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ABSTRACT. As a pre lude t o d i scuss ing t h e i n t e r a c t i o n o f m a g n e t i c f i e lds 
w i t h c o n v e c t i o n , w e f irs t r e v i e w some g e n e r a l p r o p e r t i e s o f c o n v e c t i o n in a 
s t r a t i f i e d medium. Granulat ion , w h i c h i s t h e s u r f a c e m a n i f e s t a t i o n of t h e 
major e n e r g y carry ing c o n v e c t i o n s c a l e s , i s a sha l low phenomenon . B e l o w t h e 
s u r f a c e , t h e t o p o l o g y c h a n g e s t o o n e of f i l amentary c o o l downdraf t s , 
immersed in a g e n t l y a s c e n d i n g i s en trop ic background. The granular 
d o w n f l o w s m e r g e in to more w i d e l y s e p a r a t e d downdraf t s , on s c a l e s o f m e s o -
granula t ion and super-granulat ion . 

The l o c a l t o p o l o g y and t ime e v o l u t i o n of t h e smal l s c a l e , k i lo Gauss , 
n e t w o r k and facu lar m a g n e t i c f i e ld e l e m e n t s a re c o n t r o l l e d b y c o n v e c t i o n on 
t h e s c a l e o f granulat ion . The t o p o l o g y and t i m e e v o l u t i o n o f larger s c a l e 
m a g n e t i c f i e l d c o n c e n t r a t i o n s are c o n t r o l l e d b y t h e h i e r a r c h i c a l s t r u c t u r e of 
t h e h o r i z o n t a l c o m p o n e n t s o f t h e large s c a l e v e l o c i t y f i e ld . In sunspots , t h e 
small s c a l e m a g n e t i c f i e ld s t r u c t u r e d e t e r m i n e s t h e e n e r g y b a l a n c e , t h e 
s y s t e m a t i c f l o w s and t h e w a v e s . B e l o w t h e s u r f a c e , t h e small s c a l e 
s t r u c t u r e o f t h e m a g n e t i c f i e ld may c h a n g e d r a s t i c a l l y , w i t h l i t t l e o b s e r v a b l e 
e f f e c t a t t h e s u r f a c e . We d i scuss r e s u l t s o f some r e c e n t numerica l 
s imulat ions o f sunspot m a g n e t i c f i e lds , and some mechan i sms t h a t may b e 
r e l e v a n t in de termin ing t h e t o p o l o g y of t h e s u b - s u r f a c e m a g n e t i c f i e ld . 
F inal ly , w e d i s cus s t h e ro le of a c t i v e reg ion m a g n e t i c f i e lds in t h e g loba l 
so lar dynamo. 

1. I n t r o d u c t i o n 

With f e w e x c e p t i o n s ( some informat ion from h e l i o s e i s m o l o g y m e a s u r e m e n t s ) , 
w e c a n o n l y o b s e r v e t h e s u r f a c e m a n i f e s t a t i o n s o f phenomena in t h e so lar 
c o n v e c t i o n z o n e . We must d e d u c e b y a combinat ion o f p h y s i c a l in tu i t ion , 
s imple m o d e l s , and numerica l s imulat ions w h a t g o e s on b e n e a t h t h e so lar 
s u r f a c e . The in tr ins ica l ly three -d imens iona l na ture o f f l o w s and m a g n e t i c 
f i e l d s in t h e turbulent so lar p lasma renders t h e u s e o f a n a l y t i c a l t e c h n i q u e s 
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and o v e r l y s impl i f ied g e o m e t r i e s ques t ionab le . Rather , w e must c o n f r o n t t h e 
c o m p l e x g e o m e t r i e s , and u s e numerica l t e c h n i q u e s and a v a i l a b l e computer 
r e s o u r c e s a s our t o o l s . 

In th i s r e v i e w , w e summarize r e c e n t progres s in e f f o r t s t o understand 
so lar c o n v e c t i o n and m a g n e t o c o n v e c t i o n . In S e c t i o n 2 , w e summarize r e c e n t 
r e s u l t s on t h e t o p o l o g y of so lar c o n v e c t i o n . In S e c t i o n 3 , w e report on 
numerica l s imulat ions o f sunspot umbrae, and d i scuss t h e s t r u c t u r e o f sunspots 
b e l o w t h e v i s ib le s u r f a c e . In S e c t i o n 4 , w e d i scuss n e t w o r k and facu lar 
m a g n e t i c f i e l d s , and in S e c t i o n 5 w e br i e f l y d i s cuss t h e ro l e o f a c t i v e reg ion 
m a g n e t i c f i e lds in t h e so lar dynamo p r o c e s s . 

2 . C o n v e c t i o n Topo logy 

2 . 1 . SURFACE MANIFESTATIONS 

Granulation i s o b s e r v a t i o n a l l y d e f i n e d a s a w e l l c o r r e l a t e d br igh tnes s and 
v e l o c i t y p a t t e r n ( e . g . Bray e t a l . 1 9 8 4 ) . S o m e c h a r a c t e r i s t i c s u r f a c e 
p r o p e r t i e s are : s i z e s c a l e f r a c t i o n s of Mm t o a f e w Mm, t i m e s c a l e s 
m i n u t e s t o hal f an hour, a symmetry b e t w e e n br ight and dark c o n n e c t i v i t y , 
a s y m m e t r y in t h e t ime e v o l u t i o n ("arrow of t ime") , and a large br ightnes s 
c o n t r a s t . 

Meso-granulation w a s f irs t o b s e r v e d a s a w e a k s ignal in s p a t i a l l y f i l t e r e d 
Doppler sh i f t and br ightnes s (November et αϊ . , 1 9 8 1 ) . I t s c h a r a c t e r i s t i c 
p r o p e r t i e s are : s i z e s c a l e s of a f e w Mm t o 10 Mm, t ime s c a l e hours , 
hor i zonta l a d v e c t i o n o f granulat ion and m a g n e t i c f i e lds , w e a k t e m p e r a t u r e 
c o n t r a s t , w e a k v e r t i c a l v e l o c i t y f i e ld . M e s o - s c a l e f l o w s a r e mos t c l e a r l y 
r e v e a l e d b y a u t o - c o r r e l a t i o n t rack ing of small s c a l e f e a t u r e s (granulat ion) 
( T i t l e et al. 1989 , N o v e m b e r & Simon 1 9 8 8 ) , w h i c h m e a s u r e s t h e a d v e c t i o n 
p r o d u c e d b y larger s c a l e f l o w s . M e s o - s c a l e f l o w s a l s o h a v e n o t i c e a b l e 
e f f e c t s on granule g r o w t h and on t h e d is tr ibut ion of granule s i z e s (cf . t h e 
r e v i e w b y Mül ler 1989 , and th i s v o l u m e ) . 

Super-granulation w a s f irst o b s e r v e d a s a ce l lu lar p a t t e r n in t h e hor i zonta l 
v e l o c i t y f i e ld (Leighton et al.9 1 9 6 2 ) . I t s c h a r a c t e r i s t i c p r o p e r t i e s are : s i z e 
s c a l e s o f 20 Mm t o 50 Mm, t ime s c a l e d a y s , o r g a n i z a t i o n o f t h e m a g n e t i c 
f i e l d i n t o c e l l s , v e r y w e a k ( u n d e t e c t a b l e ) t e m p e r a t u r e c o n t r a s t , and v e r y 
w e a k v e r t i c a l v e l o c i t y f i e ld . Super-granular f l o w s a r e a l s o measurable w i t h 
t h e a u t o - c o r r e l a t i o n t rack ing t e c h n i q u e . A p r a c t i c a l l imi ta t ion i s t h e s i z e of 
CCD ch ips w h i c h , t o g e t h e r w i t h t h e reso lu t ion required t o t rack individual 
granu le s , d e t e r m i n e s t h e a r e a c o v e r a g e . 

Observa t iona l t e c h n i q u e s and l imi ta t ions ( spat ia l and tempora l f i l t e r s , 
re so lu t ion) o f t e n i n f l u e n c e s t h e c l a s s i f i c a t i o n in to s e p a r a t e phenomena . The 
or ig inal de f in i t i on of t h e meso -granu la t ion s c a l e ( N o v e m b e r et al. 1981) w a s 
made us ing spat ia l f i l t e r s w h i c h e x c l u d e d smal ler and larger s c a l e s . The 
o b s e r v a t i o n s d e m o n s t r a t e d c l e a r l y t h a t "there w a s s o m e t h i n g there" , but cou ld 
n o t a c c u r a t e l y address t h e ques t ion o f h o w "well def ined" or "separated" t h e 
m e s o - g r a n u l a t i o n and supergranulat ion s c a l e s a r e . S imon & Leighton (1964) 
u s e d a de f in i t i on o f supergranulat ion s i z e b a s e d on t h e d i s t a n c e t o s e c o n d a r y 
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maxima in a u t o - c o r r e l a t i o n s p e c t r a . It i s no t obv ious h o w t h e d is tr ibut ion of 
such d i s t a n c e s maps o n t o a d is tr ibut ion of hor i zonta l v e l o c i t y p o w e r a s a 
funct ion o f w a v e number. S imon & Leighton found a broad d is tr ibut ion of 
d i s t a n c e s t o s e c o n d a r y maxima, ranging from 20 t o 50 Mm (cf . the i r Fig . 4 ) . 
They a d o p t e d a s t h e d i a m e t e r o f supergranulat ion c e l l s t h e mean o f t h e 
secondary maxima m e a s u r e m e n t s , and g a v e t h e error a s t h e s tandard d e v i a t i o n 
of t h e mean . This perhaps s o m e w h a t arbi trary de f in i t i on o f t h e s i z e has 
been q u o t e d e v e r s i n c e a s t h e s i z e of supergranulat ion c e l l s . 

