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A b s t r a c t : A n o b s e r v i n g p r o g r a m in t h e s p e c t r a l r e g i o n of t h e o p a c i t y m i n i -
m u m r e g i o n n e a r 1650 n m w a s s t a r t e d a t N S O / S P - V T T m a n y y e a r s a g o a n d 
few r e s u l t s w e r e p r e s e n t e d . T h a n k s t o a n i m a g e p r o c e s s i n g u n i t c o n n e c t e d t o a 
r a t h e r c o n v e n t i o n a l T V c a m e r a , I R i m a g e s t a k e n a t 1650 n m c a n b e d i s p l a y e d 
on t h e T V m o n i t o r a n d i m a g e s s t o r e d o n a V G R for s u b s e q u e n t c o m p a r i s o n w i t h 
c o r r e s p o n d i n g i m a g e s in t h e v i s ib l e s p e c t r u m . T h i s r a t h e r q u a l i t a t i v e a n a l y s i s is 
s u b s t a n t i a t e d t h a n k s t o r e s u l t s c o m i n g f r o m o n e - d i m e n s i o n a l t i m e se r i e s o b t a i n e d 
w i t h a n I R p i n - h o l e s p e c t r o p h o t o m e t e r . P o w e r s p e c t r a of t h e o . m . r . g r a n u l a t i o n 
as wel l a s i t s t e m p o r a l b e h a v i o u r a r e c o m p a r e d w i t h r e s u l t s o b t a i n e d u s i n g t h e 
s a m e m e t h o d in t h e o p t i c a l r e g i o n of t h e s o l a r s p e c t r u m . N o t i c e a b l e d i f ferences 
a r e e m e r g i n g , i n c l u d i n g t h e r e d u c e d effect of 5 - m i n o s c i l l a t i o n s . 

1 . I n t r o d u c t i o n 
T h e s o l a r a t m o s p h e r e r a d i a t i v e o p a c i t y r e a c h e s i t s a b s o l u t e m i n i m u m in t h e 

1650 n m s p e c t r a l r e g i o n of t h e c o n t i n u u m , see V e r n a z z a e t a l . 1 9 8 1 , w h i c h is 
a l so a r e g i o n of e x c e l l e n t E a r t h a t m o s p h e r e s p e c t r a l t r a n s m i s s i o n , m a k i n g g r o u n d -
b a s e d o b s e r v a t i o n s a t t h i s p a r t i c u l a r w a v e l e n g t h s of h i g h q u a l i t y . U n f o r t u n a t e l y , 
t h e spec i f ic i ty of i n f r a r e d t e c h n o l o g y a n d m e t h o d , see T u r o n a n d L e n a , 1 9 7 3 , 
h a s l i m i t e d t h e p r o g r e s s w h i c h h a s b e e n a n t i c i p a t e d . I n d e e d t h e acces s of t h i s 
s o l a r o p a c i t y m i n i m u m r e g i o n ( o . m . r . ) offers a g r e a t p o t e n t i a l for t h e a n a l y s i s of 
t h e s t r u c t u r e s of t h e s o l a r a t m o s p h e r e , s t a r t i n g w i t h g r a n u l a t i o n . H e r e , w e wil l 
c o n c e n t r a t e o n t h e " q u i e t " g r a n u l a t i o n ( o u t s i d e of a c t i v e r e g i o n ) a n a l y s e d d u r i n g 
y e a r s of t h e s o l a r m i n i m u m ( 1 9 7 5 - 7 6 a n d 1 9 8 7 - 8 8 ) , see a l so T u r o n , 1 9 7 5 . 

