tion of a rising tone element, ν1,2 are the maximum and min-
imum frequencies within the element, �ν is the frequency
band (bandwidth at half-maximum), ν0—average frequency
of the tone, Bmax—the maximum magnitude of magnetic
field disturbance in the chorus, θ—the propagation angle
to the local magnetic field line, θG—the local Gendrin an-
gle calculated for ν0, and θr is the resonance angle. Average
magnetic field components measured at ∼2306:55 UT were
(26.1, 52.1, 108.2 nT) is GSE coordinate system. An exam-
ple of chorus is shown in Fig 1.

We process magnetic field waveforms in the principal or
the minimum variance analysis (MVA) frame to find di-
rection of propagation of the waves (Tsurutani and Smith,
1977), which corresponds to a direction of minimum varia-
tion. As it follows from the chorus generation mechanism,
the most intense elements correspond to waves generated
locally and propagating under small angles θ to the local
magnetic fieldline (see also Goldstein and Tsurutani, 1984).
Whereas waves generated far away have smaller magni-
tudes (due to Landau damping) and may be propagating
obliquely to the local magnetic field line. Our results in
Table 1 show that observed intense chorus emissions prop-
agate under relatively small angles to the local magnetic
field line. We found that chorus sub-elements sometimes
have different directions of propagation relative to the back-
ground magnetic field.

The maximum angle of electromagnetic wave propaga-

Fig. 2. A schematic view of the inner magnetosphere distorted by the solar
wind compression obtained with the Tsyganenko model (Tsyganenko,
2002). A projection into noon local time plane is shown. The projection
of the GEOTAIL spacecraft position into the (X Z ) plane is indicated by
a small dot. “Minimum B pockets” are shown.

tion relative to the magnetic field line is the resonance angle,
cos(θr) = ν/νce (Goldstein and Tsurutani, 1984), presented
in the last column of Table 1. The “Gendrin” angle, shown
in the next to the last column of Table 1, is defined in linear
plasma theory and corresponds to a minimum value of the
refractive index parallel to the magnetic field line and is de-
fined locally as cos(θG) = 2ν/νce (Gendrin, 1961). At the
same time, the Gendrin angle is the upper limit for the an-
gle θ . The condition for angular region θ = ±θG indicates
a proximity to wave generation region for the lower-band
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(a) (b)

Fig. 3. (a) Example of magnetic field waveform of a chorus element shown in the principal frame. B1, B2 and B3 denote the maxumum, intermediate
and minimum variance directions, respectively. Notice sub-elements separated by intervals of noise. (b) Instantaneous spectrum of the chorus
sub-element at t � 2.585 sec obtained by using Morlet wavelet.

chorus (ν0 < 0.5νce) (Lauben et al., 2002). The estimated
θG in the Table 1 are quite large and are not close to ±θ .

By the definition and given constant wave frequency, θG

is larger in the areas of large background magnetic field, B0,
and smaller in the “minimum B pockets” (Tsurutani and
Smith, 1977). What was the Geotail position in the dipole
magnetic field? Figure 2 presents schematic view of the
noon local time cross-section of the inner magnetosphere in
the GSM coordinates. This sketch was produced with the
Tsyganenko model (Tsyganenko, 2002) under undisturbed
conditions. The beginning of the interval of Geotail obser-
vations was characterized by a very quiet ring current with
minumum SYM-H � −10 nT. For this model application
we choose Dst = 0, IMF Bz = 0 and By = 0 (in GSM) and
the solar wind dynamical pressure equal to 6 nPa. The mag-
netic dipole axis is tilted towards the X -axis of the GSM
coordinate system.

A distortion (compression) of the outer dayside magne-
tosphere field lines as compared to a dipole field is clearly
shown. Areas of minimum B0 are situated at high magnetic
latitudes and at large L (r > 6RE). This sketch is similar to
that in Tsurutani and Smith (1977). The small dot on the
right side of the plot is the GEOTAIL position in the (X Z )
plane. The GEOTAIL GSM coordinates were ∼(6.3, −4.4,
−1.7RE). Thus, the satellite at the time of chorus measure-
ments was located at the magnetic equator and away from
the “minimum B pockets”.

We use FFT and Morlet wavelet analyses to study spec-
tral properties of the chorus. The wavelet analysis is of-
ten applied to study spectral characteristics of a signal with
varying time frequencies (Torrence and Compo, 1998). We
use the Morlet wavelet with adjustable resolution in time
and frequency to calculate instantaneous spectra of cho-
rus elements as well as standard wave spectra in the time-
frequency variables. Distinct spectral features within cho-
rus elements corresponding to sub-elements or wave pack-
ets were detected. Similar analysis was performed by San-
tolik et al. (2003, 2004) based on Cluster data. The peak
frequency in our study corresponds to about (0.15–0.4)νce

(see Table 1). Thus, only the lower-band chorus elements
(ν0 < 0.5νce) were analyzed. Figure 3(a) shows an example
of one chorus element in the MVA frame consisting of wave
packets or sub-elements. One can notice that the wave is
circularly polarized. The spectrum of a chorus sub-element
is a narrow-band signal (Fig. 3(b)). Bandwidths at half-
maxima for the chorus elements are presented in Table 1.
The spectra of wave packets are narrower, and correspond
to only a part of the riser element. Wavelet analysis re-
vealed that the wave packet intervals showed small changes
in phase, and noise intervals showed large changes in phase.
The latter can be explained by random character of distur-
bances in noise intervals and corresponding rotations of the
polarization plane.

We estimate spectral wave intensities for a sub-element
and for the whole element presented in the first line of Ta-
ble 1. Wave intensity of the wave packet is ∼5.7 10−3 nT2

compared to ∼7.4 10−4 nT2 average over the whole ele-
ment, showing increase by the factor of about 8. The ratio
of the wave packet intensity to intensity of the inter-element
spacing (∼6 10−5 nT2) is thus about two orders of magni-
tude.

3. Conclusions
The study addresses some properties of the rising tone

chorus emissions observed with PWI and WFC instruments
onboard GEOTAIL during a substorm of April 29, 1993.
Most of the chorus waves were found to propagate under
small angles (∼11◦–22◦) relative to the ambient magnetic
field lines. The waves were not propagating at the Gendrin
angles. GEOTAIL was located near the magnetic equator
and away from the “minimum B pockets” (Tsurutani and
Smith, 1977). We use the Tsyganenko model to illustrate
that the outer magnetosphere was compressed, even un-
der very quiet conditions. Correct interplanetary data are
needed to map the “minimum B pockets” more accurately.

These waves are nearly parallel propagating and are pre-
sumably generated close to the GEOTAIL location at large
L in the vicinity of the near-equatorial magnetopause. Tim-
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ing of the chorus observation correspond roughly to time
delays of substorm electrons drifting from the midnight sec-
tor. There is a possibility that magnetospheric compression
due to the solar wind ram pressure enhances chorus genera-
tion at large L-shells (Zhou et al., 2003). Chorus can be in-
tensified by drift-shell splitting. These mechanisms require
further studies.

Chorus emissions show distinct fine structure with wave
packets separated by intervals of noise (Santolik et al.,
2003). We apply FFT and Morlet wavelet transforms to
estimate spectral wave intensities for a wave packet or sub-
element and the whole element. It is shown that the chorus
emissions have higher intensities (>10−3 nT2) inside sub-
elements compared to the average intensity of the whole
element by the factor of ∼8.
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The F2 layer peak plasma density Nm F2 is reduced by the factor constructed from the relative changes in the
Sun’s zenith angle χ for a particular local time and the local noon value χ0. Proposed transformation yields
a proxy for the peak plasma density which coincides with the source observation at noon but apart from the
latter is gradually reduced towards the night. Hourly observations at 8 ground based ionosondes for the solar
maximum (2000) and minimum (2006) are analyzed for inter-stations and inter-seasonal correlation of the peak
plasma density and the proxy values. The proxy values show improved correlation between the data at different
locations and improved inter-seasonal correlations for a particular location due to greater homogeneity of results
throughout the year contributing to improved evaluation of the ionospheric weather indices.
Key words: Ionosphere, plasma density, solar zenith angle.