With t h e a u t o c o r r e l a t i o n track ing t e c h n i q u e , i t i s , in pr inc ip le , poss ib le t o 
a c c u r a t e l y d e t e r m i n e p o w e r s p e c t r a of hor izonta l v e l o c i t i e s , and thus address 
the q u e s t i o n o f s epara t ion of s c a l e s . S i n c e t h e mot ions a r e s t o c h a s t i c in 
nature , t i m e s e r i e s w h i c h c o v e r a large number o f c e l l s , in s p a c e a n d / o r 
t ime, a r e n e c e s s a r y t o avo id obta in ing p o w e r s p e c t r a w h i c h r e f l e c t individual 
c e l l s . For r e a s o n s d i s c u s s e d b e l o w , i t i s doubtful on t h e o r e t i c a l grounds t h a t 
there i s a c t u a l l y a s epara t ion b e t w e e n m e s o - and super -granula t ion s c a l e s . 
An o b s e r v a t i o n a l c l a r i f i c a t i o n of th i s po int wou ld b e mos t v a l u a b l e , and w e 
hope t h a t n e w o b s e r v a t i o n s from La Palma (Scharmer et al., p r e s e n t and 
future) and S O H O ( S c h e r r e r et al. 1989) wi l l prov ide d e c i s i v e d a t a . 

2 .2 . SURFACE TOPOLOGY: GRANULATION 

A q u a l i t a t i v e understanding of t h e granulat ion phenomenon has e m e r g e d from 

numerica l s imulat ions o f c o n v e c t i o n in t h e s u r f a c e l a y e r s o f t h e Sun 

(Nordlund 1 9 8 2 , 1 9 8 3 , 1984abc , 1985abcd , Lites et al. 1 9 8 9 , S t e i n & Nordlund 

1989) and o t h e r s t a r s (Nordlund & Drav ins , 1 9 8 9 ) . One o f t h e main 

conc lus ions i s t h a t granulat ion i s a sha l low surface phenomenon, and t h a t t h e 

t o p o l o g y b e l o w t h e s u r f a c e is q u a l i t a t i v e l y d i f f e r e n t . To a l arge e x t e n t , t h e 

granulat ion p a t t e r n i s a m a n i f e s t a t i o n of t h e i n t e r a c t i o n o f c o n v e c t i o n w i t h a 

rad ia t ing s u r f a c e , and t h e s t ruc ture of t h e p h o t o s p h e r e i s e s t a b l i s h e d a s a 

b a l a n c e b e t w e e n c o m p e t i n g c o n v e c t i v e and rad ia t ive p r o c e s s e s . 

Thermal e n e r g y i s carr ied t o t h e s u r f a c e b y a d v e c t i o n and r e l e a s e d in to 

r a d i a t i v e f lux in a thin (50 - 100 km) c o o l i n g l ayer . An a s c e n t v e l o c i t y o f 

some 2 ferns1 i s n e c e s s a r y t o sus ta in t h e rad ia t ive l o s s e s a t t h e s u r f a c e . The 

p h o t o s p h e r e has a s t r a t i f i c a t i o n wh ich is strongly sub-adiabatic; 

ΔΐηΓ (* 0 .4 ) « ΔΐηΡ χ v a d (χ 5 x 0 . 4 = 2 . 0 ) . Thus, un le s s a s i g n i f i c a n t rad ia t ive 

h e a t i n g o c c u r r e d throughout t h e p h o t o s p h e r e , t h e t e m p e r a t u r e o f t h e upper 

p h o t o s p h e r e wou ld b e much l o w e r . The r a d i a t i v e h e a t i n g is due t o r e -

absorpt ion o f a smal l , but e n e r g e t i c a l l y s ign i f i cant f r a c t i o n of t h e radiat ion , 

and t h e d e t a i l e d t e m p e r a t u r e s t ruc ture of t h e p h o t o s p h e r e is t h e resu l t of a 

f i e r c e c o m p e t i t i o n b e t w e e n c o n v e c t i v e (expans ion) c o o l i n g and rad ia t ive 

h e a t i n g . As a resu l t , t h e r e a r e large t empera ture f l u c t u a t i o n s on a small 

s c a l e in t h e so lar photosphere . 

D y n a m i c a l l y , t h e main f a c t o r s t h a t d e t e r m i n e t h e shape and e v o l u t i o n of 

t h e granula t ion p a t t e r n are advection, and buoyancy braking. The hor izonta l 

c e l lu lar o u t f l o w s a d v e c t p r o p e r t i e s ( including t h e f l o w p a t t e r n i t s e l f ) . The 

resu l t i s a t e n d e n c y for c e l l s t o grow hor izonta l ly . The c o m p e t i t i o n b e t w e e n 

ne ighbor ing c e l l s in d i f f e r e n t p h a s e s of g r o w t h l e a d s t o t h e n o n - s t a t i o n a r y , 

c h a o t i c e v o l u t i o n of t h e granular p a t t e r n w i t h t ime . For g i v e n v e r t i c a l 
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v e l o c i t i e s , t h e h o r i z o n t a l v e l o c i t i e s g r o w l i n e a r l y w i t h t h e h o r i z o n t a l s i z e , 
a n d t h u s t h e p r e s s u r e f l u c t u a t i o n s t h a t d r i v e t h e h o r i z o n t a l v e l o c i t i e s g r o w 
q u a d r a t i c a l l y w i t h t h e h o r i z o n t a l s i z e (cf . N o r d l u n d 1982 , H u r l b u r t et al. 
1 9 8 4 ) . T h i s l e a d s t o e x c e s s d e n s i t i e s a n d h e n c e b u o y a n c y b r e a k i n g , 
e s p e c i a l l y in t h e c e n t e r s of l a r g e g r a n u l e s w h i c h , w h e n o t h e r w i s e a l l o w e d t o 
g r o w u n d i s t u r b e d , o f t e n d e v e l o p d a r k c e n t e r s s u r r o u n d e d b y a r i n g of b r i g h t , 
e x p a n d i n g m a t e r i a l ( " e x p l o d i n g g r a n u l e s " , cf. B r a y et al. 1984 , S e c t i o n 2 . 3 . 7 ) . 

F i g u r e 1. C o m p o s i t e p l o t , s h o w i n g t e m p e r a t u r e , d e n s i t y , a n d t h e v e r t i c a l a n d 
h o r i z o n t a l v e l o c i t y a m p l i t u d e s in h o r i z o n t a l p l a n e s a t f ou r d i f f e r e n t d e p t h s in 
a n u m e r i c a l m o d e l of g r a n u l a t i o n a n d m e s o - g r a n u l a t i o n ( S t e i n & N o r d l u n d , 
1 9 8 9 ) . T h e h o r i z o n t a l s i z e of t h e m o d e l is 6 * 6 Mm. 
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2 . 3 . S U B S U R F A C E TOPOLOGY 

Fig 1. i l l u s t r a t e s t h e t o p o l o g y in hor izonta l p l a n e s a t , a b o v e , and b e l o w t h e 
s u r f a c e . N o t e t h a t b e l o w t h e s u r f a c e , t h e hor i zonta l t o p o l o g y c h a n g e s 
q u a l i t a t i v e l y in jus t a f e w hundred k i l o m e t e r s . This i s a d e p t h in terva l 
w h i c h i s on ly a f r a c t i o n o f t h e hor izonta l c e l l s i z e . The h o r i z o n t a l t o p o l o g y 
c h a n g e s from o n e w i t h d e s c e n d i n g g a s in c o n n e c t e d intergranular l a n e s t o o n e 
w i t h i s o l a t e d s p o t s o f d e s c e n d i n g mater ia l . In t h r e e d imens ions , t h e t o p o l o g y 
is intermittent, w i t h v e r t i c a l l y o r i e n t e d filaments o f rapidly d e s c e n d i n g , 
e n t r o p y d e f i c i e n t mater ia l , immersed in a background of s l o w l y a s c e n d i n g , 
n e a r l y i s e n t r o p i c mater ia l . I t should b e n o t e d t h a t t h e r e is n o c l e a r c e l l 
s t r u c t u r e in t h e v e r t i c a l d i r e c t i o n . 

M o t i o n s b e l o w t h e s u r f a c e are n e a r l y a d i a b a t i c and a n e l a s t i c ; e v o l u t i o n is 
mainly b y a d v e c t i o n . P r o p e r t i e s of a f luid e l e m e n t a t a g i v e n t i m e and 
p l a c e a r e g i v e n b y t h e "sum of t h e h i s tor ies" o f i t s c o n s t i t u e n t p a r c e l s . 
T h e r e f o r e , t e s t p a r t i c l e s are use fu l in unders tanding t h e e v o l u t i o n . G iven a 
r e c o r d o f v e l o c i t i e s u ( t ) , p a r t i c l e s may b e t r a c e d forwards and b a c k w a r d s in 
t i m e . F ig . 2 s h o w s an e x a m p l e o f such t r a c e p l o t s . 

-9 min 0 min 9 min 

0 2 4 6 0 2 4 6 0 2 4 6 
X [Mm] Χ [Mm] Χ [Mm] 

Figure 2 . T r a c e p a r t i c l e p l o t s , showing t h e l o c a t i o n o f s e l e c t e d t e s t p a r t i -
c l e s a t t h r e e d i f f e r e n t t i m e s . The t w o mid p a n e l s show t h e l o c a t i o n a t a 
r e f e r e n c e t i m e , w i t h t r a c e p a r t i c l e s a t a l l grid p o i n t s w i t h a s c e n d i n g v e l o c i -
t i e s in t h e p l a n e 2 = 0 . The t w o p a n e l s t o t h e l e f t s h o w t h e l o c a t i o n of 
t h e s e t e s t p a r t i c l e s n ine minutes ear l i er , and t h e t w o p a n e l s t o t h e r ight 
s h o w t h e l o c a t i o n nine minutes a f t e r t h e r e f e r e n c e t i m e . 

As d i s c u s s e d b y S t e i n & Nordlund ( 1 9 8 9 ) , t h e s u b - s u r f a c e t o p o l o g y is a 
c o n s e q u e n c e of t h e d e n s i t y s t r a t i f i c a t i o n . B e c a u s e o f t h e s t rong d e n s i t y 
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s t r a t i f i c a t i o n , f luid a s c e n d i n g / d e s c e n d i n g on ly a f e w Mm ( t h e s i z e of a 
c e l l ) must expand / c o n t r a c t orders of magni tude . B e c a u s e o f mass 
c o n s e r v a t i o n , mos t ascending g a s must over turn wi th in a d e n s i t y s c a l e h e i g h t , 
w h i l e m o s t descending g a s b e c o m e s e n g u l f e d in over turn ing g a s , and k e e p s 
d e s c e n d i n g many s c a l e h e i g h t s . In o t h e r words , on ly a small f r a c t i o n o f t h e 
a s c e n d i n g mater ia l a t any o n e d e p t h a s c e n d s many s c a l e h e i g h t s , and on ly a 
smal l f r a c t i o n o f t h e d e s c e n d i n g mater ia l a t any o n e d e p t h over turns w i th in a 
s c a l e h e i g h t . 