W e first n o t i c e t h a t t h e c o n t r i b u t i o n f u n c t i o n d e d u c e d for t h e h o m o g e n e o u s 
s t a n d a r d s o l a r a t m o s p h e r e of V e r n a z z a e t a l . , 1 9 8 1 , s h o w s t h a t in t h e o . m . r . a t 
1650 n m t h e r a d i a t i o n c o m e s f r o m l aye r s d e e p e r b y a p p r o x i m a t e l y 4 0 k m t h a n t h e 
r a d i a t i o n of t h e o p t i c a l c o n t i n u u m in t h e 5 0 0 - 6 0 0 n m r e g i o n . H o w e v e r , a l t h o u g h 
t h i s v a l u e is r a t h e r s m a l l c o m p a r e d t o t h e t y p i c a l " sca l e" of g r a n u l e s , see B r a y e t 
a l . , 1984 , i t is i n t e r e s t i n g t o n o t i c e a l so t h e e x t e n s i o n of t h e c o n t r i b u t i o n f u n c t i o n : 
in t h e o . m . r . t h e r a d i a t i o n is c o m i n g f r o m a r a t h e r l i m i t e d v e r t i c a l e x t e n s i o n l aye r , 
c o n t r a r y t o t h e o p t i c a l c a s e w h e r e a s u b s t a n t i a l p a r t of t h e r a d i a t i o n is s t i l l p r o -
d u c e d in t h e u p p e r p a r t of t h e " c o n t i n u u m " p h o t o s p h e r e w h e r e 5 - m i n o s c i l l a t i o n s 
s t a r t t o b e c o m e of c o n s i d e r a b l e a m p l i t u d e , see Ke i l , 1980 . T a k i n g i n t o a c c o u n t 
t h e r e s u l t s of Ke i l e x t r a p o l a t e d t o t h e d e e p e s t l aye r s , 5 - m i n o s c i l l a t i o n s s h o u l d 
b e c o m e t h e r e e v a n e s c e n t l y s m a l l a n d , a c c o r d i n g l y , c o n v e c t i v e m o t i o n s s h o u l d b e 
d o m i n a n t ( e spec i a l ly in v e r t i c a l d i r e c t i o n ) . C o n c e r n i n g t h e a n a l y s i s of t h e o p t i c a l 
g r a n u l a t i o n , 5 - m i n o s c i l l a t i o n s h a v e b e e n s h o w n t o g ive a s u b s t a n t i a l c o n t r i b u -
t i o n , see K o u t c h m y a n d L e b e c q , 1986 , a n d T i t l e e t a l . , 1989 , w h i c h c o r r e s p o n d s 
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t o t e m p e r a t u r e fluctuations n o t t o b e c o n f o u n d e d w i t h t h e c o n v e c t i v e of o r i g i n 
t e m p e r a t u r e fluctuations of t h e g r a n u l a t i o n . F i n a l l y , let u s n o t i c e t h a t i n t e n s i t y 
m o d u l a t i o n s ( t h e " c o n t r a s t " ) c o r r e s p o n d i n g t o t h e s e t e m p e r a t u r e fluctuations a r e 
c o n s i d e r a b l y s m a l l e r in o . m . r . w h i c h c o r r e s p o n d s t o t h e i n f r a r e d ( I R ) p a r t of t h e 
s o l a r s p e c t r u m ; a 100 Κ t e m p e r a t u r e f l u c t u a t i o n c o r r e s p o n d t o a 8.5 % i n t e n s i t y 
v a r i a t i o n a t 5 0 0 n m a n d o n l y 3.5 % a t 1690 n m . 

T h e r e e x i s t s n o o b v i o u s i m a g e r in t h e I R T h e l i n e a r a r r a y b u i l t b y Τ & L, 73 
t o p e r f o r m t h e r e o . m . r . o b s e r v a t i o n s a t t h e M a c M a t h t e l e s c o p e fa i led t o p r o d u c e 
useful 2 D - i m a g e s ; t h e i r b e s t r e s u l t s h a v e b e e n d e d u c e d u s i n g a s i ng l e d e t e c t o r 
a n d t e l e s c o p e s c a n n i n g . F u r t h e r m o r e , a t e l e s c o p e of l a r g e e n o u g h a p e r t u r e s h o u l d 
b e u s e d in o r d e r t o l i m i t t h e in f luence of t h e d i f f r ac t ion , t h e w a v e l e n g t h of t h e 
o . m . r . b e i n g of o r d e r of 3 t i m e s l o n g e r t h a n t h e o p t i c a l o n e . F o r t u n a t e l y , a n o t h e r 
l i m i t a t i o n d u e t o t h e E a r t h A t m o s p h e r e s m e a r i n g a n d i m a g e m o t i o n is i m p r o v e d 
in t h e I R . 

