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A B S T R A C T . High reso lut ion observa t ions , theoret ica l m o d e l s , a n d s i m u l a t i o n s are 

discovering m a n y n e w a n d e x c i t i n g p h e n o m e n a in t h e solar a t m o s p h e r e . In recent 

years, there have b e e n a n u m b e r of very h i g h qual i ty observat ions of t h e solar surface 

and lower p h o t o s p h e r e m a d e o n t h e g r o u n d at S a c r a m e n t o P e a k Observatory , P i c d u 

Midi , a n d at t h e S w e d i s h Solar Observatory , La P a l m a . In s p a c e t h e Solar O p t i c a l 

Universal P o l a r i m e t e r ( S O U P ) h a s m a d e diffraction l i m i t e d (30 c m aper ture ) t i m e 

sequences c o m p l e t e l y free from a t m o s p h e r i c d i s turbances . T h e recogn i t ion t h a t 

significant progress is poss ib le in non- l inear d y n a m i c s h a s e n c o u r a g e d a n u m b e r 

of theoret ica l groups t o a t tack t h e p r o b l e m of c o n v e c t i o n in t h e solar a t m o s p h e r e . 

T w o , t w o a n d a half, a n d three d i m e n s i o n a l s imula t ions y ie ld t h e g e o m e t r y of 

the flow b e l o w t h e surface a n d a pred ic t ion of t h e re sponse of t h e a t m o s p h e r e 

above t h e surface. M o d e l s of m a g n e t i c flux t u b e s are n o w very s o p h i s t i c a t e d , a n d 

m o d e r n h igh reso lut ion observat ions shou ld b e able t o t e s t t h e s e theor ies . T h e 

deve lopment of t h e t echn ique of Loca l Corre lat ion Tracking ( L C T ) h a s a l lowed t h e 

direct m e a s u r e m e n t of hor izonta l ve loc i t i e s in t h e a t m o s p h e r e near disk center . T h e 

c o m b i n a t i o n of D o p p l e r a n d L C T m e a s u r e m e n t s a l lows a direct m e a s u r e m e n t of t h e 

photospher ic vec tor flow field. M e a s u r e m e n t s from S O U P , S a c r a m e n t o P e a k , P i c 

du Midi , a n d La P a l m a have s h o w n t h a t m e s o s c a l e flows cover t h e surface a n d 

that there ex is t st i l l larger scale flows a s s o c i a t e d w i t h e m e r g i n g pores a n d ac t ive 

regions. M u c h of t h e recent e x p e r i m e n t a l a n d theoret ica l progress in proces s ing a n d 

unders tand ing h i g h reso lut ion d a t a h a s resu l ted from t h e avai labi l i ty of powerful 

scientific w o r k s t a t i o n s for user in terac t ion , large a m o u n t s of m e m o r y for i m a g e 

s torage , a n d s u p e r c o m p u t e r s for t h e m a s s i v e fluid d y n a m i c s ca l cu la t ions . W e are 

now in t h e very early s tages of learning h o w t o use t h e s e n e w c o m p u t e r t o o l s t o 

identify a n d fol low processes in t h e solar a t m o s p h e r e . 

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

High reso lut ion observat ions of the Sun are n o w y ie ld ing i m p o r t a n t ins ights i n t o 
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t h e bas ic phys ica l processes of c o n v e c t i o n , m a g n e t i c field s t ruc ture , a n d t h e inter-

a c t i o n s b e t w e e n m a g n e t i c and ve loc i ty fields. T h e d e v e l o p m e n t a n d o p e r a t i o n of 

n e w t e l e s c o p e s , observ ing t e c h n i q u e s , c a m e r a s y s t e m s , a n d c o m p u t e r s y s t e m s w i t h 

m a s s s torage a n d in terac t ive i m a g e d isp lays are respons ib le for th i s progress . 