B e l o w t h e radia t ing s u r f a c e , n o n - a d i a b a t i c e f f e c t s a r e neg l ig ib l e ; t h e 
mot ion i s a lmos t adiabatic. Furthermore , t h e rapid expans ion o f a s c e n d i n g 
m a t e r i a l w i p e s o u t e n t r o p y i n h o m o g e n e i t i e s , and thus a s c e n d i n g mater ia l is 
v e r y n e a r l y isentropic. Consequent ly , overturning g a s b e l o w t h e s u r f a c e is 
a l s o n e a r l y i s e n t r o p i c . This i s t h e reason for t h e c h a n g e o f t o p o l o g y b e l o w 
t h e s u r f a c e ; e n t r o p y d e f i c i e n t g a s in t h e i n t e r c o n n e c t i n g l a n e s i s rapidly 
r e p l a c e d w i t h e n t r o p y neutra l g a s b e l o w t h e s u r f a c e . All e n t r o p y d e f i c i e n t 
m a t e r i a l from t h e s u r f a c e e v e n t u a l l y ends up in t h e v e r t i c e s b e t w e e n c e l l s . 

I t i s important t o r e a l i z e t h a t t h e s u r f a c e i s t h e o n l y s o u r c e o f en tropy 
f l u c t u a t i o n s ( e x c e p t for s imilar e f f e c t s a t t h e l o w e r boundary o f t h e 
c o n v e c t i o n z o n e ) , and thus t h e s u r f a c e is a l s o t h e u l t i m a t e c a u s e for t h e 
dr iv ing o f mot ions . 

The f a c t t h a t t h e c o n v e c t i v e f lux i s d i r e c t e d from t h e in ter ior t o w a r d s 
t h e s u r f a c e i s perhaps s o m e w h a t mis leading in th i s c o n n e c t i o n ; d e s c e n d i n g 
c o o l m a t e r i a l and a s c e n d i n g h o t mater ia l b o t h c o n t r i b u t e t o a p o s i t i v e 
c o n v e c t i v e f lux , and b e c a u s e of mass c o n s e r v a t i o n , t h e a s c e n d i n g and 
d e s c e n d i n g mass f l u x e s a r e equa l ly large . H o w e v e r , most o f t h e c o n v e c t i v e 
f lux i s carr i ed b y t h e d e s c e n d i n g f i l aments , and dynamica l ly t h e d e s c e n d i n g 
f i l a m e n t s a r e a l s o dominat ing; most of t h e k i n e t i c e n e r g y d e n s i t y and k i n e t i c 
e n e r g y f lux i s a s s o c i a t e d w i t h t h e d e s c e n d i n g f i l aments . 

2 . 4 . ANELASTIC MOTION 

B e l o w t h e s u r f a c e , Eulerian d e n s i t y c h a n g e s a re v e r y small; i . e . , t h e 
c o n t i n u i t y e q u a t i o n a c t s b a s i c a l l y a s a constraint on t h e mot ion; 
dhip/dt = - v * ( p u ) - 0 . With th i s anelastic form of t h e c o n t i n u i t y equa t i o n , 
t h e pres sure is d e t e r m i n e d b y a Po i s son equat ion and c o m p l e m e n t s t h e o t h e r 
f o r c e s in t h e e q u a t i o n of mot ion in such a w a y a s t o k e e p t h e mass f lux 
d i v e r g e n c e f r e e . 

U s i n g t h e Po i s son e q u a t i o n for t h e pressure , o n e may show t h a t l o c a l i z e d 
(smal l s c a l e ) b u o y a n c y f l u c t u a t i o n s l e a d t o l o c a l i z e d pressure f l u c t u a t i o n s , 
h e n c e l o c a l i z e d mot ion . On t h e o t h e r hand, l arge s c a l e b u o y a n c y f l u c t u a t i o n s 
l e a d t o pres sure f l u c t u a t i o n s w h o ' s r e l a t i v e ampl i tudes vary l i t t l e w i t h h e i g h t 
(cf . Nordlund 1 9 8 5 , S e c t . 2 . 6 ) . In o t h e r words , for large s c a l e per turbat ions , 
t h e a t m o s p h e r e m o v e s l o c a l l y u p / d o w n a s a w h o l e , w i t h l o c a l s t r a t i f i c a t i o n s 
in n e a r h y d r o s t a t i c equil ibrium. As a c o n s e q u e n c e , l arge s c a l e c o m p o n e n t s of 
t h e h o r i z o n t a l v e l o c i t y f i e ld do n o t h a v e much v e r t i c a l shear . 

For a h o r i z o n t a l l y Fourier d e c o m p o s e d v e l o c i t y f i e ld , t h e a n e l a s t i c 
c o n t i n u i t y e q u a t i o n impl ies 
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w h e r e fe i s t h e hor i zonta l w a v e number, and H i s t h e s c a l e h e i g h t o f t h e 

v e r t i c a l mass f lux . 

2 .5 . LARGER SCALE M O T I O N S 

In t h e in ter ior of t h e c o n v e c t i o n z o n e , a more gradual c h a n g e o f t h e 
t o p o l o g y o c c u r s . The d o w n f l o w s t h a t or ig i na te from intergranular l a n e s a t 
t h e s u r f a c e m e r g e in to f e w e r , more w i d e l y s e p a r a t e d f i l amentary downdraf t s . 
The h o r i z o n t a l v e l o c i t i e s of t h e large s c a l e f l o w s a d v e c t t h e small s c a l e 
s t r u c t u r e s i d e w a y s t o produce th i s merging. As a re su l t , t h e hor i zonta l s c a l e 
of t h e v e l o c i t y f i e ld i n c r e a s e s w i t h depth . Converse ly , i t i s t h e merg ing 
smal ler s c a l e f i l aments wh ich prov ide t h e e n t r o p y f l u c t u a t i o n s t h a t dr ive t h e 
larger s c a l e f l o w s . 

The smal l d e n s i t y s c a l e h e i g h t in t h e s u r f a c e l a y e r s d i c t a t e s t h a t t h e 
e n e r g y carry ing c o n v e c t i o n c e l l s (which must h a v e v e r t i c a l v e l o c i t i e s in 
e x c e s s o f some 2 ferns1) must n o t b e larger than a f e w Mm n e a r t h e s u r f a c e 
(cf . Eq. (1) a b o v e ) . At larger d e p t h s , larger c e l l s i z e s a r e a l l o w e d , and 
a c c o r d i n g t o t h e d i scuss ion a b o v e , larger s c a l e s a r e i n d e e d dr iven b y t h e 
merg ing o f smal ler s c a l e f i l aments from t h e s u r f a c e l a y e r s . 

The s imulat ions h a v e d e m o n s t r a t e d th i s on ly for s c a l e s marginal ly larger 
than t h e s u r f a c e granulat ion , but presumably t h e same mechan i sm works for 
s t i l l l arger s c a l e s , inc luding t h e supergranular s c a l e . The g e n e r a l s c e n a r i o 
t h e n i s o n e w h e r e t h e merging o f downdraf t s on granular s c a l e s d r i v e s f l o w s 
on meso -granular s c a l e s a t a d e p t h of a f e w Mm b e l o w t h e s u r f a c e , and t h e 
merg ing of meso-granular downdraf t s dr ives f l o w s on supergranular s c a l e s a t 
d e p t h s o f some 1 0 - 2 0 Mm. Presumably , f l o w s on e v e n larger s c a l e s 
( t rad i t i ona l ly c a l l e d g i a n t - c e l l s ) a r e dr iven a t e v e n larger d e p t h s , b y merg ing 
supergranular downdraf t s . 

As m e n t i o n e d ear l i er , t h e pressure f l u c t u a t i o n s w h i c h dr ive t h e hor i zonta l 
c o m p o n e n t s of l arge s c a l e v e l o c i t y f i e lds e x t e n d o v e r a h e i g h t range 
comparab le t o or larger than t h e hor izonta l s i z e of t h e f l u c t u a t i o n s . S i n c e 
t h e a s p e c t ra t io ( ra t io of hor izonta l s i z e t o d i s t a n c e from t h e s u r f a c e ) of 
t h e s e f l o w s i s larger than uni ty , th i s impl ies t h a t t h e hor i zonta l v e l o c i t y 
f i e ld s o f larger s c a l e f l o w s e x t e n d up t o t h e s u r f a c e . The numerica l 
s imula t ions i n d i c a t e s imilar v e r t i c a l and hor izonta l rms ampl i tudes b e l o w t h e 
s u r f a c e . Accord ing ly , t h e d is tr ibut ion of s u r f a c e hor i zonta l v e l o c i t y 
ampl i tude w i t h hor izonta l s i z e r e f l e c t s t h e d e p e n d e n c e o f v e r t i c a l v e l o c i t y 
ampl i tudes on d e p t h b e l o w t h e s u r f a c e . 

There is no obv ious reason w h y , in th i s p r o c e s s , c e r t a i n d i s t i n c t s c a l e s 
should b e f a v o r e d . The o f t e n m e n t i o n e d he l ium i o n i z a t i o n z o n e s , wh ich 
e x t e n d o v e r q u i t e a range in d e p t h , c e n t e r e d a t some 5 and 15 Mm, has no 
par t i cu lar r e l e v a n c e in th i s s c e n a r i o , e x c e p t for reduc ing t h e a d i a b a t i c 
t e m p e r a t u r e grad ient , and h e n c e s o m e w h a t reduc ing t h e d e n s i t y s c a l e he i g h t . 
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The e f f e c t i s a c h a n g e in t h e d e n s i t y s c a l e h e i g h t , but o n l y o f a f e w t e n s of 
p e r c e n t , and i s hardly l ike ly t o h a v e much e f f e c t on t h e d i s tr ibut ion of 
h o r i z o n t a l v e l o c i t y ampl i tude w i t h hor izonta l s i z e . 