2. Imaging of granules in the o.m.r. and brightness distribution 
F o l l o w i n g t h e e x p e r i e n c e of Τ & L, 7 3 , I s t a r t e d t o i m a g e t h e I R g r a n u l a t i o n 

a t t h e V T T of N S O / S . P . in 1 9 7 5 , d u r i n g t h e s u n s p o t m i n i m u m . T y p i c a l m a t r i c e s 
of 32 χ 32 w e r e r e c o r d e d in 4 3 sec of t i m e b y s c a n n i n g t h e c e n t e r of t h e S u n u s i n g 
a c o m p u t e r c o n t r o l l e d m o t i o n of o n e of t h e p r i m a r y p l a n m i r r o r of t h e h e l i o s t a t 
a n d a s p e c i a l l y d e s i g n e d p i n - h o l e p h o t o m e t e r ( u n s u c c e s s f u l t e s t s w e r e p e r f o r m e d 
in 1972 a t t h e P i c d u M i d i O b s e r v a t o r y a n d in 1974 , a t t h e 1 m a p e r t u r e C r i m e a n 
A s t r o p h y s i c a l O b s e r v a t o r y ) w o r k i n g in t h e o . m . r . w i t h d i f ferent p a s s b a n d s ( f rom 
100 n m t o 3 n m ) , see K o u t c h m y e t a l . , 1977 . T i m e se r i e s of s e v e r a l t e n s of 
i m a g e s w e r e o b t a i n e d s h o w i n g c o n v i n c i n g l y t h e i m p r o v e m e n t of t h e s e e i n g in I R . 
H o w e v e r , i m a g e s a r e n o w o b t a i n e d m o r e eas i ly w i t h a n I R v i d i c o n e q u i p e d w i t h a 
v i d e o - d i g i t i z e r . T h e first m o v i e s s h o w i n g t h e I R g r a n u l a t i o n h a v e b e e n o b t a i n e d 
d u r i n g t h e s u m m e r of 1 9 8 8 , w i t h a c o n v e n t i o n a l I R t u b e a n d T V c a m e r a . T i m e 
s e q u e n c e s of I R n e a r l y d i f f r a c t i o n - l i m i t e d g r a n u l a t i o n i m a g e s w e r e o b t a i n e d a t a 
s low r a t e of 2 i m a g e s of 512 χ 512 p x 2 p e r sec of t i m e , see F i g u r e 1, t h r o u g h a 
110 n m i n t e r f e r e n c e fi l ter c e n t e r e d a t 1650 n m ; t h e s i g n a l level is a d j u s t e d , a s wel l 
a s t h e s i g n a l - n o i s e r a t i o , w i t h b o t h t h e t a r g e t v o l t a g e a n d t h e v i d e o a m p l i f i e r s ; 
u n f o r t u n a t e l y , t h e s e n s i t i v i t y of t h e t u b e is i n h o m o g e n e o u s b y u p t o 4 0 % o v e r t h e 
field a n d t h e p r e c i s i o n of d i g i t i z a t i o n l i m i t e d b y t h e 8 b i t s A / D c o n v e r t e r . 

Be fo re a t i m e se r i e s is s t a r t e d , a g a i n t a b l e is b u i l t u s i n g a flat field a n d s t o r e d in 

t2 2mn 02sec t1 1mn 31sec 

Figure 1. D irec t i m a g e s of the 1650 n m o .m.r . g r a n u l a t i o n taken from a s low rate v i d e o - m o v i e . 

E a c h i m a g e is p r o c e s s e d in real t i m e t o r e m o v e the px t o px var iat ion of s e n s i t i v i t y . 
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t h e S U N c o m p u t e r w h i c h o p e r a t e s a V I C O M m u l t i - p r o c e s s o r ; a c c o r d i n g l y , a p ixe l 
t o p ixe l s c a l i n g is p e r f o r m e d a f te r e a c h d i g i t i z a t i o n , i .e. 2 t i m e s p e r s e c , t h a n k s t o a 
loop g i v i n g e a c h t i m e t h e r e s u l t o n a c e n t r a l m o n i t o r ; p r o c e s s e d i m a g e s a r e s t o r e d 
on a V C R . M o r e s o p h i s t i c a t e d a l g o r i t h m h a s b e e n a l so u s e d t o look a t u m b r a l 
d o t s , e t c . I n t h i s e x p e r i m e n t , a s e c o n d c h a n n e l w a s s i m u l t a n e o u s l y r e c o r d e d in 
rea l t i m e , t o s h o w t h e o p t i c a l g r a n u l a t i o n w i t h a c o n v e n t i o n a l v i d e o - C C D c a m e r a 
fed b y a s p l i t t e r . A l t h o u g h b o t h m o v i e s a r e o b v i o u s l y s h o w i n g t h e s a m e b r i g h t 
a n d d a r k f e a t u r e s , t h e b e h a v i o u r of t h e i m a g e s is q u i t e d i f fe ren t , p a r t l y b e c a u s e 
t h e effect of t h e E a r t h a t m o s p h e r i c i n d u c e d s e e i n g effects a r e d i f fe ren t for e a c h 
c h a n n e l a n d p a r t l y b e c a u s e a r e a l d i f ference e x i s t s in b r i g h t n e s s d i s t r i b u t i o n . 