1. Introduction
Diurnal and seasonal changes of the plasma density and

temperature in the ionosphere depend directly on the illu-
mination of the upper atmosphere by the Sun. The fea-
tures of the peak plasma density, Nm F2, m−3, proportional
to square of the ionospheric critical frequency fo F2 can be
made more uniform if the effect of the solar grazing inci-
dence on the plasma density in the F region could be re-
duced with a proper transformation.

Earlier, the relevant relations of the noon F2 layer criti-
cal frequency have been investigated for the magnetic con-
jugate locations at the ends of the magnetic line of force
assuming that daytime temperature of the neutral gas is
proportional to the cosine of the Sun’s zenith angle at lo-
cal noon (Rotwell, 1962). The correction factor deduced
for such relation, so called “M-factor” has been used for
constructing the global model of the noon fo F2 critical fre-
quency from the data of global network of ionosondes (Be-
sprozvannaja, 1970, 1987) and the monthly ionospheric in-
dex M F2 (Mikhailov and Mikhailov, 1995). However, this
approach is valid only for the local noon while relevant
transformation for all times throughout the day is required.

The solar zenith angle determines proportions of daytime
and nighttime conditions in the ionosphere at different alti-
tudes over the Earth (Gulyaev and Gulyaeva, 1984) with
relevant plasma density and temperature controlled by the
energy transmitted from the Sun in the form of an electro-
magnetic wave radiation in the UV/EUV ranges to the up-
per atmosphere (Chapman, 1931). The solar zenith angle
dependence as predicted by the Chapman ionization theory
cannot thoroughly explain spatial and temporal variations
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of the ion density by the factors such as plasma produc-
tion due to UV/EUV alone, differential loss due to varying
recombination rate, transport, neutral winds, atmospheric
composition. The energy input from the magnetosphere in
the form of electric fields and charged particle precipita-
tion due to the solar wind also contributes significantly to
the changes of the peak plasma density (Lal, 1997). If the
dominant effect of the solar zenith angle on the ionospheric
plasma density could be reduced by a proper transforma-
tion, an improved metric of the solar-controlled behaviour
of the plasma around the peak of the F2 layer can be ob-
tained.

In the present paper, the variations in the Sun’s zenith
angle are used to produce a proxy for the peak plasma den-
sity, Np F2, by multiplying the observed peak plasma den-
sity Nm F2 by a factor related with the solar zenith angle χ at
a particular time and the local noon value χ0. This process
is evaluated with the data of eight ground based ionosondes
at solar minimum (2006) and maximum (2000) to illustrate
the advantages of the reduced peak plasma density as com-
pared with the source observations that will be useful for
applications in the ionosphere modeling and forecasting.

2. Technique of Inversion of the F2 Layer Critical
Frequency by the Solar Zenith Angle

The solar zenith angle χ reaches peak at the local mid-
night tending to a minimum at the local noon. Impact of the
local conditions of the Sun’s illumination can be excluded
by normalizing the peak plasma density Nm F2 by the solar
zenith angle χ in radians. Change of the normalizing fac-
tor 1/χ from day to night is shown by the dashed line with
triangles in Fig. 1.

The multiplier 1/χ is larger when the solar zenith angle
gets smaller and in the limit of noon between the north and
south tropics as χ approaches zero, 1/χ tends to infinity.
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Fig. 1. Correction factor deduced from the solar zenith angle.

To avoid this singularity, we introduce the second order
polynomial approximation of the best least square fit to 1/χ

for the angles of χ > 1 rad. as follows:

z(χ) = γ (x2 − βx + α) (1)

where x = χ◦/100, α = 3.8749, β = 3.5402, and γ =
0.4444 and z(χ) is given in solid line in Fig. 1.

Multiplying Nm F2 by the coefficient z(χ) yields reduced
nighttime and sunrise/sunset values but tends to increase the
daytime values, particularly in summer towards the equator
when z � 1. To equilibrate such opposite effects for day
and night we replace multiplier in Eq. (1) by the normaliz-
ing factor C(χ, χ0) equal to the ratio of the coefficient of
Eq. (1) for given local time to the value for local noon:

C(χ, χ0) = z(χ)/z(χ0). (2)

With the normalizing factor defined in terms of coef-
ficients α and β we obtain the proxy Np F2 for the peak
plasma density Nm F2 by multiplying the latter by C(χ, χ0):

Np F2 = C(χ, χ0) × Nm F2. (3)

The resultant Np F2 coincides with the source value Nm F2

at noon (C0 = 1) but it is essentially reduced towards
the night when coefficient C(χ, χ0) tends to zero depicting
a reduced maintenance of nighttime ionization compared
with its noon value. Thus, all regularities of the noon peak
plasma density Nm F2 (Besprozvannaja, 1987; Williscroft
and Poole, 1996) are valid for Np F2. However the reduced
values of Np F2 at other times are significantly changed.

3. Validation of the Proxy for the Peak Plasma
Density with Ground Based Ionosonde Data

The above transformation is applied to daily-hourly ob-
servations at 8 ionospheric stations listed in Table 1 for the
solar maximum (2000) and minimum (2006). The solar
zenith angle was calculated for given day of year, geode-
tic coordinates of ionosonde site and local time with the
standard subroutine SOCO (McNamara, 1986) of the Inter-
national Reference Ionosphere code (Bilitza, 2001).

Figure 2 shows the monthly median at Chilton for the
source Nm F2 and reduced Np F2 for 4 seasons during the

Table 1. Geodetic and geomagnetic coordinates (latitude and longitude)
of the ionosonde stations providing data used in the present paper.

Geodetic Magnetic

Station Lat Lon Lat Lon
◦N ◦E ◦N ◦E

Sodankyla 67.4 026.6 63.6 120.8

Julius-Rugen 54.6 013.4 54.3 099.7

Chilton 51.6 358.7 54.1 083.2

Moscow 55.5 037.3 50.4 123.2

Tortosa 40.4 000.3 43.6 080.9

Rome 41.8 012.5 42.3 093.2

El Arenosillo 37.1 353.3 41.4 072.3

Wakkanai 45.4 141.7 35.5 207.3

Fig. 2. Monthly median of observed peak plasma density Nm F2 at Chilton
and proxy Np F2 reduced by the solar zenith angle for four seasons at the
solar minimum 2006.

solar minimum: spring (March), summer (June), autumn
(September) and winter (December) 2006. The source me-
dian and the proxy median coincide at noon. The diur-
nal curve of Np F2 become rather uniform throughout the
year gradually reduced from day to night which corresponds
to reduced income of the ionizing radiation from the Sun
(Gulyaev and Gulyaeva, 1984). The sunrise minimum of
Nm F2 is smoothed in the diurnal change of Np F2. The di-
urnal variation is particularly improved at summer when it
became similar to Np F2 variation for other seasons.

The hourly values of Nm F2 and Np F2 for four seasons are
used for each pair of stations of Table 1 and the mean of all
correlation coefficients are computed. In Table 2, the inter-
location correlation coefficient r2 is presented for selected
months at solar maximum (2000) and minimum (2006).
Improved correlation between the stations data is obtained
with the proxy values in all cases. The most appreciable
improvement of r2 is obtained for the summer solstice when
the dominant is daytime process of the ion production due
to solar illumination during the day.

While the improvement in the correlation of the data from
different stations has been the primary goal of implementa-
tion of Eq. (3), the results reveal also an improved the inter-
seasonal correlation coefficient r1 for each station in Ta-
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Table 2. Mean inter-station correlation coefficient for observed Nm F2
and proxy Np F2 for the peak plasma density at solar maximum and
minimum for four seasons/months.

