
LOCATING THE SEAT OF THE SOLAR DYNAMO 

Arnab Ra i C h o u d h u r i 
D e p a r t m e n t o f P h y s i c s 
I n d i a n I n s t i t u t e o f S c i e n c e 
B a n g a l o r e 5 6 0 0 1 2 . I n d i a 

ABSTRACT. By a n a l y z i n g t h e h y p o t h e s i s t h a t t h e s o l a r dynamo 
o p e r a t e s i n a t h i n l a y e r a t t h e b o t t o m o f t h e c o n v e c t i o n 
z o n e , we c o n c l u d e t h a t t h i s h y p o t h e s i s c a n f i t o b s e r v a t i o n a l 
f a c t s o n l y i f t h e r e i s t u r b u l e n c e w i t h t h e l e n g t h s c a l e o f a 
f ew h u n d r e d k i l o m e t e r s i n and a r o u n d t h e dynamo r e g i o n . 

1 . INTRODUCTION 

The t r a d i t i o n a l v i e w t h a t t h e s o l a r m a g n e t i c f i e l d s a r e 
g e n e r a t e d by an o(60 -dynamo o p e r a t i n g i n t h e c o n v e c t i o n 
z o n e h a s b e e n s u b j e c t t o c r i t i c i s m s i n r e c e n t y e a r s b e c a u s e 
o f t h e f o l l o w i n g d i f f i c u l t i e s : ( i ) m a g n e t i c b u o y a n c y w o u l d 
r e m o v e any m a g n e t i c f l u x f r o m t h e c o n v e c t i o n z o n e q u i c k l y 
( P a r k e r , 1 9 7 5 ) , and ( i i ) s e l f - c o n s i s t e n t d y n a m i c a l m o d e l s o f 
c o n v e c t i o n z o n e dynamos a r e u n a b l e t o r e p r o d u c e t h e s u r f a c e 
r o t a t i o n p a t t e r n and t h e b u t t e r f l y d i a g r a m s i m u l t a n e o u s l y 
( G i l r n a n , 1 9 8 3 ) . I n r e s p o n s e t o t h e s e d i f f i c u l t i e s ' , i t h a s 
b e e n s u g g e s t e d t h a t t h e dynamo o p e r a t e s i n a t h i n l a y e r a t 
t h e b o t t o m o f t h e c o n v e c t i o n z o n e o r u n d e r n e a t h i t r a t h e r 
t h a n o p e r a t i n g i n t h e m a i n b u l k o f t h e c o n v e c t i o n z o n e . The 
o v e r s h o o t r e g i o n u n d e r n e a t h t h e c o n v e c t i o n z o n e i s s u p p o s e d 
t o be a s u i t a b l e l o c a t i o n f o r t h e o p e r a t i o n o f t h e s o l a r 
d y n a m o , s i n c e t h e s u b a d i a b a t i c g r a d i e n t t h e r e c a n s u p p r e s s 
t h e m a g n e t i c b u o y a n c y ( S p i e g e l and W e i s s , 1 9 8 0 ; v a n 
B a l l e g o o i j e n , 1 9 8 2 ) . A l t e r n a t i v e e f f e c t s s u c h a s t h e r m a l 
s h a d o w s ( P a r k e r , 1 9 8 7 ) and t h e d r a g d u e t o t h e m e r i d i o n a l 
f l o w ( v a n B a l l e g o o i j e n and C h o u d h u r i , 1 9 8 8 ) h a v e a l s o b e e n 
p r o p o s e d i n o r d e r t o s u p p r e s s m a g n e t i c b u o y a n c y i n a t h i n 
l a y e r a t t h e b o t t o m o f t h e c o n v e c t i o n z o n e . The 
d i f f e r e n t i a l r o t a t i o n and t h e o ( - c o e f f i c i e n t d r i v i n g t h e 
dynamo a c t i o n t h e r e a r e a l s o e x p e c t e d t o h a v e c o r r e c t s i g n s , 
a t l e a s t i n t h e l o w e r l a t i t u d e s , s o a s t o make t h e dynamo 
w a v e s g o i n t h e c o r r e c t d i r e c t i o n (Gilrnan e t a l . , 1 9 8 9 ) . 
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Though t h e h y p o t h e s i s t h a t t h e dynamo o p e r a t e s i n a 
t h i n l a y e r a t t h e b o t t o m o f t h e c o n v e c t i o n z o n e may s o l v e 
o l d p r o b l e m s , i t r a i s e s s e v e r a l new q u e s t i o n s . C h o u d h u r i 
and G i l m a n ( 1 9 8 7 ) f o u n d t h a t e v e n i f t h e f l u x i s i n i t i a l l y 
c r e a t e d a t l o w l a t i t u d e s a t t h e b o t t o m o f t h e c o n v e c t i o n 
z o n e , t h e C o r i o l i s f o r c e makes t h e f l u x r i s e p a r a l l e l t o t h e 
r o t a t i o n a x i s and e m e r g e a t h i g h l a t i t u d e s p o l e w a r d o f w h e r e 
s u n s p o t s a r e s e e n . I n § 2 we p r e s e n t r e c e n t work on t h e 
q u e s t i o n w h e t h e r t h e f l u x c a n b e made t o e m e r g e a t s u n s p o t 
l a t i t u d e s . Then § 3 d i s c u s s e s w h e t h e r t h e dynamo o p e r a t i n g 
i n a t h i n l a y e r c a n h a v e t h e c o r r e c t p e r i o d and w a v e l e n g t h . 
We s h a l l s e e t h a t c o m p l e t e l y d i f f e r e n t a r g u m e n t s i n § 2 a n d 
§ 3 p o i n t t o t h e e x i s t e n c e o f t u r b u l e n c e w i t h t h e same 
l e n g t h s c a l e o f f ew h u n d r e d k i l o m e t e r s i n t h e dynamo r e g i o n . 

