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A B S T R A C T 

The strong magnetic fields observed between supergranules indicate that there must be subphoto-
spheric convection in cells with a preferred diameter of about 30000 km. Orthodox mixing length 
theory assumes that the dimensions of cells are limited by the density scale-height. This is adequate 
for explaining granules but cannot account for supergranulation. A model is therefore proposed in 
which cellular motions extend over several scale-heights. In addition to granules and supergranules 
this model predicts a third characteristic scale of motion, with giant cells around 300000 km in 
diameter. These cells may produce a pattern of magnetic fields like that suggested by Bumba and 
Howard for complexes of activity. 

W e shal l first d iscuss t h e s t r u c t u r e of c o n v e c t i o n in t he S u n ' s h y d r o g e n convec t i on z o n e 
a n d , in pa r t i cu l a r , t h e scale of t h e m o t i o n s occu r r ing in it. T h e n we shall briefly a t t e m p t 
to re la te th i s s t ruc tu re t o magnet ic- f ie ld p a t t e r n s observed a t t h e surface of t he Sun . 

G r a n u l e s a n d s u p e r g r a n u l e s s h o w cel lular m o t i o n o n t w o scales in t h e so la r a t m o s 
p h e r e . T h e ave rage d i a m e t e r of a g r a n u l e is a r o u n d 2000 k m , whi le t h e ave rage d ia
m e t e r of s u p e r g r a n u l e s is 3 0 0 0 0 k m . M o r e o v e r , t he s u p e r g r a n u l a t i o n is a p p a r e n t l y 
caused by s u b p h o t o s p h e r i c c o n v e c t i o n . T h e p h o t o s p h e r i c m a g n e t i c fields a p p e a r t o 
h a v e b e e n swept as ide a n d c o n c e n t r a t e d a t t h e b o u n d a r i e s of s u p e r g r a n u l e s ; b u t t h e 
k ine t i c ene rgy of m o t i o n in s u p e r g r a n u l e s c o r r e s p o n d s t o a field of a b o u t 20 gauss , 
w h e r e a s Sheeley (1966) h a s m e a s u r e d s t r e n g t h s of several h u n d r e d g a u s s . A g a i n , t h e 
t e n d e n c y of s u n s p o t s t o f o r m a t j u n c t i o n s of s u p e r g r a n u l e s ( B u m b a a n d H o w a r d , 
1965a) , c o u p l e d w i th t h e size of s u n s p o t fields a n d t h e scale of s u n s p o t g r o u p s , in
d i ca t e s t h a t s u p e r g r a n u l a r m o t i o n s m u s t r ep re sen t deep - sea t ed p h e n o m e n a . If, t h e n , 
w e h a v e a sa t is factory m o d e l of c o r r e c t i o n in t h e Sun , it m u s t exp la in n o t on ly 
g r a n u l e s b u t a l so t h e s u p e r g r a n u l a t i o n . 

L e t u s cons ide r first t h e o r t h o d o x t h e o r y of stel lar c o n v e c t i o n . If we had only a 
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1. Introduction 

2 . Convection Cells extending over Several Scale Heights 
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l aye r of i ncompres s ib l e fluid a n d cou ld ignore t h e b o u n d a r i e s , w e co u l d descr ibe 
c o n v e c t i o n in t e r m s e i the r of i n t e r ac t ing b u b b l e s o r of e d d i e s : in each case , the scale 
of m o t i o n w o u l d be c o m p a r a b l e w i th t h e d e p t h of t h e convec t ive layer . H o w e v e r , in 
t h e S u n the gas is c o m p r e s s i b l e a n d t h e dens i ty var ies by a f ac to r o f o r d e r 1 0 5 ove r t h e 
convec t ive z o n e . Because of c o n t i n u i t y t he m o t i o n w o u l d b e c o m e very c o m p l i c a t e d : 
a smal l m o t i o n a t t h e b o t t o m of t h e layer w o u l d r e q u i r e very r a p i d m o t i o n a t t h e t o p . 
S o B i e r m a n n a n d Schwarzsch i ld sugges ted t h a t t h e local dens i ty sca le -he ight s h o u l d 
b e t a k e n as t h e m i x i n g l eng th o r , effectively, t h e cha rac te r i s t i c scale for convect ive 
edd ies . T h u s we o b t a i n a p a t t e r n of m o t i o n w h o s e scale is d e t e r m i n e d by the local 
sca le-height . W h e n w e s t u d y a m o d e l convec t ive z o n e o b t a i n e d i n t h i s way , we find 
t h a t all its p r o p e r t i e s va ry s m o o t h l y wi th d e p t h . I t is imposs ib l e t o p r o d u c e a n y single 
d i s t ance typica l of t h e convec t ive z o n e , let a l o n e exp la in t h e p r e d o m i n a n c e of 
edd ie s wi th a scale of 3 0 0 0 0 k m . T h e o r t h o d o x m o d e l a c c o u n t s nicely for g r a n u l a t i o n 
b u t i t c a n n o t exp la in t h e ex is tence of s u p e r g r a n u l e s . 