T h e pas t few years h a s seen t h e c o m p l e t i o n of a n u m b e r of n e w t e l e s c o p e s in t h e 

C a n a r y I s lands , Spa in . A l t h o u g h on ly in their first years of o p e r a t i o n , resul t s of 

e x c e p t i o n a l qual i ty have a lready b e e n p r o d u c e d . F igures 1 ( a ) , ( b ) , a n d ( c ) s h o w 

i m a g e s of quiet sun (a ) a n d p e n u m b r a ( b ) taken at t h e S w e d i s h Solar Observatory 

( S S O ) a n d a s p e c t r u m (c) f rom t h e V a c u u m Tower Te le scope of t h e Federal R e p u b l i c 

of Germany . Further d e v e l o p m e n t of t h e s e observator ies a n d their i n s t r u m e n t a t i o n 

wil l occur as t h e y c o m e in to full o p e r a t i o n . In a d d i t i o n m o r e t e l e s c o p e s for the 

C a n a r y I s lands are e i ther u n d e r c o n s t r u c t i o n or in the p l a n n i n g s ta g e . T h e s e inc lude 

t h e French T h e m i s and t h e Utrecht O p e n Tower Te le scope . In t h e m o r e d i s tant 

future t h e 2.5 m e t e r Large E a r t h b a s e d Solar Te l e scope ( L E S T ) , w h o s e s i te h a s not 

as yet b e e n se l ec ted , wil l great ly increase the p o t e n t i a l for o b t a i n i n g h i g h reso lut ion 

d a t a f rom t h e ground . 

O n A u g u s t 5 a n d 6, 1985 t h e Solar Opt ica l Universa l Po lar imeter ( S O U P ) 

m o u n t e d o n t h e E u r o p e a n S p a c e A g e n c y ' s ( E S A ) I n s t r u m e n t P o i n t i n g S y s t e m ( I P S ) 

in t h e U n i t e d S t a t e s Space Shut t l e co l lec ted a b o u t 6000 diffraction l i m i t e d (30 c m 

aperture ) i m a g e s of t h e solar surface. B e c a u s e of t h e short orbi ta l o b s e r v i n g day, 

t h e t i m e s e q u e n c e s are l i m i t e d t o 30 - 45 m i n u t e s . T h e s e s equences are p o i n t e d 

s tab ly t o 0 .003 arc s e c o n d root m e a n square ( R M S ) a n d are c o m p l e t e l y free from 

a t m o s p h e r i c blurring a n d d i s tor t ion . B e s i d e s b e i n g a va luable scientific asset for 

s tud ie s of granu la t ion , s u n s p o t s , a n d pores , t h e y provide a base l ine for eva luat ion 

of n e w d a t a ana lys i s t e chn iques for ground based d a t a . 

Similar resul ts can also b e o b t a i n e d by h i g h a l t i tude ba l loon flights. However , 

even at 35 t o 4 0 k m there is sufficient a t m o s p h e r e t o degrade i m a g e s , if t h e te le scope 

is no t wel l d e s i g n e d thermal ly . S O U P will b e reflown o n ba l loons dur ing t h e Max 

'91 per iod . T h e la ter half of t h e n e x t d e c a d e shou ld see t h e flight of t h e Orbit ing 

Solar L a b o r a t o r y ( O S L ) , w h i c h inc ludes 1 m e t e r opt i ca l , 30 c m U V , a n d 30 c m X U V 

t e l e s c o p e s w h i c h feed filtergraphs, spec trohe l iographs , a n d s p e c t r o g r a p h s . O S L is a 

free flying po lar - orb i t ing sate l l i te w h i c h wil l have u n i n t e r r u p t e d solar observat ions 

for a p p r o x i m a t e l y 240 d a y s per year. T h e des ign life of O S L is three years and it 

shou ld o p e r a t e at l east part ia l ly for a decade . 

In t h e i n s t r u m e n t area n a r r o w b a n d filter s y s t e m s have b e e n d e v e l o p e d tha t are 

t u n a b l e over a broad spec tra l range ( 3 5 0 0 - 6 8 0 0 Â ) a n d have b a n d p a s s e s as narrow 

as 20 m i l l i a n g s t r o m s . N e w s p e c t r o g r a p h s w i t h spectra l reso lu t ions of 5 0 0 , 0 0 0 and 

m o r e are d e m o n s t r a t i n g spat ia l reso lut ion of 0.3 arc s e c o n d s . Init ial experiments 

w i t h I R arrays s h o w great promise for exp lor ing t h e d e e p p h o t o s p h e r e a n d the 

t e m p e r a t u r e m i n i m u m region a n d for direct ly m e a s u r i n g m a g n e t i c field strengths . 