Year 2000 2006

Month Nm F2 Np F2 Nm F2 Np F2

03 0.841 0.906 0.801 0.888

06 0.521 0.834 0.478 0.802

09 0.653 0.814 0.771 0.883

12 0.827 0.881 0.756 0.856

Table 3. Inter-seasonal correlation coefficient averaged for all stations for
Nm F2 and Np F2 at solar maximum (2000) and solar minimum (2006)
for two pairs of months.

Year 2000 2006

Months Nm F2 Np F2 Nm F2 Np F2

03∼12 0.824 0.938 0.641 0.880

06∼09 0.298 0.858 0.528 0.885

Fig. 3. Inter-seasonal relation for September versus June 2006 for ob-
served peak plasma density Nm F2 (upper panel) and for proxy Np F2
(lower panel) at Wakkanai.

ble 1. The averages of the correlation coefficients r1 are pro-
vided in Table 3 for all stations referring to selected months
of March–December and June–September at the solar max-
imum and minimum. The proposed technique brings im-
proved inter-seasonal correlations for Np F2 as compared
with Nm F2, particularly, for the June–September pair of
months due to the most appreciable changes in Np F2 for
the summer solstice.

Figure 3 illustrates inter-seasonal relation for June–
September at Wakkanai between the hourly values of Nm F2

(upper panel) and Np F2 (lower panel) at solar minimum,
2006. It is evident that regression between the data for 2
different seasons (summer and equinox) is improved in the
proxy data set as compared with the observed Nm F2. It is
expected that proposed transformation of the F2 layer peak
density depicting more uniform daily/seasonal variation as
compared with the observations would be helpful for the
modelling and forecasting purposes than the more sophis-
ticated day-to-day and hour-to-hour changes of the source
Nm F2 data.

The advantages of the proposed approach proved to be
useful for reconstruction of missed ionosonde observations
of the critical frequency fo F2 with the data of another sta-
tion using the cloning technique discussed in (Gulyaeva et
al., 2008) so that the complete daily/hourly data sets for se-
lected location/season/month are available for derivation of
the ionospheric weather indices.

4. Conclusion
In this study, a new technique for obtaining a proxy for

the ionospheric peak plasma density is proposed. The cor-
rection factor depends on ratio of the solar zenith angle at
the time of observation to its local noon value. The noon
values of the normalized peak plasma density coincide with
observations of Nm F2 but Np F2 is gradually reduced from
day to night throughout the year for all observations ana-
lyzed at eight ionospheric stations for the maximum and
minimum of solar activity. The normalization of the peak
plasma density improves not only the correlation coefficient
between the data of different stations but also the inter-
seasonal correlation for the data of a particular station.

The proposed technique of inversion of the peak plasma
density by the solar zenith angle presents physically justi-
fied replacement of the variable by a proxy value of signif-
icantly improved characteristics. The proposed proxy pa-
rameter exhibits diurnal/seasonal homogeneity of the peak
electron density which is one of the key parameters of mod-
ern ionospheric models.
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To cater to the needs of aviation applications, GPS Aided GEO Augmented Navigation (GAGAN) system is
being implemented over the Indian region. The most prominent parameter affecting the navigation accuracy of
GAGAN is ionospheric delay which is a function of TEC. In the equatorial and low latitude regions such as
India, TEC is often quite high with large spatial gradients. Carrier phase data from the GAGAN network of
Indian TEC Stations is used for estimating ionospheric gradients in multiple viewing directions. Rate of TEC
(ROT) and Rate of TEC Index (ROTI) are calculated to identify the ionospheric gradients. Among the satellite
signals arriving in multiple directions, the signals which suffer from severe ionospheric gradients are identified
and avoided for improving GAGAN positional accuracy. The outcome of this paper will be helpful for improving
GAGAN system performance.
Key words: GAGAN, ionospheric gradients, ROT, ROTI.

1. Introduction
The Global Positioning System (GPS) is a navigation

system which provides continuous positioning and timing
information under all weather conditions. As the accuracy
of the stand alone GPS is not sufficient for category I (CAT-
I) precision approach, Space Based Augmentation Systems
(SBAS) are evolved to cater to the needs of aviation applica-
tions. GPS Aided GEO Augmented Navigation (GAGAN)
is one such system planned in India. The most prominent
error affecting the accuracy of GAGAN is the ionospheric
delay. The ionosphere is decorrelated with distance and as
well as with time causing anomalies. For reliable commu-
nication, navigation and surveillance systems, ionospheric
gradients need to be thoroughly investigated for improving
the performance. The purpose of the gradients is to identify
the satellite signals, which are gradient-free in their direc-
tion of propagation. As a result, precise TEC data can be
obtained from among the visible satellites in multiple di-
rections. To achieve this objective, initially the satellite sig-
nals which do not severely suffer from the gradient effects
are identified. Subsequently, among the identified satellite
signals the best four are considered for accurate positional
information using the Dilution of Precision (DOP) approach
(Parkinson et al., 1996). Jean-Marie (2006) referred DOP
as the effect of ‘geometry of satellites’ on measurement ac-
curacy. Gang et al. (2003) have proposed a new method
‘Cumulative sum’, which quickly and reliably detects small
but hazardous gradients for Local Area Augmentation Sys-
tem (LAAS) scenario. Walter et al. (2004) reported the ef-
fects of large ionospheric gradients on single frequency air-
borne smoothing filters for Wide Area Augmentation Sys-
tem (WAAS) and LAAS, and also their mitigation tech-
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niques. Warnant and Pottiaux (2000) also made an attempt
to identify possible correlations between the ionospheric ac-
tivity and unidentified problems in GPS data processing by
duly detecting the travelling ionospheric disturbances. In
this paper the estimated ROT and ROTI (TECu/min) of all
visible satellites are used to identify signals which suffer
from severe ionospheric gradients.

2. Results and Discussion
In the GAGAN network 20 TEC stations are installed

to monitor the ionospheric behavior. The data from one
of these TEC stations (Lucknow, Lat. 26.76◦N, Long.
80.88◦E) is used for this analysis. The processed GPS data
contains 23 parameters. Out of these only seven parameters,
namely user position, PRN number of satellite, GPS week
number, GPS seconds of the week, elevation angle, azimuth
angle and TEC are used in the analysis.

Several days of data corresponding to both quiet and
disturbed days are analyzed. However, in this paper the data
from various visible Satellite Vehicles (SVs) corresponding
to a typical disturbed (7 < KP < 8) day (25th July, 2004)
is processed and analyzed for identifying the ionospheric
gradients. The sampling rate of data is 1 minute.

The rate of change of the ionospheric delay (ROT) due to
satellite signals received at the receiver is given as (Warnant
and Pottiaux, 2000)

ROTk
u(ti ) = TECk

u(ti ) − TECk
u(ti−1)

ti − ti−1
(TECu/ min). (1)

Where ROTk
u(ti ) = Rate of TEC estimated at time epoch ti

by receiver (u) on satellite (k), TECk
u(ti ) and TECk

u(ti−1) =
Total Electron Content measured by receiver (u) on satellite
(k) at epoch ti and epoch ti−1 respectively.

ROT is a function of Kp, viewing direction and magnetic
activity. Secondly, these ROT values are converted from
slant to vertical using a standard mapping function M(E)
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(a)

(b)

(c)

Fig. 1. Variation of vertical ionospheric gradient for all visible multiple
viewing satellites based on Lucknow GAGAN network TEC stations
(25th July, 2004) over a local time period (17:00–19:00 Hrs).

(Guochang, 2003)

M(E) =
{

1 −
(

RE

RE + h

)2

cos2 E

}1/2

. (2)

Where E = Elevation angle at the reference station

(in degrees),

h = Altitude of the ionospheric shell above the

surface of the Earth (350 Km)

RE = Earth radius (6378 Km).