T o c o p e w i th t h i s difficulty we w e r e the re fo re led t o p o s t u l a t e t h a t 3 0 0 0 0 k m is 
i ndeed in s o m e sense a typ ica l d i s t ance . W e s u p p o s e t h a t c o n v e c t i o n occu r s in cells 
w i th a d i a m e t e r of 3 0 0 0 0 k m over a t a n y r a t e a subs t an t i a l p a r t o f t h e c o n v e c t i o n zone . 

W e h a v e d iscussed t w o c r u d e phys ica l m o d e l s of c o n v e c t i o n in a compres s ib l e a t m o s 
p h e r e , in o r d e r t o h a v e s o m e q u a n t i t a t i v e resu l t s ( S i m o n a n d Weiss , 1968). F i r s t of 
al l , we cons ide red c o n v e c t i o n cells e x t e n d i n g over m a n y sca le -he igh ts in a n a t m o s 
p h e r e w h o s e sca le -he ight w a s i n d e p e n d e n t of d e p t h . O w i n g t o t h e s t ra t i f ica t ion, t he 
m o t i o n is d o m i n a t e d b y r i s ing b l o b s of gas . Very l i t t le of t he fluid o r ig ina t ing a t t h e 
b o t t o m of t h e cell will r e a c h t h e t o p b u t since t h e fluid r ises ad i aba t i ca l l y it will ca r ry 
a g rea te r t e m p e r a t u r e excess t h a n w o u l d be poss ib le for b l o b s o r ig ina t ing local ly. 
T h e m a s s flux a t t h e t o p of t h e cell is relat ively smal l a n d t h e a r g u m e n t t h a t con t inu i ty 
d e m a n d s r ap id m o t i o n s d o e s n o t app ly . T h e s u p e r a d i a b a t i c g r a d i e n t , fil9 r e q u i r e d t o 
t r a n s p o r t a fixed convec t ive flux c a n be c rude ly e s t i m a t e d b y b a l a n c i n g n o n - l i n e a r 
d i s s i pa t i on aga ins t w o r k d o n e b y t h e b u o y a n c y forces . T h i s c a n be c o m p a r e d wi th t h e 
s u p e r a d i a b a t i c g r a d i e n t , / ? 0 , o b t a i n e d f rom t h e o r t h o d o x m o d e l . W e f o u n d t h a t 

a n d cells e x t e n d i n g ove r m a n y sca le -he ights a r e the re fo re m o r e efficient a t t r a n s p o r t i n g 

h e a t . 
I n t h e so lar a t m o s p h e r e t h e sca le-height is n o t c o n s t a n t . I n s t e a d , i t increases wi th 

d e p t h , z, be low t h e sur face . A s a resu l t , h o r i z o n t a l veloci t ies d o m i n a t e t h e m o t i o n in 
t h e u p p e r r eg ions of a cell e x t e n d i n g ove r m a n y sca le-he ights . W e cons ide red a po ly-
t r o p i c a t m o s p h e r e wi th a r e l a t i o n s h i p 

P = Kpr 

be tween t h e p re s su re , P , a n d t h e dens i ty , p, a n d a p o l y t r o p i c index 

https://doi.org/10.1017/S0074180900021380 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021380


1 1 0 G . W . S I M O N A N D N . O . W E I S S 

M u c h of t he so lar convec t ive z o n e is fairly well descr ibed by a p o l y t r o p e with m = \. 
In such a n a t m o s p h e r e w e w o u l d expec t cells of d i a m e t e r 2 L t o be gene ra t ed where 
t h e local sca le-height w a s c o m p a r a b l e w i t h L. B u t t h e level t o wh ich m o t i o n s o n th i s 
scale c a n p e n e t r a t e is n o w l imi ted . U s i n g the s a m e phys ica l a r g u m e n t s , we w o u l d 
expec t cells of d i a m e t e r 2 L t o e x t e n d f rom z^-^L t o z&L. T h u s t hey w o u l d cover 
3 t o 4 scale-heights o r a r a n g e of a b o u t 30 in the dens i ty p . 