Ag i l e mirrors ( t i l t correct ion) are in regular use in several observator ies . When 

t h e see ing is g o o d , an agi le mirror can remove a s izable fract ion of t h e wavefront 

error. Of course , t h e y a l so remove v ir tual ly all drive errors a n d shake introduced 
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Fig . 1 (a ) I m a g e of quiet s u n taken at Swed i sh Solar Observatory , La P a l m a . 
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F i g . 1 ( b ) I m a g e of p e n u m b r a t a k e n a t t h e S w e d i s h S o l a r O b s e r v a t o r y . Tick 

m a r k s a r e a t 1 a r c s e c o n d i n t e r v a l s . 
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Fig. 1 (c) Images of Solar Spectrum near Iron 6302 taken at the Vacuum Tower 
Telescope of the Federal Republic of Germany on Tenerife. 
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by t h e t e l e s c o p e itself. M e a s u r e m e n t s have s h o w n t h a t there is sufficient power in 

a t m o s p h e r i c t u r b u l e n c e t o degrade i m a g e s at frequencies as h igh as 100 Hz. Contro l 

s ignals for agi le mirrors are g e n e r a t e d by quadrant p h o t o d e t e c t o r s o p e r a t i n g o n 

s p o t s , p o r e s , or t h e vert ices in intergranular lanes . Several g r o u p s have d e v e l o p e d 

corre lat ion trackers t o g e n e r a t e t h e control s ignal , b u t t h e s e are sti l l in t h e tes t 

p h a s e . 

A n a d a p t i v e mirror (wavefront correct ion) w a s successful ly o p e r a t e d at t h e N a -

t iona l Solar O b s e r v a t o r y / S a c r a m e n t o P e a k by t h e L o c k h e e d group in t h e s u m m e r 

of 1988 . T h i s t e c h n o l o g y s h o u l d al low future diffraction l i m i t e d o b s e r v a t i o n s over 

reg ions of at l eas t a few arc s e c o n d s a n d significant i m p r o v e m e n t over p e r h a p s 10 

arc s e c o n d s . F igure 2 i l lus trates t h e i m p r o v e m e n t ach ieved by t h e L o c k h e e d mir-

ror. M e a s u r e m e n t s at S a c r a m e n t o Peak a n d S S O i n d i c a t e t h a t , dur ing per iods of 

g o o d see ing , t h e var ia t ions are c a u s e d b y a c o m b i n a t i o n of weak t u r b u l e n c e at h i g h 

a l t i t u d e s ( a b o u t 10 k m ) a n d rather s tronger t u r b u l e n c e m u c h nearer t h e g r o u n d . 

In such s i t u a t i o n s an a d a p t i v e mirror m a y y ie ld significant correct ions over reg ions 

of arc m i n u t e s . 

At t h e s a m e t i m e , as t h e capabi l i t i es for co l l ec t ing h igh reso lu t ion d a t a are ex-

p a n d i n g rapidly, t h e p o t e n t i a l for reduc t ion a n d ana lys i s is a l so increas ing . Solar 

observator ies are m a k i n g t h e t rans i t ion f rom p h o t o g r a p h i c film t o so l id s t a t e arrays . 

D e t e c t o r s w i t h 5 1 2 x 5 1 2 p ixe l s are c o m m o n l y avai lable a n d at least o n e m a n u f a c -

turer sel ls d e t e c t o r s y s t e m s w i t h 1 0 2 4 χ 1 0 2 4 p ixe l s . It is reasonable t o e x p e c t t h a t 

2048 x 2 0 4 8 a n d e v e n 4 0 9 6 x 4 0 9 6 c a m e r a s y s t e m s wil l c o m e in t o use in t h e n e x t 

few years . 

Current ly a c o m b i n a t i o n of d a t a transfer rate a n d s torage capac i ty of m a s s m e m -

ory s y s t e m s l imit s o m e app l i ca t ions of d ig i ta l c a m e r a s y s t e m s . E a c h t i m e a 1 0 2 4 

x 1024 c a m e r a is read w i t h 12 bit per p ixe l accuracy , 1 2 x 1 0 e b i t s m u s t b e s tored . 