The slant ROT is averaged over 10 minutes to obtain

(a)

(b)

(c)

Fig. 2. Variation of ROTI for all visible multiple viewing satellites based
on Lucknow GAGAN network TEC stations (25th July, 2004) over a
local time period (17:00–19:00 Hrs).

〈ROT〉. ROTI is standard deviation of ROT and is given
as (Krankowski et al., 2005)

ROTI =
√〈

ROT2
〉 − 〈ROT〉2 (TECu/ min) (3)

ROTI measurements can be used to predict the presence of
ionospheric scintillation also (Basu et al., 1999). Its values
signify the presence of only temporal gradients. In order
to identify spatial gradients, Jiyun et al. (2006) proposed a
‘Time step method’. By considering the distance between
the Ionospheric Pierce Point (IPP) at epoch ti and IPP at
epoch ti−1, the vertical ionospheric gradient (σVIG) is esti-
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mated as

σ k
u VIG(ti ) = TECk

u(ti ) − TECk
u(ti−1)

Dti ,ti−1

(mm/Km). (4)

Where Dti ,ti−1 = Distance between the IPPs corresponding
to time epochs ti and ti−1.

As the delays due to different epochs were considered
and divided by the corresponding separation, the estimated
σVIG is a combination of both temporal and spatial gradi-
ents.

The typical data from various visible satellites corre-
sponding to two hours (Local time: 17:00–19:00 Hrs) are
processed and analyzed. Variations of σVIG with respect
to local time are presented for selected visible satellites
(Fig. 1). At 17.08 Hrs, eight satellites are visible. After
about 17.74 Hrs, SV 20 and after 17.91 Hrs, SV 16 have
gone out of sight and only six satellites are visible. After
about 18.24 hours, the SV 8 has come in to line of sight to
reference station. Hence, there exists a corresponding trace
of ROTI curve after 18.24 hour onwards. From the data, it
is evident that, at any point of time GPS receiver is in line of
sight with a minimum six and a maximum eight satellites.
To investigate the effect due to temporal gradients, variation
of ROTI with respect to local time is presented for all vis-
ible satellites (Fig. 2). It is shown that for the entire time
period ROTI and σVIG for SVs 1, 13, 16, 19, 20, 23 and 27
has not exceeded the maximum values of 0.085 TECu/min
(PRN 16) and 0.177 mm/Km (PRN 27) respectively. Fur-
ther, there are no abrupt changes in the plots. It signifies that
impact of ionospheric anomalous activity (7 < Kp < 8) on
different viewing SVs has the similar effect. Except for a
few epochs, SVs 3 and 8 also show similar trend. At local
time of 18.41 Hrs, both ROTI (0.1238 TECu/min) and σVIG

(0.4047 mm/Km) are identified to be the maximum due to
PRN 8. From both Figs. 1 and 2, it is observed that, the plots
exhibit similar trend. It signifies that even though σVIG is a
combination of both temporal and spatial gradients, the role
of temporal gradients seem to be predominant. The reason
for this could be less spatial variation between the succes-
sive IPPs. This is in turn based upon the radial movement of
satellite (angular velocity of approx. 3.9 Km/sec) and user.

On estimation of gradients an attempt is made to improve
the accuracy and integrity of user position. As example es-
timation, a time epoch of 17.08 Hrs is considered. Out of all
the visible satellites, σVIG values of SV 3 (0.2378 mm/Km)
and SV 27 (0.1777 mm/Km) are found to be relatively
higher than the rest of the SVs. Therefore, the signals from
these two SVs are avoided. Consequently, among the avail-
able SVs, only six will remain. Among these six SVs, the
best four are chosen, based on DOP geometry for accurate
position estimation. Since there are six visible satellites
DOP geometry is to be checked only for 15 combinations

of four satellites. In this way we are able to avoid the sig-
nals affected by ionospheric gradients and also minimize
the DOP computations from 70 to 15 for selection of the
best 4 SVs.

3. Conclusions
In order to provide accurate position as well as integrity

information, investigation of ionospheric gradients is nec-
essary for GAGAN applications. The outcome of this work
can be extended for the LAAS system for improving perfor-
mance of Required Navigation Performance (RNP) param-
eters viz. accuracy, availability, integrity and continuity to
achieve CAT II accuracy requirement of civil aviation appli-
cations. This paper emphasizes that, precise estimation and
identification of ionospheric gradients over a low latitude
region is necessary to achieve better accuracies. This will
help to identify relatively gradient-free propagation paths,
among the multiple viewing directions of satellites. Subse-
quently, among the available satellite signals the best four
can be chosen to achieve best DOP value for improving po-
sitional and integrity information.
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We investigated failures in the GPS performance produced by extremely dense solar radio burst fluxes asso-
ciated with the intense (X3.4 in GOES classification) solar flare and Halo CME recorded by SOHO/LASCO on
December 13, 2006. According to substantial experimental evidence, high-precision GPS positioning on the en-
tire sunlit side of the Earth was partially disrupted for more than 12–15 min; the high level of GPS slips resulted
from the wideband solar radio noise emission. Our results are in agreement with the data obtained recently for the
extreme solar radio burst on December 6, 2006, and provide a sound basis for revising the role of space weather
factors in the functioning of state-of-the-art satellite systems and for taking a more thorough account of these
factors in their development and operation.
Key words: Solar flares, solar radio emission, GPS, GLONASS, GALILEO.

1. Introduction
Strong solar activity observed on December 6 and 13,

2006; i.e., during the solar cycle 23 minimum, was ab-
solutely unexpected. Its study and analyses of the conse-
quences for the space environment are not complete yet.
This kind of solar activity is of great interest not only to as-
tronomers and radio astronomers, but to other scientists and
engineers, as well. The broadband solar radio emission fol-
lowing the flare exceeded powerful solar radio bursts in all
known flares by at least two orders of magnitude (Cerruti et
al., 2006a, b; Carrano et al., 2007; Carrano and Bridgwood,
2008; Gary, 2008).

The powerful solar radio burst (SRB) on December 6,
2006, led to failures in the functioning of wideband satellite
radio systems including the GPS. The functioning failures
and deep damping of GPS signals were registered at certain
standard GPS receivers and specialized monitors of iono-
spheric scintillations in the L range (Cerruti et al., 2006a, b;
Carrano et al., 2007; Carrano and Bridgwood, 2008; Kint-
ner, 2008). However, worldwide failures of the GPS due to
extreme solar activity in December 2006 are still a matter
of debate. Meanwhile, this problem is of doubtless scien-
tific and practical interest as regards to the estimation of the
space weather effect on the functioning of one of the most
powerful and reliable satellite systems considered practi-
cally impregnable. Using data from the global network of
dual-frequency GPS receivers, Afraimovich et al. (2007)
found significant evidence that the high-precision GPS po-
sitioning on the entire sunlit side of the Earth was paralyzed
for more than 10 minutes on December 6, 2006.

There are many published papers regarding the GPS fail-

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

ure during the 2006 December 6 SRB (see References). But
we do not know any publications on the GPS failure during
the 2006 December 13 powerful SRB, although the radio
flux F(t) was strong enough for both bursts. In this study,
we investigate global failures of the GPS performance due
to the 2006 December 13 SRB.

2. The Solar Radio Bursts on 13 December 2006
(Concise Description)

Complex, and especially large, microwave bursts were
recorded from 02:21 to 04:37 UT, exhibiting weakening
with time. A type II burst (02:27–02:44 UT) was followed
by a type IV radio burst that ended at 10:12 UT (signatures
of wideband solar radio noise emission and disturbances of
the solar corona). This radio emission is associated with
X-type flare and Halo CME. The latter commenced at
02:18:30 UT (first seen by the LASCO C2 at 02:54 UT and
by the LASCO C3 at 03:18 UT; the C3 occulting disk was
fully surrounded by 03:42 UT, the mean plane-of-the-sky
speed was ∼1440–1800 km/sec). The events with MHD
fast-mode shock wave (type II) and plasmoid ejection (Halo
CME) are confirmed by observations with the EUV Imag-
ing Spectrometer on-board the Hinode satellite (Asai et al.,
2008). Such radio emission was associated with an X-type
flare, proton storms, and Halo CME. The said events started
and developed at different time intervals and stages of the
flare and at different heights in the solar atmosphere.