2 .6 . GLOBAL CONVECTION ZONE FLOWS 

We e x p e c t t h e s t rong asymmetry b e t w e e n a s c e n d i n g and d e s c e n d i n g mot ions 
t o p r e v a i l on a l l s c a l e s , inc luding s c a l e s comparable t o t h e d e p t h o f t h e 
c o n v e c t i o n z o n e . The merg ing downdraf t s w i t h e n t r o p y d e f i c i e n t g a s a re 
l i k e l y t o e x t e n d throughout t h e c o n v e c t i o n z o n e . Turbulence in t h e 
d o w n d r a f t s i n d u c e s mixing w i t h surrounding, e n t r o p y neutra l f luid, but 
b e c a u s e o f t h e g e n e r a l c o n v e r g e n c e o f d e s c e n d i n g g a s , on ly a smal l f r a c t i o n 
a c t u a l l y turns o v e r in to a s c e n d i n g g a s . At t h e v e r y b o t t o m of t h e 
c o n v e c t i o n z o n e , t h e downdraf t s h i t t h e i n t e r f a c e t o t h e s t a b l e reg ion b e l o w 
t h e c o n v e c t i o n z o n e . In th i s l ayer , d e s c e n d i n g g a s i s d iverg ing , a s c e n d i n g 
g a s i s c o n v e r g i n g , and over turn ing g a s i s r e h e a t e d b y ra d i a t i v e d i f fus ion or 
b y mixing . The s i t u a t i o n i s t o some e x t e n t t h e r e v e r s e o f t h a t a t t h e 
s u r f a c e . H o w e v e r , a t some d i s t a n c e a b o v e t h e l o w e r boundary, a s c e n d i n g g a s 
a g a i n must b e expanding , and t h e a n a l o g y t o t h e s u r f a c e l a y e r s i s l o s t . 

I t wou ld s e e m t h a t t h e g loba l dynamics of t h e c o n v e c t i o n z o n e must b e 
s t r o n g l y i n f l u e n c e d b y t h e a symmetry b e t w e e n d e s c e n d i n g and a s c e n d i n g g a s , 
and t h a t mode l s t h a t do n o t t a k e th i s a symmetry proper ly i n t o a c c o u n t may 
e a s i l y fa i l t o produce r e a l i s t i c resu l t . This i s a l ike ly c a u s e for t h e fa i lure 
o f current numerica l g loba l c o n v e c t i o n z o n e mode l s (Gilman & Mil ler 1986 , 
G l a t z m a i e r 1987) t o p r e d i c t d i f f e r e n t i a l r o t a t i o n p r o p e r t i e s and dynamo 
a c t i o n c o n s i s t e n t w i t h t h e o b s e r v a t i o n s . 

The o b s e r v a t i o n a l e v i d e n c e (cf . Libbrecht 1988 , and o t h e r r e f e r e n c e s in 
t h e s a m e p r o c e e d i n g s ) i n d i c a t e s t h a t t h e d i f f e r e n t i a l r o t a t i o n o f t h e solar 
c o n v e c t i o n z o n e t o a f irst approximat ion i s c o n s t a n t a l o n g radii , ra ther than 
c o n s t a n t on cy l inders (as p r e d i c t e d b y t h e Taylor-Proudman t h e o r e m ) . This 
s h o w s t h a t , in some s e n s e , t h e so lar c o n v e c t i o n z o n e is "ver t i ca l ly stiff"; i . e . , 
a s c e n d i n g and d e s c e n d i n g mater ia l t e n d t o c o n s e r v e angular s p e e d , rather 
than angular momentum. 

If t h e t o p o l o g y o f t h e g loba l c o n v e c t i o n z o n e is i n t e r m i t t e n t , w i t h 
l o c a l i z e d f i l amentary downdraf t s immersed in a g e n t l y a s c e n d i n g background, 
t h e n i t might b e poss ib le t o work o u t s impl i f ied mode l s o f t h e d i f f e r e n t i a l 
r o t a t i o n , w h e r e t h e e x c h a n g e o f angular momentum b e t w e e n a s c e n d i n g and 
d e s c e n d i n g f l o w c o m p o n e n t s i s e s t i m a t e d from drag and mass e x c h a n g e 
b e t w e e n t h e f i l amentary downdraf t s and t h e g e n t l y a s c e n d i n g background. As 
d i s c u s s e d a b o v e , t h e mass e x c h a n g e b e t w e e n t h e a s c e n d i n g and d e s c e n d i n g 
c o m p o n e n t s i s l a r g e l y d e t e r m i n e d b y t h e v e r t i c a l mass f lux s c a l e h e i g h t , 
through t h e c o n t i n u i t y equat ion . 
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3 . M a g n e t o - C o n v e c t i o n 

We n o w turn our a t t e n t i o n t o c o n v e c t i o n in t h e p r e s e n c e o f a m a g n e t i c f i e ld , 
s t a r t i n g w i t h t h e e x t r e m e c a s e o f sunspot umbrae. 

3 . 1 . UMBRAL SIMULATIONS 

We h a v e r e c e n t l y per formed a prel iminary s imulat ion o f t h e c e n t r a l p a r t s of 
a sunspot umbra (Nordlund & S t e i n 1 9 8 9 ) . In th i s s imulat ion , a v e r t i c a l l y 
h o m o g e n e o u s m a g n e t i c f i e ld w i t h a s t r e n g t h of 0 .2 Τ (2 kG) i s super imposed 
on a snapshot from a granulat ion s imulat ion . This adds a c o n s t a n t pressure 
e v e r y w h e r e in t h e a t m o s p h e r e , but p r o d u c e s n o addi t iona l f o r c e s . H e n c e t h e 
in i t ia l c o n d i t i o n i s s e l f - c o n s i s t e n t , a l though s o m e w h a t a r t i f i c i a l . The s trong 
m a g n e t i c f i e l d rapidly q u e n c h e s t h e c o n v e c t i o n . 

Τ 1 1 1 1 I 1 1 1 1 I I 

' ' 100 ' ' 150 
time [minutes] 

F igure 3 . The a v e r a g e s u r f a c e i n t e n s i t y in an umbra s imulat ion , r e l a t i v e t o 
t h e in i t ia l p h o t o s p h e r i c s u r f a c e i n t e n s i t y , a s a func t ion of t i m e . 

F ig . 3 s h o w s t h e a v e r a g e s u r f a c e i n t e n s i t y a s a func t ion o f t i m e for th i s 
s imulat ion . B e c a u s e c o n v e c t i o n is suppressed , t h e r e i s no th ing t o c o m p e n s a t e 
for t h e s t r o n g r a d i a t i v e l o s s e s a t t h e s u r f a c e , and t h e s u r f a c e b e g i n s t o c o o l 
rapidly . Within 5 minutes , t h e s u r f a c e radiat ion i n t e n s i t y i s l e s s than half 
t h e nominal o n e . D u e t o t h e rapidly d e c r e a s i n g s u r f a c e f lux , and t h e 
e x p o n e n t i a l l y i n c r e a s i n g h e a t c a p a c i t y per unit vo lume ( b e c a u s e t h e v i s ib le 
s u r f a c e d e s c e n d s ) , t h e r a t e o f c o o l i n g s l o w s down, and i t t a k e s approx imate ly 
o n e hour t o r e a c h a s u r f a c e i n t e n s i t y o f 20 %. We regard our in i t ia l 
c o n d i t i o n a s ra ther ar t i f i c i a l , but t h e s l o w c o o l i n g , and t h e format ion o f a 
dark umbra "in p lace" , may correspond t o a par t i cu lar umbra format ion 
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p r o c e s s , w i t h no a c c o m p a n y i n g c o n v e r g e n c e of p o r e s and small s c a l e m a g n e t i c 
f e a t u r e s , o b s e r v e d b y Zirin ( 1 9 8 7 ) . 

Fig . 4 s h o w s t h e corresponding e v o l u t i o n of t h e h o r i z o n t a l l y a v e r a g e d 
t e m p e r a t u r e , a s a funct ion of t ime and depth . The v e r y s t e e p t e m p e r a t u r e 
drop n e a r τ = 1 i s obv ious , and o n e may f o l l o w t h e d e s c e n t of th i s s u r f a c e a s 
a f u n c t i o n o f t ime b y no t ing t h a t t h e v e r t i c a l d i s t a n c e b e t w e e n gr id l ines is 
a p p r o x i m a t e l y 50 km. N o t e t h a t t h e τ = 1 s u r f a c e d e s c e n d s approx imate ly 

F igure 4 . The h o r i z o n t a l l y a v e r a g e d t e m p e r a t u r e in t h e umbra s imulat ion , a s 
a f u n c t i o n o f t i m e and depth . The t o t a l t ime c o v e r e d is a bo ut t w o and a 
hal f so lar hours . The f ine s t r u c t u r e in t h e a tmosphere in t h e f irs t par t of 
t h e s imulat ion is an a r t e f a c t of t h e in i t ia l cond i t ions . 

4 0 0 km in about o n e hour. 
S o m e of t h e var ia t ion of t h e s u r f a c e i n t e n s i t y w i t h t ime v i s ib le in Fig . 3 

i s due t o a v e r t i c a l b u o y a n c y o s c i l l a t i o n t h a t w a s p r e s e n t in t h e in i t ia l 
mode l , and w h i c h c o n t i n u e s , dr iven b y iner t ia . H o w e v e r , t h e t w o dominant 
p e a k s a r e due t o t w o e p i s o d e s of c o n v e c t i o n , w h i c h carry h e a t up t o t h e 
s u r f a c e and thus i n c r e a s e t h e s u r f a c e rad ia t ive f lux . Fig . 5 s h o w s t h e 
h o r i z o n t a l l y a v e r a g e d c o n v e c t i v e f lux , a s a func t ion o f t i m e and d e p t h . N o t e 
t h a t , for br ie f per iods , t h e c o n v e c t i v e f lux just b e l o w t h e s u r f a c e e x c e e d s 
t h e nominal photospheric s u r f a c e f lux. During t h e f irs t e p i s o d e , t h e 
c o n v e c t i v e f lux p e a k s a t just o v e r 100 % o f t h e nominal so lar f lux , but 
during t h e s e c o n d e p i s o d e i t e x c e e d s 300 % o f t h e nominal so lar f lux . The 
c o n v e c t i v e f lux i s l o c a l i z e d t o a sha l low layer c e n t e r e d on t h e s t e e p e s t part 
o f t h e t e m p e r a t u r e d i s tr ibut ion , and s e r v e s t o s l i ght ly f l a t t e n t h e t e m p e r a t u r e 
p r o f i l e s d i sp layed in Fig . 4 . This i n c r e a s e s t h e s u r f a c e t e m p e r a t u r e and 
h e n c e t h e s u r f a c e r a d i a t i v e f lux. 