T h i s c r u d e phys ica l t r e a t m e n t i nd ica t e s t h a t we m i g h t expec t t o find ce l lu lar m o t i o n s 
e x t e n d i n g over , say, four dens i ty sca le -he igh t s r a t h e r t h a n j u s t o n e as in t he o r t h o d o x 
m o d e l . T h i s resul t shou ld be s u p p o r t e d by de ta i led n u m e r i c a l e x p e r i m e n t s b u t we m a y 
still ask t h e q u e s t i o n : W h a t c a n we infer a b o u t t h e p a t t e r n of c o n v e c t i o n in t h e Sun? 

T h e so la r convec t ion z o n e is c u r r e n t l y e s t i m a t e d t o be a b o u t 150000 k m in d e p t h ; 
it is unl ikely t h a t its overal l s t r u c t u r e w o u l d be significantly affected by c h a n g e s in t he 
c o n v e c t i o n m o d e l used . T h e de ta i l ed m o t i o n will be d o m i n a t e d by r i s ing b lobs wh ich 
s p r e a d o u t a n d in te rac t t o p r o d u c e eddy- l ike p a t t e r n s . If these typical ly cove r four 
sca le-he ights , we m i g h t expec t edd ie s gene ra t ed a t t h e b a s e of t h e convec t ive z o n e t o 
p e n e t r a t e t o a d e p t h of a b o u t 2 0 0 0 0 k m a n d to have a cha rac t e r i s t i c d i a m e t e r of 
a r o u n d 3 0 0 0 0 0 k m ; m o t i o n s o r i g ina t i ng a t z = 2 0 0 0 0 k m m i g h t h a v e a d i a m e t e r of 
3 0 0 0 0 k m a n d p e n e t r a t e t o z « 3 0 0 0 k m ; a b o v e t h a t level r a d i a t i v e t r ans fe r b e c o m e s 
i m p o r t a n t , so all scales f rom 4000 k m d o w n w a r d s m i g h t be visible a t t h e sur face . 

W e d o n o t , of cou r se , sugges t t h a t t h e convec t ive z o n e is s e p a r a t e d in to t h r e e discre te 
r eg ions . H o w e v e r , we p r e d i c t t h a t t h e d i s t r i bu t ion of cell sizes s h o u l d s h o w th ree 
d i s t inc t p e a k s : o n e a t a b o u t 2000 k m , c o r r e s p o n d i n g t o t h e g r a n u l a t i o n ; a n o t h e r a t 
3 0 0 0 0 k m , c o r r e s p o n d i n g t o s u p e r g r a n u l e s ; a n d a t h i r d a r o u n d 3 0 0 0 0 0 k m , co r re s 
p o n d i n g to g i an t cells in t h e d e e p convec t ive zone . T h a t is t o say, a c o n v e c t i o n m o d e l 
t h a t exp la ins b o t h g r a n u l e s a n d t h e p re fe r red d i m e n s i o n s of s u p e r g r a n u l e s will a l so 
p r ed i c t a t h i rd preferred scale , c o m p a r a b l e wi th t h e d e p t h of t h e convec t ive z o n e itself. 

F o r b o t h s u p e r g r a n u l e s a n d g i a n t cells we c a n e s t ima te typ ica l va lues of t h e vert ical 
c o m p o n e n t of t h e veloci ty , w, t h e h o r i z o n t a l c o m p o n e n t , w, a n d t h e t imesca le T = L / K \ 
T h e s e va lues a r e s h o w n in T a b l e 1. I n fact , t h e va lues of w a r e effectively t h e s a m e as 
t h o s e f o u n d us ing o r t h o d o x mix ing - l eng th t h e o r y n e a r t h e l o w e r b o u n d a r i e s of t h e 
e d d i e s . 