The flare occurred at the apparent collision site between
the large opposite polarities of the umbral magnetic field
of AR 10930. The polarity inversion line at the collision
site became very complicated and unsteady due to highly
sheared magnetic fields caused by the rotation and W-to-E
motion of emerging fluxes. The fine structure of magnetic
fields at the flare site changed with time: some parts of
the complicated polarity inversion line disappeared, and
then the azimuthal angle of the magnetic fields changed
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Fig. 1. The relative number of GPS sites W (t) where the 30-s count omis-
sions were observed during December 13, 2006, solar radio bursts: (a)
the flux F(t) of the RHCP radio emission observed by the Nobeyama
Radio Polarimeters at 1 GHz and at 2 GHz; thick gray line and black
line, respectively; logarithmic scale. The vertical dashed lines corre-
spond to the centre of time intervals A and B. About the marks A and
B look in the text. (b) region R3, Australia; region R0, GPS world net-
work, and region R1, Western Asia, gray line, thick gray line and black
line, respectively, all PRN; (c) region R0, GPS world network, PRN
13 and 28, thick gray line and black line, respectively; (d) region R2,
GEONET, PRN 13 and 22, thick gray line and black line, respectively;
(e) time dependences of elevation angle θ(t) for different PRN and se-
lected GPS sites KARR, ALIC, TOW2, region R3, Australia (dots);
empty time intervals correspond to the count omissions.

by ∼90◦ in those areas, becoming more spatially uniform
within the collision site (Kubo et al., 2007; Su et al.,
2007). In such circumstances the Right Hand Circular
Polarization (RHCP) of microwave bursts can only be
registered in certain intervals of the flare time. This was
clearly confirmed by observations of total fluxes and
circular polarity at the Nobeyama Radio Polarimeters
(see Fig. 1(a)) and fixed-frequency observations of total
fluxes in other observatories (RSTN Learmonth, Palehua,
http://www.ngdc.noaa.gov/stp/SOLAR/ftpsolarradio.html).
Moreover, the circular polarity of microwave bursts during
the X3.4 flare in December 2006 could also change due
to the reversal of the circular polarity sign when the radio
emission was propagating across a fragmented magnetic
field.

This study is focused on the microwave band of two

GPS frequencies ( f1 = 1575.42 MHz and f2 = 1227.60
MHz) at 2:20–2:28 UT (corresponding to the type II ra-
dio burst) and 3:30–3:38 UT (corresponding to the type IV
radio burst). Klobuchar et al. (1999) predicted that solar
radio bursts could affect GPS performance if a solar flux
was sufficiently large in the L band frequency range and
had a RHCP—to which polarization GPS antennas are re-
ceptive. Therefore it is important first to know data of so-
lar radio flux with RHCP, especially near the auxiliary GPS
frequency f2 (see below Section 5.2).

Data from the Nobeyama Radio Polarimeters (http://
solar.nro.nao.ac.jp/norp/html/event/20061213 0247/) show
that the RHCP solar radio emission on December 13, 2006
exceeded 1.47·105 sfu at 1 GHz at 02:28:09 UT, exceeding
2.57·105 sfu at 2 GHz at 03:35:51 UT (Fig. 1(a), thick gray
line and black line, respectively). The sharp impulses of the
solar radio flux can be noted in the first interval, 02:20 to
02:28 UT (symbol A), and in the second interval, 03:30 to
03:38 UT (symbol B). The vertical dashed lines correspond
to the centre of time intervals A and B.

3. Method for GPS Data Processing
We use the GLOBDET software developed at the

ISTP SB RAS to treat GPS data from the global net-
work of dual-frequency receivers (Afraimovich et al.,
2000; Afraimovich, 2000). Our database of the GPS
network’s RINEX files includes data from over 1500
GPS sites (http://sopac.ucsd.edu/other/services.html). We
also complement data from the Japanese GPS network
GEONET (about 1225 sites in all) (ftp://terras.gsi.go.jp/
data/GPS products/). At present, it is the largest regional
GPS network in the world.

Figure 2 presents the geometry of the global network
of GPS receivers in the Earth sunlit side ((a), (b), gray
circles) and GEONET geometry ((b), black triangles) on
December 13, 2006. The names of the sites are not given,
for reasons of space. It is clear that the level of solar noise
interference depends on the Sun zenith angle χ (Carrano
et al., 2007). We have examined this dependence. The
rectangles mark different regions (R0–R3) with different
zenith angles χ . Asterisks show the location of sunlit points
for December 13, 2006, at 02:30 and 03:30 UT. The bold
triangles on Fig. 2 (region R3, Australia) mark selected GPS
sites KARR, ALIC, TOW2.

In order to estimate the GPS performance we used dif-
ferent methods for processing RINEX files described by
Afraimovich et al. (2002). For all n lines of sight (LOS)
between the GPS world network receivers and satellites we
calculate the relative number of GPS sites W (t)%, where
the 30-s count omission for GPS satellites with their pseudo
random noise (PRN) code number (Hofmann-Wellenhof et
al., 1992) was simultaneously observed at two GPS fre-
quencies f1 and f2.

In addition, for all LOSs between GEONET/GPS re-
ceivers and PRN, we calculated the relative density Q(t)%
of measurement slips of main GPS-signal parameters: L1,
L2 are the phase delay, and P1, P2 the group delay for f1

and f2, respectively. A measurement slip was registered
when the current 30-s count of corresponding GPS parame-
ters equaled zero or the current 30-s count of all parameters
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Fig. 2. The geometry of global network of GPS receivers in sunlit side
of the Earth ((a), (b), gray circles) and GEONET geometry in Japan
((b), black triangles). The names of the sites are not given for reasons
of space. The rectangles mark different region (R0–R3) with different
Sun zenith angles χ . Stars at Australia map R3 show the location of the
sunlit points for December 13, 2006, on 02:30 and 03:30 UT; the bold
triangles mark selected GPS sites KARR, ALIC, TOW2.

was entirely absent. The measurement slip of L2 and P2

implies an impossibility of precise positioning in the dual-
frequency mode; hence an incorrect determination of co-
ordinates is possible in single-frequency mode. However,
positioning in general is impossible if the signal at one
of the GPS frequencies is not registered at all (Hofmann-
Wellenhof et al., 1992).

We also defined the corresponding maximum values
Wmax% and Qmax%. The time resolution of the W (t) de-
pendence, 30 s, allowed us to compare in detail the W (t)
and Q(t) values with those of the solar radio emission flux.
We obtained data for all LOSs with an elevation angle θ be-
tween the direction along the LOS and terrestrial surface at
the reception site of over 5◦.

4. Results
Figure 1(e) illustrates the process of registering the 30-s

count omission for different PRN and selected GPS sites—
KARR, ALIC, TOW2—located near sunlit points corre-
sponding to 02:30 and 03:30 UT (Fig. 2, region R3, Aus-
tralia). Each time dependence of the elevation angle θ(t)
is labeled with the GPS site and PRN name; empty time

Fig. 3. The relative density of slips of phase (L) and group (P) GPS delay
measurements Q(t) during the solar radio burst on December 13, 2006;
GEONET, Japan; L1, L2—(b), (a); and P1, P2—(d), (c), respectively.
GPS signal parameters registered by TRIMBLE-5700 receivers (thin
black lines) and by TRS-LEGACY receivers (thick gray lines). For
TRS-LEGACY parameters L1 and P1 number of slips Q(t) = 0 during
whole duration of radio burst.

intervals correspond to count omissions.
One can see that for a low elevation angle θ < 30◦

the count omissions coincide with the impulse SRB during
periods A and B (ALIC-01, ALIC-13, ALIC-27, KARR-13,
KARR-27, TOW2-01). There are no count omissions for a
high elevation angle θ (ALIC-20, KARR-20).

