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Figure 2. Peak magnetic field vs. umbral continuum intensity. Filled circles are for cycle 22 (1990-
1991); open circles for cycle 23 (2000-2001). Each point represents an individual spot.
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The Effect of Magnetisation on the Nature of Light Emitted by a Substance
P. Zeeman, Nature, vol. 55, 11 February 1897, pg. 347
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MODIFIED ZURICH CLASSIFICATIONS

Class A

A single spot or group of spots that:
* Are unipolar.
* Have no penumbra.

Class B

A group of spots that:
* Are bipolar.
* Have no penumbra.

Class C

A group of spots that:
* Are bipolar.
* Has spots with penumbrae - usually on only 1 side of an
elongated group.

Class D

A group of spots that:
* Are bipolar.
* Has spots with penumbrae on both sides of an elongated
group.
* Has a group length of less than 10° of heliographic longitude.

Class E

A group of spots that:
* Are bipolar.
* Has spots with penumbrae on both sides of an elongated
group.
* Has a group length of between 10° and 15° of heliographic
longitude.

Class F

A group of spots that:
* Are bipolar.
* Has spots with penumbrae on both sides of an elongated
group.
* Has a group length of greater than 15° heliographic
longitude.

Class H

A single spot or group of spots that:
* Are unipolar.
* Have penumbrae.
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Mount Wilson Sunspot Magnetic Classification (Hale etal. 1919)

Classification of the magnetic character of sunspots according to rules set forth by the
Mount Wilson Observatory in California.

.

B:
y:
By
5:

B-0:

B-y-0:

v-0:

A unipolar sunspot group.

A sunspot group having both positive and negative magnetic polarities
(bipolar), with a simple and distinct division between the polarities.

A complex active region in which the positive and negative polarities are
so irregularly distributed as to prevent classification as a bipolar group.

A sunspot group that is bipolar but which is sufficiently complex that no
single, continuous line can be drawn between spots of opposite polarities.
A qualifier to magnetic classes(see below) indicating that umbrae
separated by less than 2 degrees within one penumbra have opposite polarity.
A sunspot group of general beta magnetic classification but containing one
(or more) delta spot(s).

A sunspot group of beta-gamma magnetic classification but containing one
(or more) delta spot(s).

A sunspot group of gamma magnetic classification but containing one

(or more) delta spot(s).
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‘Radial Movement in Sun-spots’, Evershed J. 1909, MNRAS 69, 454
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Evershed flow D/\SkvyOX: (1970 - 19804 1t)

Penumbrae/Evershed iz MDET /L (ex.)

BRI B W v rolling convection elevated dark filament

7%/
// Evershed flow

Frozen-in [£? ?

driving force:

dark filament: ] 2R ERE
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Filamentagystructure*ofpenumbra

Evershedeutflow:




110min average
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Upflow and downflow patches are allgned on horlzontal fleld fllaments
{ that carries the Evershed flow.
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3D structure of penumbrae and the Evershed flow,
Hinode/SOT resolved it!

- ratinn Bright grain
Migration =91 9 3~6km/s Evershed flow

~ 0.4km/s I
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Evershed flow

‘uncombed’ penumbral model
Solanki & Motavon 1993
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Kitai et al. (2007)
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Inverse Evershed Effect, umbral flush, running penumbral wave

Chromosphere: Radial inflow Photosphere: Radial outflow

IBIS Ca 8542

_ IBIS Fel 7090 doppler
doppler IBIS A. Tritschler
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Call H iR THA-ERL—E— ~ Katsukawa et al. (2007)
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 Length: 1" ~ 5" (1000km ~ 4000km), Width: ~ 0.4" (300km)
e Duration: Shorter than 1 min
« Observed everywhere above the penumbra!
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Self-similar models Schluter & Temesvary (1958)
B, = f(r/R(z)) Bo(2), 0

R\
i
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Osherovich and Lowrence, 1983, Sol.Phys., 88211217
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Current sheet model Jahn & Schmidt (1994)

umbra R, thick penumbra R,

quiet Sun

1 — — — —
E(VXB)XB=Vp—p§

e Electric currents along two sheets.
e» Horizontal pressure balance: gas + magnetic .
* Heat transport: mixing length theory.
e Surplus heat of penumbra:

Interchange convection of magnetic

Magnetohydrostatic equilibrium:



Time —distance ;&(ZXHANBREZ R

Kosovichev, Astron. Nachr./AN 323 (2002) 3/4, 186—191

MDI Dopplergram
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Time —distance ;A ICK5AZBZET  (MDI/SoHO)
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(Zhao et al. 2001, NASA/ESA)

http://www.gsfc.nasa.gov/topstory/20010919sunspot.html

BEEAETOTRE = cluster model MDEEE
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F=iB: light bridge N TCETERHH
MMF(Moving Magnetic Feature)l=&-> TR A MLEEIL TLK
RRDTER FRREEONEANST TICIELFE->TLNVS,
> F-BR ELBOERFT LSRN DH S,

HRG: BEISOILEMEE T RABEDOBIENEARL THELES,
(Fvotl—3Y)

ERDFdn Gnevishev-Waldmeier 8| (Gnevishev 1938, Waldmeier 1955)
A, =WT Ay mARAYAX
T: FFan
W =10 MSH day! (MSH = Millionth Solar Hemisphere = 3.32Mm?2)
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EFR observed by H o

30,000 km

In the chromosphere, EFRs
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are seen as arch filament

systems (Bruzek 1967, 1969). |
30,000 km

7 R
— Size ~ 30,000 km
— Width ~ 20,000km
5-24-81 IEWERE]  |ife time ~ 3 days

From Chou & Zirin 1988 - Rise Velocity ~ 10-20

8-JUN-98 02:01:28.



Active Region Tilt: Joy’s Law
[Hale et al., 1919]

Active regions (sunspot groups) are tilted so that the following polarity spots are
slightly poleward of the preceding polarity spots. This tilt increases with latitude.
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Meyer etal 1977, MNRAS, 179, 741
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Dynamical disconnection

FEhOIIBEIGE IR RBEDHMEREDTAToT14EELOTULSN,
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Schrijver and Title, 1999, Sol.Phys., 188, 331



Dynamical disconnection
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ERDEREELHIAN=ZXL

ERERESDRERYMLRT—)L
L 2—)L dissippation - ~300yr (Cawling 1949)
MHD A& EIZLDARIE > ~1thbr

EELTHEL ! TIXERIZH,?

- ZTDIGHEB GEHAHIAFA or AAFAIR—T) > dA/dt ~ A
Howard (1992), Chapman et al. (2003)

- ERNEDL LD ZE (erosion, eg. MMF) > dA/dt ~ sqgrt(A)
Moreno-Insertis &Vazquez (1988), Petrovay & van Driel-Gesztelyi (1997)

- L8k (diffusion) > dA/dt ~ const.
Krause and RAudiger, (1975), Stix (2002)
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Moving Magnetic Feature (MMFs, Harvey & Harvey 1973)




MMF 05348

Penumbra dark filament & bright filament (X8 E RS S LB D5

Moving Magnetic Feature Type

/ \ ZMlEsunspot

pEnEEic I I/ decayl=2&hSBflux
& I LYEERS

Turbulent convectionl|Z&k4dmagnetic pumping [Z&kY
dark filament M & DIHZIE A TIZFIETYAEND

Weiss, etal, ApdJ, 2004, 600, 1073-1090

MMFGEIENHREEIT
RRDBERE—HITS Harvey & Harvey 1973, Kubo etal 2008
BEADOEERLVLFEIZBHZELY Multinez Pillet 2002, Kubo etal 2007
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Hathaway and Choudhary, 2008, submitted to Sol.Phys.
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Kubo et al. (2007)
2006-12-08 10:51:05

SOT NOAA 10930 from 6-Dec-2006 to 19-Dec-2006.

Magnetic field emergence and rotational motions of the spot made highly
sheared magnetic configuration between the spots, and resulted in X-class flares.