3 . Convection in the Sun 

Table 1 

Cellular motions in the convective zone 

L 

(km) (km/sec) 
u 

(km/sec) (days) 
T B 

(gauss) 

Supergranules 
Giant Cells 

1-5 x 10 4 

1-5 x 10 5 

0-3 
0 1 

0-6 
0-2 2 0 

0-4 2000 
6000 
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4. Interaction of Convection and Magnet ic Fields 

O v e r m o s t of a cell t h e h o r i z o n t a l veloci ty ac t s in t h e s a m e sense , o u t w a r d s f rom the 
c e n t r e ; in t h e u p p e r p a r t i t will be g r e a t e r t h a n t h e ver t ical c o m p o n e n t . T h i s p a t t e r n 
of m o t i o n will t he re fo re be pa r t i cu l a r ly effective in sweep ing a s ide m a g n e t i c flux a n d 
c o n c e n t r a t i n g it a t t h e edges of t h e cell. Th i s p rocess will be ha l t ed w h e n t h e energy of 
t h e c o n c e n t r a t e d field is c o m p a r a b l e wi th t h e k inet ic energy of t h e h o r i z o n t a l m o t i o n . 
T h i s e q u i p a r t i t i o n field var ies s lowly w i t h d e p t h for a given va lue of L. Typica l va lues 
a r e g iven in T a b l e 1. 

T h e f o r m a t i o n a n d d e v e l o p m e n t of ind iv idua l ac t ive cen t r e s is i n d e e d closely re la ted 
to t h e s u p e r g r a n u l a t i o n p a t t e r n . ( B u m b a a n d H o w a r d , 1965a) . I f g i a n t cells a r e p resen t , 
t h e y shou ld a l so h a v e o b s e r v a b l e effects o n m a g n e t i c fields a t t h e surface of t h e S u n . 
S o m e s t ruc tu re wi th a cha rac t e r i s t i c scale of a b o u t 3 0 0 0 0 0 k m s h o u l d be p resen t . A s 
Professor K i e p e n h e u e r h a s a l r eady p o i n t e d o u t , B u m b a a n d H o w a r d h a v e indeed 
sugges ted t h a t c o m p l e x e s of act ivi ty ( B u m b a a n d H o w a r d , 1965b) d o s h o w such a 
s t r u c t u r e a n d t h a t it m a y pers i s t ove r m a n y so lar r o t a t i o n s . If t h i s p a t t e r n is p resen t , 
t h e g r o w t h a n d m i g r a t i o n of such c o m p l e x e s m a y be re la ted t o ce l lu la r m o t i o n s a t 
t h e base o f t h e c o n v e c t i o n z o n e . C o m p l e x e s of ac t iv i ty s h o u l d f o r m a t j u n c t i o n s o f 
g i an t cells, whi le i nd iv idua l ac t ive cen t re s a r e con t ro l l ed by s u p e r g r a n u l a r m o t i o n s . 
T h e c o m p l e x e s m i g h t b e swep t as ide as t he p a t t e r n of m o t i o n s var ies n e a r t he b o t t o m 
of t h e convec t i on z o n e . C lose s t u d y of the i r d e v e l o p m e n t m a y t h u s e n a b l e us t o inves
t iga te convec t i on 100000 k m be low t h e surface of t h e Sun . 
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D I S C U S S I O N 

Kiepenheuer: How does the lifetime of your model of a convective cell agree with the observed 
lifetime of a supergranulum (about one day)? 

Weiss: The turnover time for our supergranular cells is about 10 hours; for the giant cells it is 
around 10 days. So a giant cell might have a lifetime of about 20 days, corresponding to the observed 
lifetime of supergranules, which is twice this turnover time. 

Acton: H o w can a toroidal magnetic field as postulated in the Babcock theory be compatible with 
the radial convection field? 

Weiss: The convection is a three-dimensional process and the horizontal components of the 
velocity may be greater than the vertical components . However, some concentration of the toroidal 
field below the bottom of the convection zone may occur, as was suggested by Spitzer. 

Beckers: Have you estimated the temperature fluctuations in the photosphere resulting from your 
convection cells? 

Weiss: N o t precisely. One would expect fluctuations of, say, 200° at the top of supergranular cells, 
but the granulation would make any variation at the photospheric level much smaller. 
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