Figure 1 shows the dependence of count omissions in
GPS measurements upon the Sun zenith angle χ during the
2006 December 13 SRB. The total count omissions W (t)
for all registered PRN are presented in panel (b) for region
R1 (black line, 80◦ > χ > 90◦; n = 51), for region R0

(thick gray line, 0◦ > χ > 90◦; n = 587 GPS sites), and
for region R3 (gray line, 0◦ > χ > 10◦; n = 119). The
maximum Wmax values of over 62% and 18% were recorded
for 0◦ > χ > 10◦, and 80◦ > χ > 90◦, respectively. There
was a wide range of zenith angles χ for the entire region R0,
but even for this region the maximum Wmax values exceeded
37%, since the zenith angle χ did not exceed 50◦ for most
of the GPS world network sites.

Figure 1(c) and (d) give the W (t) time-dependences
for satellites with selected PRN registered from 02:15 to
03:45 UT. Maximum Wmax values for region R0 can be
as high as 50% (panel (c)) and 48% (PRN28, n = 16; and
PRN13, n = 43, respectively). In region R2 (panel (d), χ ∼
60◦), Wmax is 19% and 8% (PRN22, n = 405; and PRN13,
n = 255, respectively).

A sharp increase in count omissions completely coin-
cides with the impulse SRB not only during periods A and
B, but also, to a lesser extent, at 02:45–03:20 UT (Fig. 1).
Comparison of the time dependence of count omissions
W (t) for the high zenith angle 0◦ > χ > 10◦ to that for
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the intensity of RHCP radio emission F(t) at frequencies
1 GHz and 2 GHz demonstrate a close similarity between
these dependences (Fig. 1(a, b)). It is also necessary to note
that the threshold ε, at which GPS receiver failures occur at
high zenith angle, does not exceed 20,000 sfu (as indicated
by a horizontal line in panel (a)).

A comparison between different types of GPS receivers’
response to wideband solar radio emission impact is of
great interest. The dense network of GEONET GPS re-
ceivers, equipped with 1200 TRIMBLE-5700 and 25 TRS-
LEGACY receivers, is best suited for this purpose. Since
the entire network is expanded over a rather small area, all
the receivers were under similar influence of the solar radio
noise emission during the extreme solar activity on Decem-
ber 13, 2006. Figure 3 presents the relative density Q(t) of
measurement slips for the L1, P1, L2, P2 parameters regis-
tered by TRIMBLE-5700 (black lines) and TRS-LEGACY
receivers (thick gray lines) on December 13, 2006. It is ob-
vious that significant measurement slips for the main GPS
signal parameters were registered by TRIMBLE-5700 re-
ceivers not only at the auxiliary frequency f2(L2), but at
the basic GPS frequency f1(L1) as well. Nevertheless, sig-
nificant measurement slips for the main parameters were
detected by TRS-LEGACY receivers at the auxiliary fre-
quency f2 only. For TRS-LEGACY, the number of L1 and
P1 slips was nil during the entire radio burst.

5. Discussion
There are some peculiarities in the time dependencies

of count omissions and measurement slips for GPS-signal
parameters we obtained:

5.1. Count omissions in GPS measurements increase as
the line-of-sight elevation angle decreases. A monotonous
reduction in signal level is associated with increasing
satellite-to-receiver distance. Under usual conditions, addi-
tive noise in ∼40 dB is below the level of signals, as a result
of correlation processing of broadband signal in the receiver
(Hofmann-Wellenhof et al., 1992; ICD-200c). During pow-
erful solar radio bursts, noise level at low elevation is higher
than the signal, which causes failures in phase tracking of
the GPS signal. Besides, according to the said mechanism,
the dependence of density of the maximum count omissions
is not proportional to the maximum radio emission power. It
is likely to be determined by the signal-to-noise ratio thresh-
old that may differ for different GPS receivers.

5.2. The GPS measurement count omissions at the auxil-
iary frequency f2 essentially exceed those for the basic GPS
frequency f1. A lower signal/noise ratio at f2 is primarily
due to the fact that the f2 power at the GPS satellite trans-
mitter output is 6 dB less than that of the basic frequency
f1 with the C/A code (ICD-200c). Similar correlations of
the effective radiated power of f1 (30 watt) and f2 (21 watt)
signals are also typical of the Russian GLONASS system
(Perov and Kharisov, 2005).

Phase tracking slips of the f2 GPS signal may also be
caused by lower signal/noise ratio when we use commer-
cial noncoded receivers for f2 installed at the global GPS
network stations. These receivers have no access to the
military “Y” code, and have to use the noncoded or semi-
noncoded mode of reception. As a result, the signal/noise

ratio at f2 is, at best, 13 dB lower than the mode of fully
coded reception. Thus, the difference in signal powers at f1

and f2 for commercial receivers may exceed 10 dB, which
may lead to a slip density increase at f2 owing to the in-
fluence of additive interference, but different types of GPS
receivers respond differently to this interference.

5.3. The maximum values of W (t) for the time interval
A are lower than those for B, while the radio flux F(t)
is also strong enough for both. It is quite natural, since
strong bursts of solar radio emission at two GPS frequencies
occurred simultaneously only during the time interval B,
not A (Fig. 1(a)). Therefore the probability of the GPS
count omissions is higher for the time interval B than for
A (see Section 2).

5.4. The maximum values of Qmax% for L2 and P2 for
TRIMBLE-5700 receivers for the time interval A are higher
than those for B, while the opposite is true for the L1 and
P1 parameters. On the other hand, the maximum values of
L2 and P2 TRS-LEGACY receivers for the time interval
A are lower than those for B. The main reason for this
discrepancy are different characteristics of hardware and
software components in different GPS receivers.

5.5. Besides, the maximum values Qmax% of all L1, P1,
L2, P2 parameters are higher than those of count omissions
Wmax%. It is quite natural, since W (t) is registered for the
count omission only, whereas Q(t) includes not only the
count omission, but also the measurement slips of each of
the L1, P1, L2, P2 parameters (Section 2).

6. Conclusion
We found that high-precision GPS positioning on the en-

tire sunlit side of the Earth was partially disrupted dur-
ing the extreme solar-radio burst on December 13, 2006,
for more than 12–15 min; a high level of GPS slips re-
sulted from wideband solar radio noise emission. Our re-
sults agree with data obtained recently for the extreme solar
radio burst on December 6, 2006 (Cerruti et al., 2006a, b;
Afraimovich et al., 2007; Carrano et al., 2007; Carrano and
Bridgwood, 2008; Kintner, 2008).

We confirmed the results obtained by Carrano et al.
(2007) in that GPS failure does depend on Sun zenith an-
gle χ . An increase in count omissions at high zenith angles
χ (Fig. 1) testifies to the solar origin of interference (noise)
at two GPS frequencies. A growing number of failures with
increasing zenith angle is caused by an increase in atmo-
spheric losses.

We agree also with the conclusion by Chen et al. (2005).
Direct interference from SRB is not usually considered as
a potential threat to GPS signal tracing, since the flux den-
sity of most bursts is below the GPS f1 frequency threat
threshold of 40,000 sfu, proposed by Klobuchar et al.
(1999). However, analysis by Chen et al. (2005) revealed
that a much lower threshold (4,000–12,000 sfu) should be
adopted for codeless or semicodeless dual-frequency GPS
receivers. For SRB on December 13, 2006, the threshold ε,
at which GPS receiver failures occur at high zenith angle,
does not exceed 20,000 sfu (as indicated by a horizontal
line on Fig. 1(a)).