Relaxation of vector magnetic fields after the flare was also detected. o1
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Two types of processes for the development of

magnetic shear along the neutral line (kKurokawa 1987)
(A)Collision of two sunspots of

opposite magnetic polarities
§ e
@-\\ R fl\‘:“ N

§ @2 f \% T
5,99 O % .
2\& 52 M& - \‘:-.-@

Weak flare activity

(B) Successive emergence of
twisted magnetic flux ropes

Strong flare activity




Type A Magnetic Shear

. Collision of sunpots of different magnetic polarity

%{( % *

gmir 2%
i el

/21 0426 7723 2215 W25 2318
Hale Region 17751(July 1981): No Major flare (Hida DST)

7/ 20 0725 UT



Type B: Successive emergence of
twisted magnetic flux ropes

Rapid Rotation of Emerging Magnetic Axis

EMERGENCE OF TWISTED MAGNETIC ROPE
AND THE 3B FLARE OF 12 OCT. 1981

(a) 10/ 0308 UT (b) 10/12 0116 UT (c) 10/12 0630UT

(d) 10/11 0100 UT (e)ﬁ 10/12 »0627UT 1) 10112 2343

Kurokawa (1

TypeBDR L 7—NRFEICTHEL-EETITHRIVNIL T RA
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400 Years of Sunspot Observations
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1. B AR (Wolf or Zurich#) 1749 ~ IR (official. MY RIEEFHHY)
1849 ~ IRTE(EFEEA)

R=k (10g +f) .
- o Primary observers:
g -7 IL—TH, 1749-1787 Staudacher
f -BRE. 1788-1825 Flaugergues
K~1 %0302 %% IF 1% 2% 18261847 Schwabe
(B #E (X primary observer’ MERA]) 1848-1893 Wolf
” 1893—-1928 Wolfer

1929-1944 Brunner
1945-1980 Waldmeier
1980— Koeckelenbergh

2. JI—TERH 1610 ~ HE
(Hoyt and Schatten, 1998, Sol.Phys. 179, 189)

R =12-082 kG i BAE. G BREOK
¢ 4T mEghEEDEL.
£ DBMREE T

> Wolf$t kY8l . 15T a]

3. EFMETE 1874 ~ 1976 Royal Greenwich Observatory (RGO)
1977 ~ I{IE  United States Air Force (USAF)
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DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA)
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Sunspot area data since 1874
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BRENKEWTAILTERERDOERNREIS 7 MEEDBBLREL,
SREFREYIIILEOEFHNKREL,
Solanki etal., 2008, A&A 483, 623
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Essential features of the 11-year solar cycle 5303A
Gnevyshev, 1977, Sol.Phys., 51, 175 5303 1, 8
Antalova & Gnevyshev 1965, Soviet Aston. AJ. 9, 198
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Amplitude (SSN)

BXRIEE L FEAR 1B KE &5/ ME
(Waldmeier 8I])
) o BN D B AT LN ERDIBKE
SWE—IDFERERIZEILL EAYAGEL =0y
20 A mplitude = 239.8-2.50 Rise +7- 26.0 1 = L
[ mp ude =2 e ] - Amplitude = 48.8 + 5.39 Rmin +/- 26.6
L Correlation = -0.73 : " Correlation = (.72 )
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Hathaway etal, 2002, Sol.Phys., 211, 357
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(Gnevyshev & Ohl, 1948)
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Correlation = 0.47
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Usoskin and Mursula, 2003, Sol.Phys., 218, 319
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Dalton minimum &’missing’ cycle
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Figure 9. Semiannual GSN data at the beginning of Dalton minimum (after Usoskin, Mursula and
Kovaltsov, 2002). White, light grey, dark grey and black shading denotes, respectively, unreliable
(< 6 observation days during the corresponding 6 months), poorly reliable (6—12 days), reliable (13
—24 days), and highly reliable (= 24 days) values.