O n e read per s e c o n d impl i e s a s y s t e m transfer rate of 1.5 m e g a b y t e s per s e c o n d a n d 

a s torage capac i ty of 5 .4 g i g a b y t e s per hour . T h i s c o m b i n a t i o n of h i g h transfer rate 

a n d h igh c a p a c i t y is current ly b e y o n d t h e s t a t e of t h e art in c o m m e r c i a l dev i ce s 

w h i c h are re lat ive ly i n e x p e n s i v e . B u t it is n o w poss ib le t o col lect 1024 X 1024 ar-

rays at an average rate of o n e every 6 s econds a n d s tore 1500 such i m a g e s or near ly 

2 .5 hours of observat ions o n a s ingle 8 m m v i d e o c a s s e t t e us ing a recorder w h i c h 

cos t s a b o u t $ 5 0 0 0 . Laser disk v i d e o recorders al low rapid a n d very agi le v i e w i n g of 

t h e d a t a . 

W h e n d a t a are t a k e n in dig i ta l form, c o m p u t e r s c a n b e u s e d t o e x t r a c t phys i ca l 

p a r a m e t e r s direct ly . T h i s is in m a r k e d contrast t o t h e very recent pas t w h e r e t h e 

first s t e p in q u a n t i t a t i v e ana lys i s w a s m i c r o d e n s i t o m e t e r i n g m a n y fi lm frames . (In 

fact t h e n e w C C D ' s can b e u s e d t o reduce cons iderably t h e p r o b l e m of d ig i t i z ing 

f i lm.) O n c e an i m a g e s e q u e n c e is in t h e c o m p u t e r , a range of proces se s c a n b e 

appl i ed . T h e s e inc lude removal of a t m o s p h e r i c d i s tor t ions , i m a g e differencing a n d 

rat io ing , loca l corre lat ion tracking t o m e a s u r e hor izonta l ve loc i t i e s , 3 D Fourier fil-

ter ing t o e l i m i n a t e or i so la te part icular c lasses of w a v e s , overlays of s i m u l a t i o n s or 

pred ic t ions o n m o v i e s , a n d over lays of m o v i e s o n m o v i e s t o n a m e but a few. T h e s e 
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Fig . 2 Correc ted a n d uncorrec ted granula t ion i m a g e s w h i c h i l lus trate t h e im-

p r o v e m e n t ach ieved by the L o c k h e e d a d a p t i v e mirror at S a c r a m e n t o Peak Obser-

vatory. S h o w n in the b o t t o m of the figure are i m a g e s f rom t h e corrected field of 

v i ew . T h e region is 4.5 arcseconds square . 
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d a t a m a n i p u l a t i o n t e c h n i q u e s are n o w poss ib le o n w o r k s t a t i o n class c o m p u t e r sys -

t e m s w i t h h igh reso lu t ion d a t a d i sp lays a n d several g i g a b y t e s of m a s s s torage . 

In paral le l w i t h t h e n e w h igh reso lut ion observat ions there have b e e n signif icant 

a d v a n c e s in t h e o r y a n d s i m u l a t i o n of solar p h e n o m e n a . T h e r e are n o w de ta i l ed 

m o d e l s of smal l flux t u b e s w h i c h can b e t e s t e d aga ins t observat ions of m a g n e t i c 

fields, ve loc i ty fields, a n d l ine a n d c o n t i n u u m intens i t i e s . S i m u l a t i o n s of granu la t ion 

are n o w m a k i n g pred ic t ions of p h e n o m e n a in a n d a b o v e t h e surface . P r e d i c t i o n s are 

a lso m a d e a b o u t flow b e l o w t h e surface. T h e s e m a y b e t e s t e d by us ing a c o m b i n a t i o n 

of he l iose i smolog ica l t e c h n i q u e s a n d m e a s u r e m e n t s of surface flows. Progress in n o n -

l inear d y n a m i c s , C h a o s theory , is y ie ld ing n e w ins ights in to c o n v e c t i o n , t u r b u l e n c e , 

a n d d y n a m o g e n e r a t i o n of large a n d smal l scale m a g n e t i c fields. 