The e f f e c t on t h e s u r f a c e rad ia t ive f lux is on ly about 15 % during t h e 
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Figure 5. The a v e r a g e c o n v e c t i v e f lux in t h e umbra s imulat ion , a s a f u n c -
t ion o f t i m e and depth . The c o n v e c t i v e f lux t h a t i s p r e s e n t in t h e in i t ia l 
snapshot rapidly d i e s a w a y . Later, a f t e r about o n e so lar hour, and a f t e r 
about t w o and a half so lar hours , short e p i s o d e s of c o n v e c t i o n d e v e l o p in a 
narrow s u r f a c e layer . 

f irs t e p i s o d e , w h i c h may b e surprising cons ider ing t h e c o n v e c t i v e f lux o f o v e r 
100 % just b e l o w t h e s u r f a c e . H o w e v e r , t h e h e a t c a p a c i t y o f t h e s u r f a c e 
l a y e r s i s l a r g e , and t h e huge d i v e r g e n c e of t h e c o n v e c t i v e f lux o n l y l e a d s t o 
a ra ther ins ign i f i cant f l a t t e n i n g o f t h e a v e r a g e t e m p e r a t u r e pro f i l e . During 
t h e s e c o n d e p i s o d e , t h e c o n v e c t i v e f lux i s l arge enough - and i t s durat ion 
long enough - t o s i gn i f i cant ly h e a t t h e s u r f a c e l ayers . This re su l t s in an 
upward d i s p l a c e m e n t o f t h e s u r f a c e t e m p e r a t u r e drop, w i t h a corresponding 
i n c r e a s e in t h e s u r f a c e radiat ion i n t e n s i t y , w h i c h r e a c h e s about 40 %. 

The t o p o l o g y o f t h e h e a t f l ow i s s imilar t o t h a t of ordinary granulat ion , 
w i t h c e l l s o f a s c e n d i n g and expanding g a s w h i c h push t h e m a g n e t i c f i e ld 
a s i d e . The c e l l s a r e roundish, n o t s p a c e f i l l ing , and the i r s i z e t a p e r o f f w i t h 
h e i g h t , b e c a u s e o f t h e increas ing dominance o f t h e m a g n e t i c pres sure . The 
s u r f a c e br igh tnes s p a t t e r n has br ight e d g e s on t h e round c e l l s , b e c a u s e of 
t h e t r a n s p a r e n c y o f t h e plasma in t h e surrounding, s t rong m a g n e t i c f i e ld . As 
i l l u s t r a t e d b y Fig . 5 , t h e f l ow p a t t e r n is sha l low. 

3 . 2 . UMBRAL STRUCTURE 

The q u a l i t a t i v e f e a t u r e s of an umbra's v e r t i c a l s t r u c t u r e may b e d e d u c e d 
from s imple c o n s i d e r a t i o n s o f pressure and e n e r g y equil ibrium. To a f irst 
approx imat ion , sunspot umbrae are similar t o c o o l s t e l l a r a t m o s p h e r e s w i t h 
inh ib i ted c o n v e c t i o n . At l o w e r t e m p e r a t u r e s t h e o p a c i t y i s smal ler , s o t h e 
pressure a t τ = 1 i s larger . Inhibit ion of c o n v e c t i o n r e d u c e s t h e c o n v e c t i v e 
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h e a t f lux , s o t h e τ = ι l ayer is c o o l e d b y radiat ion . S i n c e t h e c o n v e c t i v e 
f lux i s smal l , t h e a tmosphere is c l o s e t o rad ia t ive equil ibrium, and t h e 
t e m p e r a t u r e r i s e s rapidly b e l o w t h e s u r f a c e unt i l i t r e a c h e s t h e inter ior 
ad iabat . The b o t t o m of t h e s t e e p t e m p e r a t u r e grad ient i s an important 
"pivot" ( trans i t ion) po int in t h e s t ruc ture of t h e umbra. 

In f a c t , t h e "pivot point" may b e d e f i n e d a s t h e p l a c e w h e r e t h e rad ia t ive 
f lux b e c o m e s a small f r a c t i o n of t h e s u r f a c e f lux. Above th i s po in t , t h e r e is 
approx imate rad ia t ive equil ibrium, b e c a u s e t h e t ime s c a l e t o approach 
r a d i a t i v e equil ibrium d e c r e a s e s rapidly w i t h he i g h t . N e a r t h e p i v o t po int , 
t h e r e i s a s ign i f i cant d i v e r g e n c e of rad ia t ive f lux , w h i c h must b e b a l a n c e d 
e i t h e r b y t h e d i v e r g e n c e o f a n o t h e r ( e . g . c o n v e c t i v e ) e n e r g y f lux , or e l s e by 
a l o c a l l o s s o f thermal e n e r g y . In t h e l a t t e r c a s e , t h e los s of thermal 
e n e r g y impl ies t h a t t h e p i v o t po int d e s c e n d s w i t h t i m e . I t s r a t e o f d e s c e n t 
i s d e t e r m i n e d b y t h e ra t io of t h e s u r f a c e rad ia t ive e n e r g y lo s s t o t h e e n e r g y 
d e n s i t y per unit vo lume a t t h e p i v o t po int . The p i v o t po int must l i e ra ther 
c l o s e t o t h e v i s ib le s u r f a c e ( τ = 1 ) , s i n c e t h e g a s rapidly b e c o m e s v e r y 
opaque b e l o w t h e s u r f a c e . The depth of t h e p i v o t po int i s b a s i c a l l y t h e 
same a s t h e "Wilson depress ion"; i . e . , t h e h e i g h t d i f f e r e n c e b e t w e e n τ = 1 in 
t h e umbra and in t h e surrounding photosphere . Thus, if t h e r e is neg l ig ib l e 
c o n v e c t i v e f lux in t h e d e e p umbra, t h e umbra s u r f a c e d e s c e n d s ; i . e . , t h e 
Wilson depres s ion i n c r e a s e s w i t h t ime . If and w h e n c o n v e c t i o n b e c o m e s 
s u f f i c i e n t l y e f f e c t i v e t o c o m p e n s a t e for t h e s u r f a c e e n e r g y l o s s e s , t h e umra 
c e a s e s t o d e s c e n d . The v e r t i c a l pos i t i on of t h e umbra a t a n y o n e t ime is 
d e t e r m i n e d b y h o w long i t has b e e n coo l ing , and h o w much h e a t has b e e n 
rep len i shed b y c o n v e c t i o n . The shape o f t h e t e m p e r a t u r e prof i l e is 
q u a l i t a t i v e l y t h e same ins ide and o u t s i d e t h e umbra, w i t h a d e e p , near ly 
i s e n t r o p i c par t , s e p a r a t e d from t h e c o o l o p t i c a l l y thin a t m o s p h e r e b y a s t e e p 
t e m p e r a t u r e drop jus t b e l o w t h e v i s ib le s u r f a c e . 

In t h e e x t e r n a l p h o t o s p h e r e , t h e i s en trop ic reg ion e x t e n d s a l l t h e w a y up 
t o jus t b e l o w t h e s u r f a c e o f t h e p h o t o s p h e r e . Inside t h e umbra t h e v i s ib le 
s u r f a c e and s t e e p t e m p e r a t u r e grad ient a r e d e p r e s s e d , a s d i s c u s s e d a b o v e . 
Thus, t h e r e i s a d e p t h in terva l b e t w e e n t h e s u r f a c e o f t h e p h o t o s p h e r e and 
t h e s u r f a c e o f t h e umbra w h e r e t h e t e m p e r a t u r e ins ide t h e spo t i s much 
smal ler than t h e t e m p e r a t u r e in t h e surrounding p h o t o s p h e r e . As a 
c o n s e q u e n c e , t h e in ternal g a s pressure drops much more rapidly w i t h h e i g h t 
in th i s in t erva l than t h e e x t e r n a l g a s pressure . The g a s pressure d i f f e r e n c e , 
w h i c h c o n t r o l s t h e s t r e n g t h and t o p o l o g y of t h e m a g n e t i c f i e ld a t t h e e d g e 
of t h e s p o t , thus o b t a i n s a c h a r a c t e r i s t i c shape . From i t s smal l subsurface 
v a l u e , t h e d i f f e r e n c e i n c r e a s e s rapidly w i t h h e i g h t near t h e p i v o t po int , 
b e c a u s e o f t h e drop in t h e inter ior t e m p e r a t u r e . When t h e in terna l g a s 
pressure is n e g l i g i b l e compared t o t h e e x t e r n a l pres sure , t h e pressure 
d i f f e r e n c e is e s s e n t i a l l y equal t o t h e e x t e r n a l pres sure , and h e n c e d e c r e a s e s 
e x p o n e n t i a l l y w i t h he igh t . 