F i g . 1 . Evolut ion of a part ia l ly anchored flux ring with init ial m a g n e t i c 
f ie ld 1.7 X 10 G. The s u c c e s s i v e conf igurat ions in (1a) or the dot s in 
(1b) are at intervals of 14 days . 

2 . RISE OF FLUX THROUGH THE CONVECTION ZONE 

The c a l c u l a t i o n s o f C h o u d h u r i and G i l m a n ( 1 9 8 7 ) w e r e 
c a r r i e d o u t f o r f l u x r i n g s s y m m e t r i c a r o u n d t h e r o t a t i o n 
a x i s . I n o r d e r t o i n v e s t i g a t e w h e t h e r t h e C o r i c f l i s f o r c e 
c o u l d be s u p p r e s s e d by t a k i n g a c c o u n t o f d e p a r t u r e s f r o m 
a x i s y r o m e t r y , C h o u d h u r i ( 1 9 8 9 ) c o n s i d e r e d i n i t i a l s t a t e s i n 
w h i c h t h e f l u x r i n g s p o s s e s s e d n o n - s y m r n e t r i c u n d u l a t i o n s and 
had p a r t s embedded i n t h e s t a b l e l a y e r s u n d e r n e a t h t h e 
c o n v e c t i o n a o n e . Though t h o s e p a r t s r e m a i n e d a n c h o r e d 
t h e r e , t h e u p p e r p a r t s o f t h e f l u x r i n g s r i s i n g i n t h e f o r m s 
o f l o o p s s t i l l moved p a r a l l e l t o t h e r o t a t i o n a x i s . F i g u r e 
1 s h o w s t h e e v o l u t i o n o f s u c h a n o n - a x i s y r n m e t r i c f l u x r i n g 
s t a r t i n g f r o m 5 ° l a t i t u d e w i t h an i n i t i a l m a g n e t i c f i e l d o f 
1 . 7 X 1 0 * G. F i g u r e l a i s a p o l a r p l o t o f t h e s u c c e s s i v e 
c o n f i g u r a t i o n s i n t h e ( T > <P ) p l a n e , w h e r e a s F i g u r e l b s h o w s 
t h e t r a j e c t o r i e s i n t h e ( Y G ) p l a n e o f t h e h i g h e s t and 
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l o w e s t p o i n t s o f t h e f l u x r i n g w i t h t h e g r o w i n g l o o p s . We 
c l e a r l y s e e t h a t we a r e s t i l l u n a b l e t o g e t t h e f l u x o u t a t 
t h e t y p i c a l s u n s p o t l a t i t u d e s . 