I n t h e v i s i b l e r e g i o n , i t 
is wel l k n o w n t h a t e v e n 
w i t h a g o o d i m a g e q u a l -
i ty, w h e n t h e u n c o r r e c t e d 
R M S r e a c h e s 5 t o 7 % , 
t h e h i s t o g r a m of b r i g h t -
n e s s f l u c t u a t i o n s is n e a r l y 
g a u s s i a n , s ee P r a v d j u k e t 
a l . 1974 . W e p e r f o r m e d 
t h e s a m e a n a l y s i s w i t h 
d a t a t a k e n in t h e o . m . r . 
a t 1750 n m (see f u r t h e r ) 
a n d , s u r p r i s i n g l y , t h e h i s -
t o g r a m s h o w s c lea r ly , see 
F i g u r e 2 , a s k e w e d b i -
d i s t r i b u t i o n w h i c h c a n b e 

ι 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 p e r c e i v e d in t h e o p t i c a l r e -
Figure^. Histogram analysis of the brightness distribution of the the glOn O n l y w h e n a Very h i g h 
o.m.r. granulation. One unit on the abscissa corresponds to a 1 % q u a l i t y p i c t u r e ( R M S > 
intensity variation. The bin width is 1 0 ~ 3 of the average intensity 9%) is u s e d , 
(with abscissa value 7). 

3 . Results of the statistical analysis of granules in o.m.r. 
U s i n g c o m p u t e r c o n t r o l l e d s c a n s of t h e s a m e r e g i o n a t d i f ferent μ — cos θ va l -

u e s , a g r e a t a m o u n t of d a t a r e p r e s e n t i n g t h e b r i g h t n e s s d i s t r i b u t i o n of t h e q u i e t 
S u n o . m . r . g r a n u l a t i o n h a s b e e n c o l l e c t e d a n d a n a l y s e d ; a s i m i l a r s t u d y h a s a l s o 
b e e n p e r f o r m e d a t 6 0 0 n m , see K o u t c h m y a n d L e b e c q , 1986 . T h e t y p i c a l d i g i t i -
z a t i o n r a t e w a s 100 p x - s e c _ 1 , w i t h a 14 b i t s . p x - 1 p r e c i s i o n ; l i n e a r s y n c h r o n o u s 
d e t e c t i o n of t h e m o d u l a t e d a t 1100 Hz s i g n a l w a s a c h i e v e d , r e s u l t i n g in a S / N 
r a t i o of 2 0 0 0 in t h e o . m . r . ( a t t h e c e n t e r of t h e S u n w i t h a b r o a d filter) a n d of 
175 a t 6 0 0 n m . A r o u n d p i n - h o l e of .75 a r c s e c effective d i a m e t e r a n d a .19 a r c s e c 
s a m p l i n g i n t e r v a l w a s s y s t e m a t i c a l l y u s e d ; t h e c o r r e s p o n d i n g s m e a r i n g f u n c t i o n 
a n d M T F h a v e b e e n e v a l u a t e d b o t h t h e o r e t i c a l l y a n d w i t h n u m e r o u s s c a n s of t h e 
e x t r e m e - l i m b , s ee K o u t c h m y e t a l . 1977 a n d K o u t c h m y , 1977 . W e first c o m p u t e d 
t h e R M S (af te r s u b t r a c t i o n of t h e b e s t 2d o r d e r p o l y n o m i a l f r o m e a c h s c a n of a t 
l e a s t 2 0 0 a r c s e c l e n g t h ) , t h e a u t o - c o r r e l a t i o n f u n c t i o n , p o w e r - s p e c t r a , e t c . . S c a n s 
w e r e a l so c r o s s - c o r r e l a t e d , t o e v a l u a t e t h e " l i f e - t ime" of g r a n u l e s a n d e v e n , u s -
ing t h e dr i f t of t h e c e n t e r of g r a v i t y of t h e c r o s s - c o r r e l a t i o n f u n c t i o n , t h e s o l a r 
r o t a t i o n . D a t a c o l l e c t e d a t t h e V T T of N S O / S . P . a r e s ign i f i can t ly b e t t e r t h a n 
t h e b e s t r e s u l t s c o m i n g f r o m t h e M a c M a t h t e l e s c o p e : h i g h e r R M S , g o o d r e p r o -
d u c i b i l i t y of t h e s c a n s , s ign i f i can t t e m p o r a l c r o s s - c o r r e l a t i o n u p t o 16 m i n , e t c . . 
T h e t y p i c a l v a l u e s of t h e c o r r e c t e d for t h e f o r e s h o r t e n i n g ( ~ μ - 1 / 2 ) R M S of o b -
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s e r v e d i n t e n s i t y fluctuations in t h e o . m . r . a t 1750 n m a r e : ± 2 . 0 4 a t μ = 1; 
± 2 . 0 2 a t μ = .8 a n d ± 1 . 9 6 a t μ = . 7 . O n l y a s l i g h t c e n t e r - l i m b effect is p e r -
ce ived o n t h i s r a n g e of v a l u e s of μ. T h e 2 -D p o w e r s p e c t r u m h a s a l so b e e n c o m -
p u t e d a n d e v e n c o r r e c t e d for t h e s m e a r i n g ; c o m p a r e d t o t h e s p e c t r u m o b t a i n e d a t 
6 0 0 n m , m o r e p o w e r a p p e a r s in t h e h i g h s p a t i a l f r e q u e n c i e s r e g i o n ( a l t h o u g h r e -
s u l t s a r e v e r y s e n s i t i v e t o t h e v a l u e s of t h e c o r r e c t i o n ) a n d , m o r e s ign i f i can t ly , far 
less p o w e r a p p e a r s in t h e low f r equenc i e s r e g i o n , see F i g u r e 3 . 