B e l o w t h e p i v o t po in t , t h e pressure d i f f e r e n c e is equal t o t h e d i f f e r e n c e 
b e t w e e n t w o e x p o n e n t i a l l y increas ing pres sures . If t h e t e m p e r a t u r e is equal 
ins ide and o u t s i d e , t h e n t h e relative pressure d i f f e r e n c e is n e a r l y c o n s t a n t 
w i t h d e p t h . This impl ies a n e a r l y c o n s t a n t p lasma β (β = Ρ /Ρ ) . The 
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Figure 6. The pressure d i f f e r e n c e b e t w e e n t h e in ter ior o f t h e umbra and t h e 
e x t e r n a l c o n v e c t i o n z o n e , a f t e r about t w o hours o f s imula ted so lar t ime . 
The s ix c u r v e s correspond t o ( from b o t t o m t o top ) v e r t i c a l d i s p l a c e m e n t s of 
t h e subsur face umbra, r e l a t i v e t o t h e surrounding c o n v e c t i o n z o n e , o f 10 , 2 0 , 
5 0 , 100 , 2 0 0 , and 500 fern, r e s p e c t i v e l y . 

pres sure d i f f e r e n c e may a l s o b e p a r a m e t r i z e d in t e r m s o f a r e l a t i v e 
d i s p l a c e m e n t o f t h e ins ide w i t h r e s p e c t t o t h e o u t s i d e . 

F ig . 6 s h o w s t h e g a s pressure d i f f e r e n c e , a s a f u n c t i o n o f h e i g h t , for 6 
d i f f e r e n t a s sumed h e i g h t d i f f e r e n c e s ( 1 0 , 2 0 , 5 0 , 100 , 2 0 0 , and 500 km). 
N o t e t h e c h a r a c t e r i s t i c shape , w i t h a pressure d i f f e r e n c e maximum near t h e 
p i v o t po in t . Only in t h e (unrea l i s t i c ) c a s e w i t h a 5 0 0 fern d i s p l a c e m e n t is 
t h e r e n o maximum near t h e p i v o t po int . This i s b e c a u s e , for th i s par t i cu lar 
c a s e , t h e in terna l g a s pressure is a small f r a c t i o n o f t h e e x t e r n a l pressure a t 
a l l d e p t h s . We may c o n c l u d e t h a t , for reasonab le v a l u e s o f t h e v e r t i c a l 
d i s p l a c e m e n t , t h e pressure d i f f e r e n c e h a s a c h a r a c t e r i s t i c shape , w i t h a 
maximum n e a r t h e p i v o t po int . 

When try ing t o f i t t h e d e t a i l e d d is tr ibut ion o f f i e l d s t r e n g t h in sunspots , 
Jahn ( 1 9 8 9 ) empir ica l ly d e d u c e d pressure d i f f e r e n c e p r o f i l e s o f jus t th i s 
shape . H e a l s o found i t n e c e s s a r y t o in troduce vo lume c u r r e n t s in t h e 
penumbral reg ion of h i s spot model , t o s a t i s f y c o n s t r a i n t s from m e a s u r e m e n t s 
o f penumbral m a g n e t i c f i e lds . 

3 . 3 . S U N S P O T PARAMETERS 

The pres sure d i f f e r e n c e pro f i l e , t o g e t h e r w i t h t h e t o t a l m a g n e t i c f lux o f t h e 
s p o t , d e t e r m i n e s t h e umbra f lux d e n s i t y , and h e n c e t h e s i z e and t o p o l o g y of 
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t h e spot . S i n c e t h e shape of t h e pressure prof i l e i s n e a r l y universa l , t h e 
main c h a r a c t e r i s t i c s o f an i d e a l i z e d , symmetr i c , spot i s d e t e r m i n e d uniquely 
b y t h r e e p a r a m e t e r s ; t h e t o t a l f lux, t h e d e p t h of t h e p i v o t po int (Wilson 
d e p r e s s i o n ) , and t h e (near ly c o n s t a n t ) r e l a t i v e pressure d i f f e r e n c e in t h e 
subsur face l a y e r s . In pr inc ip le , t h e subsurface e n t r o p y d i f f e r e n c e b e t w e e n 
t h e ins ide and t h e o u t s i d e e n t e r s a s a fourth independent p a r a m e t e r (van 
B a l l e g o o i j e n , 1 9 8 2 ) , but small e n t r o p y d i f f e r e n c e s do n o t s i g n i f i c a n t l y 
i n f l u e n c e t h e s t r u c t u r e near t h e s u r f a c e . 

The mean ing o f t h e f irs t t w o p a r a m e t e r s i s c l e a r , but w h a t is t h e phys i ca l 
s i g n i f i c a n c e o f t h e third o n e ? Obvious ly , t h e r e l a t i v e pressure d i f f e r e n c e in 
t h e subsur face l a y e r s may b e c h a n g e d by pushing m a t t e r up or down t h e f lux 
t u b e . In t h e Sun , th i s must b e c o n t r o l l e d b y condi t ions in t h e d e e p e s t part 
o f t h e f lux rope , s i n c e t h a t i s w h e r e most of t h e mass in t h e f lux rope is 
l o c a t e d . There may a l s o b e coupl ings t o w h a t happens in o t h e r part o f a 
t o p o l o g i c a l l y c o n n e c t e d s t r u c t u r e . Global ly , t h e t o t a l mass w i t h i n a f lux 
s t r u c t u r e must b e approx imate ly c o n s e r v e d , if perhaps in a "leaky" w a y , 
depend ing on h o w c o h e r e n t t h e f lux s t ruc ture i s . In t h e mos t n a i v e p i c t u r e , 
pushing m a t t e r down a t o n e p l a c e wi l l push i t up s o m e w h e r e e l s e . 

When cons ider ing sunspots a s part o f t h e g loba l so lar m a g n e t i c f i e ld , such 
g e o m e t r i c a l c o n s t r a i n t s h a v e i n t e r e s t i n g impl icat ions t h a t may b e r e l e v a n t for 
t h e b e h a v i o r o f a c t i v e reg ions and for t h e so lar dynamo p r o c e s s (cf . t h e n e x t 
s e c t i o n ) . The r e l a t i v e pressure d i f f e r e n c e p a r a m e t e r might c o n t r o l t h e 
" looseness" o f a spot or spot group, and might b e w h a t d e t e r m i n e s t h e 
s y s t e m a t i c umbra i n t e n s i t y d e p e n d e n c y on c y c l e phase d i s c o v e r e d b y Mal tby 
and c o - w o r k e r s (Albregt sen & Mal tby 1978 , 1 9 8 1 ; cf . a l s o M a l t b y et αϊ. , 
1 9 8 6 ) . This i s a l s o t h e p a r a m e t e r w h o ' s e v o l u t i o n may b e contro l l ing t h e 
break-up o f a spo t . When t h e subsurface pressure d i f f e r e n c e d e c r e a s e s , t h e 
s u b - s u r f a c e f i e ld expands , and t h e spot may b e c o m e uns tab le and break up. 

The r e l a t i v e pressure d i f f e r e n c e a t depth may a l s o c o n t r o l t h e format ion 
o f s p o t s and p o r e s in an emerg ing f lux reg ion . U n t i l t h e s u r f a c e l a y e r s h a v e 
c o o l e d s u f f i c i e n t l y , t h e s u r f a c e pressure d i f f e r e n c e may n o t b e large enough 
t o hold a spo t t o g e t h e r a t t h e s u r f a c e , e v e n if i t i s subs tant ia l some 
d i s t a n c e b e l o w t h e s u r f a c e . An a g g r e g a t e of f lux is formed, w i t h p o r e s and 
f a c u l a e , l o o s e l y he ld t o g e t h e r b y t h e pressure d i f f e r e n c e a t d e p t h , but w i t h 
i n s u f f i c i e n t pressure d i f f e r e n c e a t t h e s u r f a c e t o form large s p o t s . As t h e 
individual p o r e s c o o l off , t h e s u r f a c e pressure d i f f e r e n c e i n c r e a s e s , and large 
s p o t s form b y merg ing of smal ler p o r e s and s p o t s . 

Morpholog ica l c h a n g e s o f t h e g loba l m a g n e t i c f i e ld c a n c h a n g e t h e r e l a t i v e 
pres sure d i f f e r e n c e . If a f lux s t ruc ture is b e n t o v e r b a c k w a r d s , b e c a u s e of 
d i f f e r e n t i a l r o t a t i o n , i t t e n d s t o b e c o m e shorter a l o n g t h e b o t t o m . 
Conservat ion o f mass requires t h a t m a t t e r b e pushed up in t h e f lux s t r u c t u r e , 
s o t h e s u b - s u r f a c e g a s pressure d i f f e r e n c e drops . The s u r f a c e f lux 
c o n c e n t r a t i o n wi l l no longer b e he ld t o g e t h e r b e l o w t h e s u r f a c e , and spot s 
wi l l s t a r t t o d i s s o l v e . This may b e w h a t happens in t h e f o l l o w i n g p o l a r i t y of 
an a c t i v e reg ion , if t h e s u r f a c e r o t a t e s more s l o w l y than t h e b o t t o m of t h e 
c o n v e c t i o n z o n e . Converse ly , t h e l ead ing part o f a f lux s t r u c t u r e would b e 
s t r e t c h e d o u t a l o n g t h e b o t t o m , w h i c h would i n c r e a s e t h e s u b - s u r f a c e 
pres sure d i f f e r e n c e , and h e n c e t e n d t o s t a b i l i z e s p o t s in t h e l e a d i n g par t of 
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a c t i v e reg ions , a s i s o b s e r v e d . 
The s c e n a r i o works if t h e b o t t o m of t h e c o n v e c t i o n z o n e r o t a t e s f a s t e r 

than t h e s u r f a c e . R e c e n t h e l i o s e i s m o l o g y m e a s u r e m e n t s ( e . g . , Libbrecht , 
1988) i n d i c a t e t h a t th i s i s indeed t h e c a s e , w i t h t h e radia l ly "stiff" mapping 
of t h e s u r f a c e d i f f e r e n t i a l r o t a t i o n through t h e t o p par t o f t h e c o n v e c t i o n 
zone turning o v e r in to more rigid r o t a t i o n , near t h e l o w e r boundary of t h e 
c o n v e c t i o n z o n e . S t e n f l o (1989ab) independenty d e d u c e d such a r o t a t i o n 
prof i l e b y n o t i n g t h a t r o t a t i o n r a t e s measured b y c o r r e l a t i n g s u r f a c e p a t t e r n s 
over o n e or s e v e r a l ro ta t ion per iods a r e s y s t e m a t i c a l l y larger than t h e 
ro ta t ion r a t e s for individual m a g n e t i c f e a t u r e s , measured o v e r shor ter t ime 
per iods , near t h e c e n t r a l meridian (Snodgrass , 1 9 8 3 ) . 