In t h e s ec t ions b e l o w w e wil l d i scuss s o m e of t h e m o r e recent a n d in teres t ing 

discoveries us ing h igh reso lut ion observat ions . 

2 . Continuum Observations 

Over t h e pas t several decades t h e solar observatory o n P i c d u Midi h a s p r o d u c e d 

t h e very h ighes t qual i ty i m a g e s of t h e solar surface. T h e bas ic t e c h n i q u e for d a t a 

co l l ec t ion has b e e n t o take per iod ic bursts of i m a g e s o n film. T h e bes t i m a g e s 

in t h e s e burs t s are t h e n m a n u a l l y s e l ec ted for s tudy . R e c e n t l y at t h e S S O , th i s 

process h a s b e e n a u t o m a t e d a n d i m p l e m e n t e d in real t i m e . A v i d e o c a m e r a records 

an i m a g e every 20 mi l l i s econds a n d a see ing m o n i t o r eva lua te s t h e i m a g e qua l i ty o n 

every v i d e o field. T h e i m a g e a n d i m a g e qual i ty value are s tored in fast c o m p u t e r 

m e m o r y , so t h a t t h e "best" i m a g e in a chosen t i m e interval , typ ica l ly 5 - 1 0 s e c o n d s , 

can b e saved . T h i s process captures t h e bes t i m a g e in sequent ia l intervals . T h e 

on ly difficulty w i t h th i s approach is t h a t t h e t i m e interval b e t w e e n i m a g e s varies . 

B u t t h e i m m e n s e a d v a n t a g e s are t h a t a qual i ty m o v i e is avai lable in real t i m e a n d 

all t h e poorer i m a g e s d o not have t o b e saved. 

For s t u d y i n g t i m e e v o l u t i o n of solar p h e n o m e n a , as m a n y art i facts as pos s ib l e 

m u s t b e r e m o v e d from t h e i m a g e s . A t i m e sequence of i m a g e s f rom a n exce l l ent 

g r o u n d b a s e d s i te stil l e x h i b i t s ser ious art i facts c a u s e d by a t m o s p h e r i c d i s tor t ions 

e v e n after i m a g e se l ec t ion a n d removal of gross i m a g e m o t i o n . Unfor tunate ly , t h e 

b e t t e r t h e i m a g e s t h e m o r e v i sua l ly d i s turb ing t h e d i s tor t ions are t o m o v i e observa-

t i o n . Differential i m a g e m o t i o n across t h e field of v i e w , "rubber shee t d i s tor t ion ," 

r e m a i n s e v e n in i m a g e s w h o s e sharpness approaches t h e diffraction l imi t . A r e a s of 

s imi lar d i s tor t ion are a b o u t 3 t o 5 arc s e c o n d s in e x t e n t on t h e exce l l ent i m a g e s 

f rom t h e C a n a r y Is lands a n d P i c d u Midi . ( T h e smal l s ize of t h e d i s tor t ion p a t c h e s 

is m o s t l ikely due t o weak t u r b u l e n c e at 10 k m , a n d probably shou ld b e e x p e c t e d 

at any exce l lent g r o u n d b a s e d s i te . ) B e c a u s e of t h e sharpness of the bes t i m a g e s , 

d i s tor t ions are not clear f rom s ingle i m a g e s and are hard t o recognize o n s e q u e n c e s 

of pr ints . However , t h e difference b e t w e e n m o v i e s w i t h a n d w i t h o u t d i s tor t ions is 

remarkable . Fortunate ly , d i s tor t ions can b e r e m o v e d from rapid t i m e s e q u e n c e s 

by procedures w h i c h a s s u m e t h a t t h e rapid d i s p l a c e m e n t s of d i s tor t ion p a t c h e s are 
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a t m o s p h e r i c rather t h a n solar. Of course , such procedures m u s t b e u s e d w i t h s o m e 

c a u t i o n b e c a u s e of t h e poss ib i l i ty of i n t r o d u c i n g artificial f lows i n t o t h e d a t a in 

t h e process of r e m o v i n g d i s tor t ions . D i s t o r t i o n removal c o d e s are n o w re lat ive ly 

cos t ly in c o m p u t e r t i m e . "Des tre tch ing" a set of 500 5 1 2 χ 5 1 2 16 bit i m a g e s takes 

a p p r o x i m a t e l y 30 hours o n a V a x s t a t i o n 3200 . 