F i n a l l y , t h e c r o s s - c o r r e l a t i o n a n a l y s i s p e r m i t s t h e d e t e r m i n a t i o n of t h e "life-
t i m e " of g r a n u l e s . E x a c t l y t h e s a m e p r o c e d u r e w a s u s e d a t 6 0 0 n m a n d in t h e 
o . m . r . g i v i n g t h e r e a de f in i t ly s m a l l e r v a l u e (3 .25 m i n i n s t e a d of 6 m i n ) of t h e 
d e c r e m e n t of t h e b e s t e x p o n e n t i a l f u n c t i o n w h i c h fits t h e d a t a in e a c h c a s e . T h i s 
s t r o n g l y s u g g e s t s a s m a l l e r c h a r a c t e r i s t i c t i m e of e v o l u t i o n of t h e o . m . r . g r a n u l a -
t i o n , c o n s i s t e n t w i t h a n i n c r e a s e of t h e c o n v e c t i v e ve loc i t i e s w i t h t h e d e p t h , see 
K e i l , 1980 . H o w e v e r , i t is n o t c l e a r h o w t h e 5 - m i n o s c i l l a t i o n s c l e a r l y a f fec t ing 
t h e i n t e n s i t y fluctuations a t 6 0 0 n m , see K o u t c h m y a n d L e b e c q , 1986 , b i a s t h e r e -
s u l t s . T i t l e e t a l . 1989 s u g g e s t e d a m e t h o d of c o r r e c t i o n w h i c h s e e m s t o w o r k for 
c o m p a r i n g t h e " q u i e t " a n d t h e " a c t i v e " r e g i o n g r a n u l a t i o n . I p e r f o r m e d a s p e c t r a l 
a n a l y s i s of t h e o . m . r . t i m e se r i e s u s i n g di f ferent m e t h o d s of a v e r a g i n g : t h e 5 - m i n 
o s c i l l a t i o n s a r e c l e a r l y of s m a l l e r a m p l i t u d e in t h e o . m . r . a n d e v e n a t l a r g e s p a t i a l 
s ca l e s t h e y b a r e l y e m e r g e f r o m t h e n o i s e , see F i g u r e 4 . 
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Figure 3. 2-D power spectra per unit surface, com-
puted for the o.m.r. granulation (dotted line) and 
the 600 nm granulation (full line), uncorrected and 
unsmoothed. The small-scale features are due to sta-
tistical fluctuations, but the general behaviour is sig-
nificant. 
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Figure 4. Power spectra of the temporal brightness 
variation of the o.m.r. granulation. The dotted line 
is the average of 1100 spectra computed for different 
points on the Sun from a 46 min time sequence, while 
the full line has been computed using the brightness 
values averaged over a 206 arcsec length. The repeti-
tion time of each scan is 42.8 s. 
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