4 . N e t w o r k and Facu lar M a g n e t i c F ie lds 

N e t w o r k and facu lar m a g n e t i c f i e lds c o n s i s t o f l arge numbers o f small 
m a g n e t i c f i e l d s t r u c t u r e s , w i t h m a g n e t i c f i e ld s t r e n g t h s o f t h e order of 1 - 2 
kG. H e n c e , the i r m a g n e t i c pres sures are comparable t o t h e p h o t o s p h e r i c g a s 
pres sure . T h e y are s imilar t o t h e larger p o r e s and s p o t s , but the i r s i z e s are 
t y p i c a l l y smal ler than c a n b e r e s o l v e d w i t h p r e s e n t ins truments . The l oca l 
t o p o l o g y and t ime e v o l u t i o n o f such s t r u c t u r e s a re c o n t r o l l e d b y c o n v e c t i o n 
on t h e s c a l e o f granulat ion . The m a g n e t i c f lux is c o n c e n t r a t e d in 
intergranular l a n e s . Their in ter iors b e c o m e e v a c u a t e d , b e c a u s e t h e s u r f a c e 
r a d i a t i v e l o s s e s c a n n o t b e b a l a n c e d b y a d v e c t i o n o f e n t r o p y a c r o s s t h e f i e ld 
l ines . The f lux c o n c e n t r a t i o n s are in q u a s i - s t a t i c pressure equil ibrium w i t h 
surrounding e v o l v i n g granules , and t h e f lux c o n c e n t r a t i o n s "creep" in to n e w l y 
formed intergranular l a n e s . (Nordlund 1985d, 1986; Nordlund & S t e i n 1989) 

Channel ing of t h e rad ia t ive f lux in to th in f lux s t r u c t u r e s may exp la in t h e 
b r i g h t n e s s of small s c a l e f lux c o n c e n t r a t i o n s , a s compared t o darker larger 
s c a l e f lux c o n c e n t r a t i o n s such a s p o r e s and sunspots (Sprui t 1976 , Sprui t & 
Zwaan 1 9 8 1 ) . The f lux s t r u c t u r e s , w h i c h a re perhaps b e t t e r r e p r e s e n t e d by 
s labs than b y f lux t u b e s , are s e p a r a t e d from t h e surrounding granula t ion b y a 
v e r y thin boundary layer ( D e i n z e r et al. 1984ab , Knölker et al. 1988 , 
G r o s s m a n n - D o e r t h et al. 1 9 8 8 ) . Enhanced rad ia t ive h e a t i n g and suppressed 
c o n v e c t i v e c o o l i n g of t h e upper photosphere may exp la in t h e r e l a t i v e l y hot 
upper p h o t o s p h e r i c l a y e r s d e d u c e d from t h e t e m p e r a t u r e w e a k e n i n g o f S t o k e s 
V p r o f i l e s ( S t e n f l o , 1975; So lanki & S t e n f l o 1984 , 1985; S t e n f l o et al. 1 9 8 7 ) . 

The t o p o l o g y and t ime e v o l u t i o n o f larger c l u s t e r s of small m a g n e t i c f i e ld 
c o n c e n t r a t i o n s is in f luenced by c o n v e c t i o n on larger s c a l e s : meso -granu la t ion 
and super-granula t ion . Most o f t h e f i e ld is s w e p t t o t h e boundar ies of 
supergranulat ion c e l l s , and l o c a l a u t o - c o r r e l a t i o n t rack ing o f granu les shows 
t h a t t h e hor i zonta l mot ion of small m a g n e t i c e l e m e n t s a g r e e s w i t h t h e 
h o r i z o n t a l mot ion o f granules (S imon et al. 1 9 8 8 ) . The supergranular 
v e l o c i t i e s a r e s imilar in t h e q u i e t sun and in t h e e n h a n c e d n e t w o r k (Wang 
1 9 8 9 ) . 

In p l a g e s , supergranulat ion c e l l s are no longer v i s ib l e , and hor izonta l 
v e l o c i t i e s a r e s ign i f i cant ly suppressed (T i t l e et al. 1 9 8 9 ) . This may b e 
r e l a t e d t o a q u a l i t a t i v e c h a n g e of t opo log y , w h e r e t h e m a g n e t i c f i e l d f i l l s 

https://doi.org/10.1017/S0074180900044144 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900044144


206 

F i g u r e 7 . C o m p o s i t e p l o t , s h o w i n g t e m p e r a t u r e , d e n s i t y , a n d t h e v e r t i c a l 
c o m p o n e n t s of t h e m a g n e t i c f i e l d a n d t h e v e l o c i t y f i e ld , in h o r i z o n t a l p l a n e s 
a t f o u r d i f f e r e n t d e p t h s in a n u m e r i c a l m o d e l of t h e i n t e r a c t i o n of g r a n u l a -
t i o n a n d a ( r a t h e r s t r o n g ) f a c u l a r m a g n e t i c f i e ld ( N o r d l u n d & S t e i n , 1 9 8 9 ) . 
T h e h o r i z o n t a l s i z e of t h e m o d e l is 3 * 3 M m . 

e s s e n t i a l l y a l l a v a i l a b l e i n t e r g r a n u l a r l a n e s , a n d h e n c e b e c o m e s t o p o l o g i c a l l y 
c o n n e c t e d in t h e h o r i z o n t a l p l a n e ( N o r d l u n d & S t e i n , 1 9 8 9 ) . S u c h a 
m a g n e t i c f lux t o p o l o g y i n h i b i t s l a r g e s c a l e h o r i z o n t a l v e l o c i t i e s , a t l e a s t n e a r 
t h e s o l a r s u r f a c e . T h e h o r i z o n t a l t o p o l o g y of a c a s e w i t h a 500 G a v e r a g e 
v e r t i c a l f i e l d is i l l u s t r a t e d in F ig . 7 ( a n a l o g o u s t o F i g . 1 ) . N o t e t h a t t h e 
s u r f a c e ( g r a n u l a t i o n ) t o p o l o g y is v i s i b l e o v e r a l a r g e r r a n g e in d e p t h , 
c o m p a r e d t o t h e c a s e in F ig . 1. Also , a s i l l u s t r a t e d b y F i g . 1 of N o r d l u n d & 
S t e i n ( 1 9 8 9 ) , t h e g r a n u l e s b e c o m e m o r e r o u n d i s h , a n d t h e i r l i f e t i m e s 
i n c r e a s e , r e l a t i v e t o o r d i n a r y g r a n u l e s . T h i s is b e c a u s e t h e n e a r l y v e r t i c a l 
s h e e t s of m a g n e t i c f i e ld s t a b i l i z e t h e c o n v e c t i o n p a t t e r n s , b y p r e v e n t i n g t h e 
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i n t e r a c t i o n o f f l o w s from ne ighboring granules . 
Schr i jver ( 1 9 8 9 ) h a s s u g g e s t e d a s imple mechani sm, b a s e d on t h e t o p o l o g y 

of t h e p a t h s a v a i l a b l e for hor izonta l f lux transport , t o exp la in t h e rather 
sharp boundary b e t w e e n a p l a g e and t h e surrounding n e t w o r k . I t may w e l l 
b e , h o w e v e r , t h a t p l a g e s a r e in tr ins ica l ly c o h e r e n t . If t h e y a r e t h e s u r f a c e 
m a n i f e s t a t i o n s o f subsurface f lux ropes w i t h a r e l a t i v e g a s pressure 
d i f f e r e n c e s u f f i c i e n t t o hold t h e f lux t o g e t h e r a t d e p t h , but in su f f i c i en t t o 
bring t h e f lux t o g e t h e r in to sunspots , t h e n t h e r e l a t i v e l y w e l l d e f i n e d 
boundary m a y s imply r e f l e c t t h e boundary of t h e subsur face f lux rope . N e a r 
t h e s u r f a c e , t h e f lux rope i s "frayed", w i t h t h e individual s trands 
c o n c e n t r a t e d t o k i lo Gauss s t r e n g t h b y t h e s u r f a c e e f f e c t s d i s c u s s e d a b o v e . 
H o w e v e r , b e l o w t h e s u r f a c e , t h e f lux rope may r e t a i n some of t h e c o h e r e n t 
s t r u c t u r e i t undoubtedly had w h e n emerg ing through t h e s u r f a c e a s t h e 
f o l l o w i n g p o l a r i t y part o f an emerg ing f lux reg ion . 

5. A c t i v e Reg ions and t h e S o l a r Dynamo 

A c t i v e reg ions a r e o f t e n c o n s i d e r e d p a s s i v e c o n s e q u e n c e s o f t h e so lar 
dynamo; t h e q u e e r and i n t r i c a t e s u r f a c e m a n i f e s t a t i o n o f subsur face dynamo 
a c t i o n . H o w e v e r , a s c e n a r i o for a "topolog ica l so lar dynamo" may b e 
c o n s t r u c t e d w h e r e a c t i v e reg ion m a g n e t i c f i e lds p l a y an important part in t h e 
dynamo p r o c e s s , and t h e d e t a i l e d c o n n e c t i v i t y of t h e g loba l so lar m a g n e t i c 
f i e l d i s e s s e n t i a l t o t h e dynamo p r o c e s s (Nordlund, 1 9 8 9 ) . The "topolog ica l 
dynamo" i s a c l a s s i c a l " α - ω dynamo", but c o m p l e m e n t e d w i t h d e t a i l e d 
s u g g e s t i o n s for t h e t o p o l o g y of t h e α and ω p a r t s o f t h e p r o c e s s . This 
s c e n a r i o i s ab l e t o exp la in a number of o b s e r v e d f e a t u r e s of t h e so lar c y c l e 
and so lar a c t i v e reg ions . A short summary o f t h e main f e a t u r e s i s g i v e n 
h e r e : 

A f lux rope break ing o f f from an az imutha l m a g n e t i c f lux s y s t e m a t t h e 
b o t t o m of t h e c o n v e c t i o n z o n e , and ris ing t o w a r d s t h e s u r f a c e , e x p e r i e n c e s a 
s y s t e m a t i c cor io l i s f o r c e due t o t h e p e r s i s t e n t expans ion o f a s c e n d i n g plasma. 
The s e n s e o f t h e cor io l i s f o r c e is contrary t o t h e s e n s e o f ro ta t ion ; i . e . , t h e 
r is ing par t o f t h e f lux rope t e n d s t o r o t a t e i t s l ead ing p o l a r i t y t o w a r d s t h e 
e q u a t o r and i t s f o l l owing po lar i ty a w a y from t h e equator . This t e n d e n c y is 
c o u n t e r a c t e d b y t h e t ens ion f o r c e a long t h e f lux rope , w h i c h t e n d s t o k e e p 
t h e f lux rope in a l ignment w i t h t h e main az imutha l f lux s y s t e m . The w e l l 
known t e n d e n c y for a c t i v e reg ion m a g n e t i c f i e lds t o h a v e a s l ight inc l inat ion 
t o t h e e q u a t o r is most l ike ly a c o n s e q u e n c e of th i s e f f e c t w h i c h , o f c o u r s e , 
i s n o t h i n g e l s e than w h a t is usual ly c a l l e d t h e " α - e f f e c t " in dynamo theory . 
In g e n e r a l t e r m s , t h e α - e f f e c t i s respons ib le for g e n e r a t i n g a po lo ida l 
c o m p o n e n t of t h e m a g n e t i c f i e ld , from an or ig ina l ly az imutha l f i e ld 
c o m p o n e n t . 