H igh reso lut ion observat ions of t h e solar surface show a c o m p l e x array of inter-

a c t i n g p h e n o m e n a - t h e g lobal osc i l la t ions , granu la t ion , m e s o g r a n u l a t i o n , super-

g r a n u l a t i o n , t h e r m a l a n d internal gravi ty w a v e s , a n d quas i - s ta t ionary flow fields 

w i t h various sca les . Furthermore , all of t h e s e propert ies c h a n g e w i t h t h e m a g n e t i c 

field filling factor . T o u n d e r s t a n d t h e phys ic s of t h e solar surface, it is essent ia l first 

t o s epara te these processes . 

T h e d a t a f rom S O U P s h o w e d t h e i m p o r t a n c e of t h e g lobal osc i l la t ions in t h e 

in tens i ty fluctuations observed in t h e surface, a n d h o w t h e s e obscured t h e e v o l u t i o n 

of t h e solar granu la t ion . F igure 3 s h o w s t h e t e m p o r a l au tocorre la t ion func t ion 

( A C F ) of t h e in tens i ty field f rom g r o u n d b a s e d d a t a a n d S O U P . T h e agreement is 

remarkable , e spec ia l ly cons ider ing t h e fact t h a t t h e spat ia l re so lu t ion varies from 

a b o u t 0 .3 arc s e c o n d in t h e La P a l m a d a t a t o at l east o n e arc s econd in s o m e of t h e 

o ther d a t a . F igure 4 further i l lus trates t h e robus tnes s of t h e A C F t o reso lu t ion by 

t h e c o m p a r i s o n of t h e A C F of original (a ) a n d d a t a s m e a r e d t o o n e arc s e c o n d ( c ) . 

Curves (a ) a n d (c ) d o not differ significantly. T h e A C F ' s a n d t h e m o v i e s sugges t 

t h a t t h e g lobal osc i l la t ions p lay a d o m i n a n t role in t h e t e m p o r a l au tocorre la t ion 

func t ion . 

T h e s p a t i o - t e m p o r a l (k — ω) d i spers ion re lat ion for t h e g lobal osc i l la t ions is well 

k n o w n . It w a s therefore poss ib le t o remove g loba l osc i l la t ions f rom t h e S O U P d a t a 

by three d i m e n s i o n a l ( 3 D ) Fourier transforming from t h e χ — y — t space of t h e 

original d a t a t o kx — ky — ω space , app ly ing a filter in this s p a c e t o de le te t h e region 

of t h e osc i l l a t ions , and t h e n inverse transforming back t o χ — y — t space . F igure 4 

( b ) a n d (d ) show t h e A C F funct ions for t h e original (a ) a n d degraded ( b ) i m a g e se t , 

respect ive ly , after filtering. F igure 4 d e m o n s t r a t e s t h a t t h e five m i n u t e osc i l la t ion 

d o e s d o m i n a t e t h e A C F ' s and that after t h e osc i l la t ions are r e m o v e d t h e difference 

b e t w e e n original a n d degraded d a t a is d i s t inc t . 

R e m o v a l of t h e g lobal osc i l la t ions a l lows t h e difference b e t w e e n quiet a n d m a g -

ne t i c S u n t o b e m e a s u r e d . F igure 5 shows t h e A C F ' s for reg ions of quiet a n d 

m a g n e t i c sun (average m a g n e t o g r a m signal greater t h a n 75 g a u s s ) before (a ) a n d 

(b ) a n d after (c ) a n d (d) Fourier filtering. Before filtering there w a s s o m e difference 

b e t w e e n quiet a n d m a g n e t i c A C F ' s , but after filtering t h e 1 / e d e c a y t i m e differs by 

nearly a factor of three . 