A more detailed analysis of space distribution of GPS
performance slips caused by strong solar radio bursts will
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be the subject of our future works. There are other dense
GPS networks, for example, the permanent Korean GPS
Network, KGN (Jin and Park, 2007). The accurately uni-
fied national GPS network with more than 2500 stations,
named “National 2000’ GPS Control Network”, has been
established by integrating the existing six nationwide GPS
networks of China (Yuanxi et al., 2007). A similar analysis
should be made for GPS failures during the 2006 December
13 powerful solar radio burst in the said regions.

Our results provide a serious basis for revising the role of
space weather factors in the functioning of modern satellite
systems and for taking a more thorough account of these
factors, in practice. Similar failures in the functioning of
satellite navigation systems (GPS, GLONASS, European
system GALILEO) may be fatal to operating safety systems
as a whole, leading to great financial losses. Another impor-
tant conclusion of our investigation is that continuous cali-
brated monitoring of the solar radio emission flux level by a
large number of solar radio spectrographs allows solar radio
noise level in the range of GPS-GLONASS-GALILEO fre-
quencies to be estimated. Indeed, strong solar radio bursts
can be applied as a global and free tool for testing satellite
broadband radio systems including GPS. We agree with this
conclusion by Gary (2008): “As our society becomes ever
more dependent on wireless technology, the effects of solar
radio bursts can be expected to appear more often. Mission-
critical systems should be designed with solar radio emis-
sion in mind. A warning system based on an improved set
of world-wide instrumentation could be implemented at rel-
atively low cost, taking advantage of new technology that
allows broadband digital signal measurements. Ultimately,
such extreme flux density bursts need to be studied at high
spatial resolution in order to better understand the condi-
tions leading to their occurrence, and ultimately to be able
to predict such events”.
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Aeronomic effects of the solar flares in the topside ionosphere
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We obtained that according to the GPS data at altitudes of the topside ionosphere (h > 300 km) a flare is able to
cause a decrease of the electron content. Using the theoretical model it is shown that the intense transport of O+
ions into the above-situated plasma caused by a sharp increase in the ion production rate and thermal expansion
of the ionospheric plasma is a cause of the formation of the negative disturbance in the electron concentration in
the topside ionosphere.
Key words: Solar flares, disturbances, ionosphere, GPS, modeling.

1. Observations of the TEC Variations during a
Powerful Flare on 14 July 2000

Phase measurements of GPS signals make it possible
to obtain variations of TEC along the receiver-satellite
path, Fitzgerald (1997), Hoffmann-Wellenhof et al. (1992),
Klobuchar (1986). Knowing variations in TEC, one is able
to evaluate the changes in the total electron content above
some given level, using the method based on the effects
of partial “shadowing” of the atmosphere by the globe,
Leonovich et al. (2002).

Now we consider the results of application of the method
fore-quoted to studies of the ionospheric effects of the pow-
erful solar flare X5.7/3B registered on 14 July 2000 at
1024 UT (N22W07) on the background of quiet geomag-
netic situation (Dst = −10 nT). Figure 1(a) shows the
time behavior of the energy flux of the soft X rays in the
0.1–0.8 nm range (the data from the GOES 10 satellite)
for the flare in consideration. Vertical dashed lines show
the beginning of the flare and the time when the X-ray flux
was maximal. The corresponding variations in TEC along
rays directed to the GPS satellites and crossing the shadow
boundary at various heights h0 during the flare are shown in
Figs. 1(b)–1(f).

One can see in Fig. 1(b) that the total electron content
within the entire ionosphere (h0 = 0) for the IRKT sta-
tion located in the sunlit hemisphere starts to grow from
the moment of the flare beginning (1012 UT) and lasts till
1036 UT. At the ray crossing the shadow region at a height
of 240 km (Fig. 1(c)), the TEC grow begins some time after
the flare beginning in the soft X-ray range. Similar picture is
seen at other rays satisfying the condition h0 < 380 km. At
the same time, for the rays with h0 ≥ 380 km (Figs. 1(d)–
1(e)) a decrease in the electron content above the h0 level
occurs after the flare beginning (1012 UT) and lasts till
1024 UT, i.e., till the moment of the flare maximum in the
soft X-ray range.

Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

Similar decrease in the electron content after the begin-
ning of a solar flare was detected in ionospheric observa-
tions using the incoherent scatter radar at Arecibo, Thome
and Wagner (1981). During two solar flares on 21 and 23
May 1967, negative disturbances of the electron concen-
tration with an amplitude from 3% to 10% were registered
within the height interval 280–600 km. The goal of this pa-
per is studying mechanism of electron concentration nega-
tive disturbances in the topside ionosphere caused by solar
flares.

2. Results of the Model Calculations of the Iono-
sphere Behavior during a Solar Flare

For studying physical processes governing ionospheric
effects of solar flares, we used the model of the ionosphere-
plasmasphere interaction, Krinberg and Taschilin (1984).
The model makes it possible to calculate time variations of
the ion composition, temperature, and also of the fluxes of
particles and heat in the conjugated ionospheres. The model
is based on numerical solution of the nonstationary equa-
tions of the balance of particles and energy of the thermal
plasma within closed magnetic field tubes, their bases lying
at a height h = 100 km. It is assumed that the ionospheric
plasma consists of electrons and atomic ions H+ and O+,
and also of molecular ions NO+, N+

2 , and O+
2 . The UV-

radiation spectrum by Richards et al. (1994) and the X-ray
radiation spectrum by Nusinov (1992) were used for the cal-
culation of the photoionization rates of the thermospheric
constituents O, O2, and N2 and energetic spectra of the pri-
mary photoelectrons in undisturbed conditions (without a
flare). The MSIS 86, Hedin et al. (1991), global empirical
model of the thermosphere was used for the description of
the spatial-time variations of the atmospheric temperature
and concentrations of the neutral components O, O2, N2,
and H.

For studying the flare effects, a disturbed model of the
solar radiation spectrum in the X-ray and UV ranges was
created. According to the existence of the pulse and slow
phases of a flare, we assumed that the spectrum within the
wavelength interval 0.1–10 nm stays disturbed during 36
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Fig. 1. Results of the TEC response according to the GPS measurements.
Time profiles of the soft X-ray radiation within the 1–8 Å range (the
data of the GOES 10 satellite) during the solar flare on 14 July 2000
(a). Examples of the TEC responses to the solar flare measured at
the rays (between ground-based stations and GPS satellite) crossing the
boundary of the Earth’s shadow cone at different altitudes h0 (b–f).

minutes (the slow phase), whereas the pulse phase (for the
10–105 nm interval) lasts during 15 minutes. We also as-
sumed that the spectrum is disturbed instantly and stays
constant during the above indicated time intervals, switch-
ing off instantly after that. To give the value of the dis-
turbance of the solar energy flux, the entire wavelength in-

Table 1. Increase in the solar radiation intensity for particular spectral
intervals during the flare.

Intervals, nm 0.1–0.8 0.8–2 2–4 4–6 6–10 10–105

Intensity factor 1000 100 50 20 4 1.3

terval was split to 6 parts. For each part the most typical
value of the intensity factor, Avakyan et al. (1994), Horan
and Kreplin (1981), Korenkov and Namgaladze (1977), was
found. The value was determined as the ratio of the energy
flux during the flare to the radiation flux of the quiet Sun.
Table 1 shows values of the flare intensity factors for each
spectral interval.

The reaction of the midlatitude ionosphere to a consid-
ered solar flare was simulated by calculating the variations
of plasma parameters within the geomagnetic field tube.
The calculation was performed for the period 10–15 July
2000, using arbitrary initial conditions corresponding to low
content of the thermal plasma in the tube. The considered
time period was characterized by high level of solar activity
(F10.7 ≈ 210). The model calculation results of height-time
variations of the electron concentration for different con-
ditions of solar irradiating intensity are shown in Figs. 2,
(2(a)–2(f))—for the terminator area and (2(g)–2(l))—for
the local noon. The moment of a solar flare beginning is
shown by vertical dashed lines.