More r e c e n t l y , h o w e v e r , C h o u d h u r i and D ' S i l v a ( 1 9 9 0 ) 
s t u d i e d t h e i n t e r a c t i o n s o f t h e r i s i n g f l u x w i t h t h e 
t u r b u l e n c e i n t h e s u r r o u n d i n g c o n v e c t i o n z o n e and f o u n d t h a t 
t h e f l u x c a n b e b r o u g h t o u t r a d i a l l y i f t h e r e i s t u r b u l e n t 
e x c h a n g e o f a n g u l a r momentum b e t w e e n t h e f l u x t u b e and t h e 
s u r r o u n d i n g f l u i d s u f f i c i e n t l y r a p i d l y , s a y i n 1 0 h o u r s o r 
s o . S u c h t u r b u l e n t e x c h a n g e i s p o s s i b l e o n l y ( i ) i f t h e f l u x 
r i s e s i n t h e form o f t h i n t u b e s o f r a d i u s 5 0 0 km o r s o , and 
( i i ) i f t h e r e i s e n o u g h t u r b u l e n c e a t t h a t l e n g t h s c a l e o f a 
f e w h u n d r e d k i l o m e t e r s . I t i s t h e n n e c e s s a r y t o s a t i s f y 
t h e s e two c o n d i t i o n s i f we w a n t t h e f l u x c r e a t e d a t t h e l o w 
l a t i t u d e s t o e m e r g e a t l o w l a t i t u d e s on t h e s u r f a c e . 

3 . DYNAMO WITH CORRECT PERIODICITY AND WAVELENGTH 

S i n c e t h e dynamo r e g i o n a t t h e b a s e o f t h e c o n v e c t i o n 
z o n e i s s u p p o s e d t o h a v e a t h i c k n e s s o f 1 0 ^ km, C h o u d h u r i 
( 1 9 9 0 ) h a s s o l v e d t h e k i n e m a t i c a l dynamo e q u a t i o n s f o r a 
r e c t a n g u l a r s l a b o f s u c h t h i c k n e s s . By d e m a n d i n g a p e r i o d 
o f 22 y e a r s and a h a l f - w a v e l e n g t h o f 4 0 ° i n t h e Q -
d i r e c t i o n , o n e c a n p u t some c o n s t r a i n t s o n t h e a l l o w e d 
v a l u e s o f v a r i o u s p a r a m e t e r s a p p e a r i n g i n t h e k i n e m a t i c a l 
dynamo e q u a t i o n s . F i g u r e 2 s h o w s t h e a l l o w e d r e g i o n s o f t h e 
p a r a m e t e r s p a c e f o r t h e o C - c o e f f i c i e n t and t h e v e l o c i t y 
s h e a r G: • The a l l o w e d v a l u e s o f d i f f e r e n t p a r a m e t e r s 
s u g g e s t t h a t t h e t w o s o u r c e t e r m s i n t h e g e n e r a t i o n o f t h e 
t o r o i d a l f i e l d ( i . e . t h e d i f f e r e n t i a l r o t a t i o n and t h e o( -
e f f e c t t e r m s ) h a v e t o b e o f t h e same o r d e r o f m a g n i t u d e , 
m a k i n g t h e s o l a r dynamo a t r u l y ^ 0 - d y n a m o . S i n c e o f ( 0 -
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dynamos p r o d u c e v e r y l i t t l e p o l o i d a l f i e l d and t h e p o l o i d a l 
f i e l d o f t h e s u n i s s m a l l , i t u s e d t o be a s s u m e d t h a t t h e 
s o l a r dynamo i s o f t h e o( 1 0 - t y p e . H o w e v e r , i f t h e dynamo 
o p e r a t e s a t t h e b a s e o f t h e c o n v e c t i o n z o n e , t h e n e v e n i f i t 
p r o d u c e s s i g n i f i c a n t p o l o i d a l f i e l d s , s u c h f i e l d s may n o t 
l e a k t o t h e s u r f a c e . H e n c e t h e r e i s no d i f f i c u l t y i n 
i n v o k i n g an oC2"^ - t y p e s o l a r dynamo, w h i c h may p r o d u c e 
s u b s t a n t i a l p o l o i d a l f i e l d s i n i t s r e g i o n o f o p e r a t i o n . 