B e c a u s e of t h e absence of see ing it was poss ib le t o use loca l corre lat ion track ing 

( L C T ) t o fol low loca l d i s p l a c e m e n t s of t h e in tens i ty field in pairs of i m a g e s a n d 

thus infer the hor izonta l ve loc i t i es . T h e spat ia l reso lut ion of t h e hor izonta l ve loc i ty 

m e a s u r e m e n t s is d e t e r m i n e d by t h e field-of-view, "mask size," u s e d for corre lat ion 

tracking . S ince t h e success of L C T o n S O U P d a t a , t h e t echn ique has b e e n u s e d 

w i t h great succes s o n g r o u n d b a s e d d a t a . U s i n g t h e S O U P hor izonta l flow m e a s u r e -
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Fig . 3 T h e t e m p o r a l au tocorre la t ion f u n c t i o n of t h e i n t e n s i t y field f rom t w o 

different quiet s u n reg ions from S O U P (so l id a n d d a s h e d ) a n d several different 

g r o u n d b a s e d m e a s u r e m e n t s ( d o t s , crosses , a n d c irc les ) . 
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Fig . 4 A u t o c o r r e l a t i o n func t ions f rom 0 .134 arc s e c o n d / p i x e l S O U P quiet sun 

for or ig inal d a t a ( a ) , t h e s a m e d a t a Fourier filtered t o r e m o v e osc i l la t ions ( b ) , the 

s a m e d a t a as ( a ) s m e a r e d t o 1 arc s e c o n d reso lu t ion before a u t o corre la t ing ( c ) , the 

s a m e d a t a as ( b ) s m e a r e d t o 1 arc s e c o n d reso lut ion before corre lat ing . 

https://doi.org/10.1017/S0074180900043990 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900043990


59 

6 0 0 1 1 1 1 1 ' 1 ' Τ 

Fig . 6 S c a t t e r p lo t of hor izonta l flow s p e e d versus m a g n e t o g r a m s ignal . T h e 

m e a n flow s p e e d versus m a g n e t o g r a m s ignal is s h o w n so l id . T h e dot l a b e l e d Q S is 

t h e m e a n flow s p e e d in zero g a u s s quiet sun . 

F ig . 5 A u t o c o r r e l a t i o n func t ions for quiet s u n before ( a ) a n d after Fourier 

filtering ( b ) a n d for m a g n e t i c s u n before ( c ) a n d ( d ) after Fourier f i l tering. 

https://doi.org/10.1017/S0074180900043990 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900043990


60 

1.6-
(Λ 

\ 
Ε 

— 1.2-

Ο 
ο 

Lü 0 . 8 -
> 
CO 

0 . 4 -

nnl . . . . . . . • . ι 
0.0 1.0 2.0 3.0 4.0 5.0 

FWHM (arcseconds) 

Fig . 7 R M S ve loc i ty versus w i d t h of t h e L C T g a u s s i a n m a s k for severa l different 

solar reg ions . 

ο Quiet Region 

+ Non-magnetic Plage 

merits , m o s t of t h e d e c a y of t h e t e m p o r a l A C F cou ld b e e x p l a i n e d by t h e spat ia l 

decorre la t ion of t h e granu la t ion p a t t e r n b e c a u s e of loca l f lows. F igure 6 s h o w s a 

s ca t t er p lot of 25 m i n u t e ( o n e orb i t ) averaged hor izonta l ve loc i ty as m e a s u r e d w i t h 

a 3 arc s e c o n d g a u s s i a n m a s k , versus m a g n e t o g r a m s ignal . In regions of m a g n e t i c 

field, t h e granu la t ion p a t t e r n is a d v e c t e d by flows at a rate a th ird t h a t in quiet 

S u n . 

T h e i n s t a n t a n e o u s hor izonta l ve loc i t i es m e a s u r e d by L C T can b e u s e d t o cal-

cu la te t h e R M S ve loc i ty fluctuations. F igure 7 s h o w s t h e R M S ve loc i ty versus 

aper ture m a s k s ize in reg ions w i t h different a m o u n t s of m a g n e t i c flux. In quiet 

s u n , aper tures of t h e size of granula t ion y ie ld R M S ve loc i t i e s of 1.6 k m / s . T h i s is 

sufficient t o account for t h e w i d t h of solar Unes. It c a n b e s een from t h e figure t h a t 

t h e v igor of t h e granu la t ion is suppres sed in m a g n e t i c reg ions , but not in reg ions 

b e t w e e n field s t ruc tures . 