The character of the time behavior of Ne changes prin-
cipally above the F2 layer. One can see in Figs. 2(d)–2(f)
and 2(j)–2(l) that within the height interval 380–600 km in-
stead of the electron concentration increase after the flare
beginning, a trough is formed in the time behavior of Ne.
The value of the Ne decrease amplitude lies within 1–5%.
It should be noted that the obtained in the calculations neg-
ative disturbance of the electron concentration in the top-
side ionosphere agrees well to the presented above TEC
variations obtained as a result of processing of GPS sig-
nals and in observations at the Arecibo incoherent scatter
radar Thome and Wagner (1981). Thus, one can conclude
that the conditions during a solar flare could be such that an
increase of the electron concentration occurs in the lower
ionosphere, but in the topside ionosphere Ne decreases.

3. Discussion of the Modeling Results
In order to find the causes of formation of the elec-

tron concentration negative disturbance in the topside iono-
sphere, we assumed that the Ne decrease is related to inho-
mogeneous variations of the ultraviolet radiation in various
parts of the spectrum during a flare. On the basis of this as-
sumption, the UV-radiation spectrum within the 10–105 nm
range was split to 19 equal intervals. Then, for each inter-
val in turn, the factor of flare radiation intensity was var-
ied from 1.3 to 10, whereas for the other intervals it stayed
equal to 1.3. The calculations showed that the effect of Ne

decrease after the beginning of a flare is pronounced best at
the increase of the intensity factor in three following spec-
tral intervals: 15–20 nm, 30–35 nm, and 35–40 nm.

In order to understand the physical causes of the elec-
tron concentration depletion at altitudes of the topside iono-
sphere, we consider the continuity equation for the iono-
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Fig. 2. The model calculation results of the height-time variations of the electron concentration for different conditions of solar irradiating intensity,
(2(a)–2(f))—for the terminator area and (2(g)–2(l))—for the local noon. The dashed lines show variations of the electron concentration when solar
flare misses. The moment of a solar flare beginning is shown by vertical dashed lines.

spheric plasma written in the form:

∂ Ne

∂t
= q − ln − div(W), (1)

where q is the ion production rate; ln is the loss rate of
electron-ion pairs in chemical reactions; and W is the total
ion flux along a geomagnetic field line. It follows from
(1) that the sign of the Ne changes is determined by the

total balance of the terms in the right-hand side and that
a negative disturbance to be formed the right-hand side
of (1) should be negative during the flare. The results of
the modeling make it possible to determine the processes
providing realization of such situation.

Figure 3 shows the time variations of the electron concen-
tration and particular terms of the right-hand side of Eq. (1)
at a height of the F2 layer (300 km) and in the topside iono-
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Fig. 3. Analysis of the effect of the decrease in the electron concentration during the solar flare. Thick lines show the time variations of the electron
concentration during a solar flare at heights of 300 km (a) and 500 km (c), diamonds show the time variations of the electron concentration in the
absence of the flare. The time variations of the terms in the continuity equation calculated for height 300 km (b) where the effect of the electron
concentration depletion during the flare is not observed and 500 km (d) where the effect is clearly pronounced are also shown in the bottom panels.

sphere (500 km). It should be noted that within this height
interval ions of the atomic oxygen prevail and so Eq. (1)
actually describe the balance of O+ ions. It follows from
Fig. 3(b) that at a level of 300 km the value of ion pro-
duction rate exceeds considerably the loss of charged par-
ticles due to the recombination ln and transport of O+ ions
along the field lines (divW > 0). As a result, there occurs
a monotonous increase in Ne during a flare. After the end
of the flare, the photoionization rate decreases sharply. Due
to that, the electron concentration at first decreases sharply
and then is stabilized at some level, the latter being deter-
mined by the balance between the photoionization, input
of the O+ ions from the above-located plasmasphere, and
chemical loss.

At altitudes of the topside ionosphere (500 km), the rela-
tion between particular terms of the right-hand side of (1)
changes. First, a decrease with height in the absolute val-
ues of the ion production rates and recombination occurs,
and, second, the role of the diffuse transport of ions in the
ionization balance grows. Figure 3(d) shows that the values
of the divergence of ion flux rapidly increases on an abso-
lute value with the beginning of the flare and becomes a

predominating term in the right-hand side of Eq. (1). This
happens due to the reformation of the vertical profile of the
ion flux above the F2-layer maximum with the beginning
of the flare. After the sharp increase in the initial moment
of the flare, the absolute value of the flux divergence de-
creases reaching the pre-flare value at the end of the pulse
phase (Fig. 3(d)). Then a reversal of the flux divergence
sign to the opposite one occurs accompanied by an increase
of the electron concentration.

Figure 4 shows the vertical profiles of the ion flux before
the flare and in the maximal phase of the flare. One can see
that under undisturbed conditions ions O+ are transported
from the topside ionosphere through the F2 layer into the
lower ionosphere. During the maximal phase of the flare,
the plasma pressure in the F2 layer increases sharply and
above ∼380 km an intense upward flux of O+ ions into
the plasmasphere is formed. As a result, at altitudes above
∼380 km the divergence of the ion flux is positive and
considerable on quantity, that specifies on essential upward
of plasma from the ionosphere to the plasmasphere.

Thus, one can conclude that the decrease of the electron
concentration in the topside ionosphere is due to the bring-
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Fig. 4. Vertical profile of the flux W. Thin line shows the flux behavior
before the flare. Thick line shows the flux behavior during the flare.

ing out to the plasmasphere of O+ ions. After “switching
off” the flare, the plasma pressure in the F2 layer decreases
quickly down to the level at which the difference in the pres-
sure between the upper and lower parts of the ionosphere

can not any more support the upward flux of O+ ions, and
the ionosphere relaxes to the undisturbed state.

Now we consider the problem of length of the height in-
terval in which the conditions needed to formation of the
negative disturbance in Ne are fulfilled. Figure 5 shows
the vertical profiles of the particular terms in the right-hand
side of Eq. (1) before a flare (Fig. 5(a)) and during the flare
(Fig. 5(b)). In the same figures, the summated profile of all
terms in the right-hand side of Eq. (1) is shown by trian-
gles. One can see that in the absence of a solar flare in the
daytime the resulting curve is positive at h < 400 km and
is close to zero above 400 km, that is, in the topside iono-
sphere the condition ∂ Ne/∂t ≥ 0 is fulfilled everywhere.
During a flare the right-hand side of Eq. (1) takes negative
values in the 380–600 km altitude range (is shown by hori-
zontal dashed lines in Fig. 5). So it follows that a negative
disturbance of the electron concentration during a flare can
cover almost the entire topside ionosphere.

4. Conclusions
The response of the ionosphere to a solar flare is studied

on the basis of the observational data and results of theoret-
ical modeling. The analysis of the results obtained made it
possible to draw the following conclusions:

1. According to the observations of the variations in TEC
and electron concentration at the GPS receivers net-
work and at the IS installation at Arecibo, negative dis-
turbances of the electron concentration can be formed
in the topside ionosphere during solar flares.

2. It is found in the model simulations that the most
significant effect of the Ne depletion is seen during
the flares with a strong increase in the solar radiation
within the following spectral intervals: 15–20 nm and
30–40 nm.

3. The intense transporting of O+ ions up into the above-
located plasmasphere is a cause of the formation of the

Fig. 5. Analysis of the continuity equation. Vertical profiles of the terms of the continuity equation before the flare (a) and during the flare (b). Thin
curves show the electron formation rate q; dashed curves show the electron loss rate ln; thick lines show the flux divergence div(W). The data for the
loss rate and flux divergence are shown with negative signs as they enter to the considered equation. The curve with triangles is a resulting curve.
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negative disturbance in Ne in the topside ionosphere.
The transporting is caused by the sharp increase in the
ion production rate and in the thermal expansion of the
ionospheric plasma.
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