The o t h e r i n g r e d i e n c e in a c l a s s i c a l α - ω dynamo is t h e " ω - e f f e c t " , w h i c h 
r e g e n e r a t e s an az imutha l component , of o p p o s i t e s ign t o t h e or ig inal o n e , 
from t h e po lo ida l component . In g e n e r a l t erms , t h e ω e f f e c t i s of c o u r s e a 
c o n s e q u e n c e of t h e d i f f e r e n t i a l ro ta t ion of t h e so lar c o n v e c t i o n z o n e , a c t i n g 
on t h e po lo ida l component o f t h e g lobal so lar m a g n e t i c f i e ld . N o t e , h o w e v e r , 
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t h a t t h e "poloidal" part g e n e r a t e d by t h e w e a k t i l t o f a c t i v e reg ion m a g n e t i c 
f i e lds i s l o c a l i z e d t o t h e a c t i v e reg ion . Par t o f t h e "topo log ica l dynamo" 
s c e n a r i o i s a s u g g e s t i o n for t h e a c t u a l t o p o l o g y of t h e " ω - e f f e c t " , w h i c h 
i n v o l v e s t h e d i s tor t ion o f a c t i v e reg ion m a g n e t i c f i e lds b y d i f f e r e n t i a l 
r o t a t i o n . 

As an a c t i v e reg ion f lux rope breaks through t h e s u r f a c e , t h e c r e s t of t h e 
loop e x t e n d s i n t o t h e corona . We know o b s e r v a t i o n a l l y t h a t r e c o n n e c t i o n is 
e f f i c i e n t in t h e corona . On t h e t ime s c a l e of d a y s , t h e or ig inal c o n n e c t i v i t y 
b e t w e e n l ead ing and fo l l owing po lar i ty i s l o s t . We may t h e r e f o r e regard t h e 
or ig inal f lux rope a s e f f e c t i v e l y s e v e r e d a b o v e t h e s u r f a c e , w i t h t h e 
f o l l o w i n g and l ead ing po lar i ty c r o s s e c t i o n s a c t i n g a s t w o "loose" ends of t h e 
or ig inal f lux rope . 

As d i s c u s s e d in t h e prev ious s e c t i o n , t h e l ead ing p o l a r i t y end o f t h e f lux 
rope , w i t h f lux c o n c e n t r a t e d in to a f e w s p o t s , i s "dragged" a l o n g b y t h e 
f a s t e r r o t a t i o n a t dep th . The fo l l owing po lar i ty end i s b e n t o v e r b a c k w a r d s 
b y t h e d i f f e r e n t i a l r o t a t i o n , and forms a d i f fuse (p lage ) c r o s s e c t i o n w i t h t h e 
s u r f a c e . As a c o n s e q u e n c e , t h e la t i tudinal pos i t i on of t h e l ead ing p o l a r i t y 
remains w e l l d e f i n e d and s t a b l e , w h i l e t h e f o l l o w i n g po lar i ty , b e c a u s e i t is 
b e n t o v e r b a c k w a r d s , more e a s i l y dr i f t s in l a t i t u d e . The o b s e r v e d p o l e w a r d 
dr i f t o f t h e f o l l o w i n g po lar i ty impl ies t h a t t h e d i spersed p l a g e a r e a hauls t h e 
b o t t o m f i e l d a l o n g a s a h e a v y rope tra i l ing p o l e w a r d s around a l o n g t h e 
b o t t o m . This l e a d s t o "unwinding" of t h e b o t t o m par t o f t h e f o l l o w i n g 
p o l a r i t y from t h e or ig inal az imutha l f lux s y s t e m , and t h e winding up o f n e w 
az imutha l f lux in t h e o p p o s i t e d i r e c t i o n a t high l a t i t u d e s . At t h e same t i m e , 
t h e l ead ing f lux i s b e i n g wound up on t h e equatorward s ide o f t h e az imutha l 
f lux s y s t e m , w h i c h l e a d s t o an equatorward migrat ion o f t h e or ig inal 
az imutha l f lux s y s t e m . This p r o c e s s k e e p s g o i n g a s long a s t h e s u r f a c e 
r o t a t e s s l o w e r than t h e b o t t o m of t h e c o n v e c t i o n z o n e . When t h e or ig inal 
az imutha l f lux s y s t e m r e a c h e s l a t i t u d e s w h e r e t h e radial d i f f e r e n t i a l r o t a t i o n 
v a n i s h e s (cf . Libbrecht 1988 , Fig . 2 ) , t h e "unwinding" p r o c e s s w i n s o v e r t h e 
"winding" p r o c e s s , and t h e or ig inal az imutha l f lux s y s t e m e v e n t u a l l y v a n i s h e s . 
In t h e m e a n t i m e , a n e w f lux s y s t e m w i t h o p p o s i t e p o l a r i t y has formed a t 
h igh l a t i t u d e s , and a n e w c y c l e b e g i n s . 

6. Concluding Remarks 

We h a v e s t r e s s e d , throughout th i s paper , t h e importance o f cons ider ing t h e 
t h r e e - d i m e n s i o n a l t o p o l o g y of so lar m a g n e t i c f i e lds and f l o w s . B e c a u s e of 
t h e enormous pres sures and d e n s i t i e s in t h e d e e p c o n v e c t i o n z o n e , r e l a t i v e t o 
t h e o b s e r v a b l e s u r f a c e , much o f t h e large s c a l e and long t ime behav ior of 
s u r f a c e p h e n o m e n a i s l i k e l y t o b e c o n t r o l l e d from b e l o w . The n e a r a d i a b a t i c 
and a n e l a s t i c na ture of subsurface f l o w s , and t h e c o n n e c t i v i t y of m a g n e t i c 
f i e l d s , prov ide important c o n s t r a i n t s on t h e behav ior o f t h e subsur face f l o w s 
and m a g n e t i c f i e lds . We c a n on ly o b s e r v e t h e s u r f a c e m a n i f e s t a t i o n s of 
t h e s e subsur face phenomena , and w e must d e d u c e t h e behav ior b e l o w t h e 
s u r f a c e b y ind irec t means . 

As w e h a v e i l lu s t ra ted h e r e , numerica l s imulat ions may p l a y an important 
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role in th i s p r o c e s s , b y providing e x a m p l e s o f t h e c o m p l i c a t e d behav ior , and 
of t h e three -d imens iona l t o p o l o g i e s invo lved . Numer ica l s imulat ions a r e most 
usefu l w h e n s e t up t o d i r e c t l y model t h e behav ior o f so lar phenomena , b y 
us ing t h r e e - d i m e n s i o n a l and unbounded g e o m e t r i e s , b y a c c u r a t e l y mode l ing 
s u r f a c e r a d i a t i v e t rans fer e f f e c t s , and b y us ing r e a l i s t i c e q u a t i o n s o f s t a t e 
and absorpt ion c o e f f i c i e n t s . One argument for th i s d e t a i l e d approach i s t o 
b e a b l e t o d i r e c t l y compare w i t h o b s e r v e d s u r f a c e phenomena . Another 
important r e a s o n for us ing a r e a l i s t i c s imulat ion is t o a v o i d introduc ing 
spurious e f f e c t s , e . g . , a t n o n - p e n e t r a t i v e or r e f l e c t i n g boundar ies . 

H o w e v e r , g i v e n re su l t s o f such d e t a i l e d and r e a l i s t i c s imulat ions , 
q u a l i t a t i v e i n t e r p r e t a t i o n o f t h e o f t e n v e r y c o m p l i c a t e d spat ia l and temporal 
behav ior i s v i t a l l y important , in order t o i d e n t i f y t h e e s s e n t i a l phys i ca l 
p r o c e s s e s , and t o b e a b l e t o draw more g e n e r a l c o n c l u s i o n s from t h e 
numerica l mode l s , w h i c h are n e c e s s a r i l y l imi ted in t empora l and spat ia l e x t e n t 
and re so lu t ion . 

S o l a r p h y s i c s i s p r e s e n t l y enjoy ing a r e n a i s s a n c e , w i t h n e w ins truments and 
c l e v e r o b s e r v a t i o n a l t e c h n i q u e s , t o g e t h e r w i t h supercomputer numerica l 
s imulat ions , provid ing t h e impetus for rapid progres s in our unders tanding of 
p h y s i c a l p r o c e s s e s on t h e Sun. The d e v e l o p m e n t o f n e w e a r t h - and s p a c e -
b a s e d ins trumenta t ion (LEST, S O H O , OSL) , and t h e cont inua l improvement of 
c o m p u t e r hardware and s o f t w a r e , wi l l supply e v e n more p o w e r f u l t o o l s t o 
a s s i s t our v e n t u r e . 
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