C h o u d h u r i ( 1 9 9 0 ) a l s o f o u n d t h a t t h e c < - c o e f f i c i e n t a n d 
t h e t u r b u l e n t d i f f u s i o n h a v e t o b e c o n s t r a i n e d w i t h i n 
a b o u t o n e f a c t o r o f t e n , t h e m e d i a n v a l u e s b e i n g 0< ~ 10 cm 
s ~ A ( s e e F i g u r e 2 ) and r) ^ 10 ° cm^ s~*. On t h e b a s i s o f 
m i x i n g l e n g t h a r g u m e n t s , s u c h v a l u e s i m p l y r e a s o n a b l e 
t u r b u l e n t v e l o c i t i e s o f a b o u t 3 0 m s""1, b u t r a t h e r s m a l l 
t u r b u l e n t l e n g t h s c a l e s o f t h e o r d e r o f 3 0 0 km. 

4 . CONCLUSION 

We t h u s s e e t h a t f rom t w o c o m p l e t e l y d i f f e r e n t 
c o n s i d e r a t i o n s - by d e m a n d i n g t h a t t h e f l u x c r e a t e d a t l o w 
l a t i t u d e s e m e r g e a t l ow l a t i t u d e s , and by d e m a n d i n g t h a t t h e 
dynamo h a v e c o r r e c t p e r i o d and w a v e l e n g t h - we come t o t h e 
same c o n c l u s i o n t h a t t h e t u r b u l e n c e i n and a b o v e t h e dynamo 
r e g i o n s h o u l d h a v e a l e n g t h s c a l e o f a few h u n d r e d s o f 
k i l o m e t e r s . S u c h a l e n g t h s c a l e i s much s m a l l e r t h a n a l l 
t h e s c a l e h e i g h t s and g o e s a g a i n s t t h e c u r r e n t t h e o r e t i c a l 
p r e j u d i c e t h a t t h e s o l a r c o n v e c t i o n s h o u l d m a i n l y i n v o l v e 
g i a n t c e l l s . We m e r e l y p o i n t o u t t h a t t h e h y p o t h e s i s t h a t 
t h e s o l a r dynamo o p e r a t e s i n a t h i n l a y e r a t t h e b a s e o f t h e 
c o n v e c t i o n z o n e c a n be made c o n s i s t e n t w i t h o b s e r v a t i o n a l 
f a c t s o n l y i f s u c h s m a l l - s c a l e t u r b u l e n c e e x i s t s . 
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DISCUSSION 

PRIEST: Taking a field greater than 10 5G at the base of the convection zone would seem a 
good solution to your problem of making flux tubes rise through the sunspot zones rather 
than moving to the north of them. Why should not partial evacuation make the field 
strength larger than the equipartition value? After all, twenty years ago we did not dream 
that photospheric field strengths outside sunspots could be as large as lkG due to such an 
effect. Also B Roberts and others feel that helioseismology observations may imply such 
larger fields at the base of the convection zone. 

CHOUDHURI: It is true that a field of value 10 5 G would have sufficiently strong 
magnetic buoyancy to make it come out radially and would solve the problem of making the 
flux emerge at sunspot latitudes. I, however, personally feel somewhat uncomfortable with 
the idea of such a large field at the base of the convection zone. Firstly, such a field would 
completely inhibit convection and the dynamo process. Secondly, bipolar regions are 
believed to be caused by parts of flux tubes coming through the surface whereas other parts 
remain anchored deep down. A field of 10 5 G is too strong even to be anchored in the 
overshoot region (see Choudhuri [1989]). Still I agree that we know too little about the 
conditions at the base of the convection zone and perhaps we should keep our minds open 
on this issue. 

GOKHALE: The emergence of field portions from the base of the convection zone to the 
surface creates a radial flux across the convection zone. What happens to it as time 
proceeds? 

CHOUDHURI: This question has been discussed at length by Parker (1984,4/?./. 
281,839; 1987 Ap J . 312,868). Though some flux in the neighbouring active regions may 
be able to escape due to reconnection, Parker believes that the major part of the flux is again 
pulled below the surface. Hence the repeated emergence of flux in the same active site may 
involve considerable reprocessing. When Parker considered the question whether a thin 
layer at the base of convection zone can store enough flux to explain all the flux that we see 
on the surface, he concluded that a very thin layer would not be sufficient for such storage 
even if we allow considerable reprocessing. This is another difficulty with the thin-layer 
dynamo idea which gets more aggravated if the flux is not reprocessed efficiendy. 
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