Dalton #B8/NEAD B EAO R NG AV ILAIZZEIZ2DDBRKI=HERBIAF TH-
=R REINTLV=, &9 5
Usoskin etal, 2002,
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B BHoAoLernBFIH14oIL0OBRIEDIELE
(Gnevyshev & Ohl, 1948)
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Usoskin and Mursula, 2003, Sol.Phys., 218, 319

BYAIIL>RDEFHA49)L = radiative zone IZIEBEBNFEE?
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Rmax(n) =459 + 3.86 n +/- 26.0
Correlation = 0.70
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Active longitude

AEAICIFEROFEELLTVVEEDRENHY . ENINREICE> THKR

I HELNVHNTL =,

Berdyugina & Usoskin , 2003, A&A 405, 1121
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Active longitude
Active longitude M Carrington #EEIZx 9 HAE. dLFEK main (BH) &sub (BHL)
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Active longitude DN EIEEEETILEL. ILT7 DHRLEEZEEEZFHIT S5 H#
= Zhang etal. 2008, A&A, 484, 523, ‘Prediction of solar active longitude’
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Reager etal, 1984, Nature, 312,623  y#&IL7
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Dikpati etal, 2006, Geophys. Res., 33, L05102
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Svalgaard, Cliver, and Kamide (2005), Geophys. Res. Lett., 32, L01104

Cycle Dipole Moment pTesla Observed Predicted Prediction
ABS(North - South) Rmax Rmax Error
22 245.1 = 2.7 158.5 154.1 2.9%
23 200.8 = 3.6 120.8 1 .2 4.3%
24 119.3 + 3.2 ? 5.0 3.6% (Assumed)

T 1 DHMDdeclining phase M AXfzMdipole moment

HA)L24(F23LY40% FRE—IHMELNE T,

Schatten, K. H. (2005), Geophys. Res. Lett., 32, L21106, £ RE#HDF A

The Solar Cycle 24 Prediction Panel

The panel expects solar minimum to occur in March, 2008. The panel expects the

solar cycle to reach a peak sunspot number of 140 in October, 2011 or a peak of 90
in August, 2012.
http://www.swpc.noaa.gov/SolarCycle/SC24/index.html



IIDIEfEE (FEE10%, Cycle 22) (Li etal, 2001)
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Figure 5. Predictions of the maximum sunspot number of solar cycle 22 (after Li. Yun, and Gu, 2001)
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Spotless Days per Month

Solar Minimum of 2008

362 spotless days (so far)

Solar Minimum of 1933

568 spotless days

Cycle 16 L] |l Cyele 17

http://science.nasa.gov/headlines/y2008/11jul_solarcycleupdate.htm




3.6 RRICETSTFERE:

- RRAGERELTVSD ., GERHIERT M ?
BRORESDLRZROHDIDIEIFAM? ENERERIIEBHTELMN?
BRFEL. ESHRDAND=X L,

- BERD3RTHEEIL? (Monolithic or spaghetti? Sub-surface flow?)

- BROIRIIF—INHIE? +2LETHRINEETSIHN?
umbra ~ 0.11, penumbra ~ 0.71 ZOIRJILF—[LESO>THHBLTLNS?

- Penumbra (X EHFET 5H ? Evershed flow DERE) A% ?
- MMFOZIR ? RRADERBAEZEOHENF?

- Umbral dotDiEjR ? TRILF—DHRh ?

- IREIDAD=X Ls, T DFELo

= %ﬁ‘iigo)%%'jnj_o)*ﬁiﬁo
ER EZEOa0F TG ERLO D ? Canopy i, TRMDsupersonic flow, ,

BIEITRILX—DERF. hLUF—FDORRK,
-BRDRPICZIRECETINILIBENRH BN ? TDRT— )L TRIZHEETWNNAM ?

-BERO 1SR, BIBERAD=XLIX?
-REDORE, R, FR,. BRERBARFOFH
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- RRAGERELTVSD ., GERHIERT M ?
BRORESDLRZROHDIDIEIFAM? ENERERIIEBHTELMN?
HRELE. B ERDAN=X L,

= %ﬁ‘iigo)%%'jnj_o)*ﬁiﬁo
ER EZEOa0F TG ERLO D ? Canopy i, TRMDsupersonic flow, ,

BIEITRILX—DERF. hLUF—FDORRK,
-BRDRPICZIRECETINILIBENRH BN ? TDRT— )L TRIZHEETWNNAM ?

-BERO 1SR, BIBERAD=XLIX?
-REDORE, R, FR,. BRERBARFOFH
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