O n c e t h e g lobal osc i l la t ions were r e m o v e d , it w a s ev ident f rom t h e S O U P m o v i e s 

t h a t e x p l o d i n g granules were a very c o m m o n p h e n o m e n o n rather t h a n a reasonab ly 

rare occurrence as prev ious ly reported . T h e birth rate a n d to ta l area covered in 

t h e e x p a n s i o n p h a s e is sufficient t o cover t h e solar surface in a b o u t 20 m i n u t e s . 

M a p s of t h e d ivergence of t h e hor izonta l flow fields reveal a s t ruc ture w i t h a m e a n 

d i a m e t e r of a b o u t 7 arc s e c o n d s . T h i s scale is c learly larger t h a n granu la t ion a n d 

smal ler t h a n supergranu la t ion a n d can b e fairly represented as m e s o g r a n u l a t i o n . 

E x p l o d i n g granules are a lmos t a lways a s s o c i a t e d w i t h areas of p o s i t i v e d ivergence 

w h i c h define t h e m e s o g r a n u l a t i o n p a t t e r n . T h u s t h e t w o processes are i n t i m a t e l y 

2 . 0 
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as soc ia ted . 

M e a s u r e m e n t s b a s e d o n S O U P , L a P a l m a , a n d S a c r a m e n t o P e a k d a t a h a v e 

y ie lded s o m e w h a t different resul ts o n m e s o g r a n u l a t i o n inferred f rom L C T . Direct 

Dopp ler m e a s u r e m e n t s f rom S a c r a m e n t o P e a k a n d B i g Bear observa t ions y ie ld d a t a 

on t h e m e s o g r a n u l a t i o n wh ich differ a m o n g t h e m s e l v e s a n d w i t h t h e L C T m e a s u r e -

m e n t s . T h e L C T m e a s u r e m e n t s are sens i t ive t o t h e qual i ty of t h e original d a t a a n d 

the s ize of t h e s a m p l i n g aper ture used for t h e tracking . T h e D o p p l e r m e a s u r e m e n t s 

are sens i t ive t o t h e i m a g e qual i ty a n d t i m e average required t o r e m o v e 5 m i n u t e 

osc i l la t ions . D o p p l e r m e a s u r e m e n t s are a lso m a d e at a very different he ight in t h e 

a t m o s p h e r e . W e be l i eve t h a t L C T has s h o w n t h a t there is an i m p o r t a n t flow scale 

in t h e p h o t o s p h e r e t h a t is larger t h a n granula t ion w i t h a l i fe t ime o n t h e order of a n 

hour , t h a t e n o u g h g o o d d a t a h a s not yet b e e n reduced t o define t h e flow sufficiently, 

and t h a t t h e different in terpre ta t ions are due t o differences in t e m p o r a l a n d spat ia l 

reso lut ion a n d ana lys i s procedures . 

T h e e x i s t e n c e of a scale larger t h a n granula t ion in t h e surface flow is b e s t ex-

h ib i t ed by "corks" w h i c h are free f loat ing tes t part ic les m o v e d by t h e m e a s u r e d 

horizontal flow field. Corks are observed t o col lect in l inear s t ruc tures w i t h a s ize 

of 6 t o 7 arc s e c o n d s in a b o u t 30 m i n u t e s . F igure 8 s h o w s a set of c o n s e c u t i v e 30 

m i n u t e e v o l u t i o n s of corks t h a t cover 75 m i n u t e s . From t h e figure it is c lear t h a t 

the mesogranular s t ruc ture evo lves on t h e t i m e scale of an hour . 

3 · F i l t e r g r a m O b s e r v a t i o n s 

T h e t e c h n i q u e s d e v e l o p e d for o b t a i n i n g a n d ana l y z i ng c o n t i n u u m i m a g e s have a l so 

b e e n app l i ed t o narrow b a n d filter i m a g e s . B e c a u s e of t h e longer e x p o s u r e t i m e s a n d 

m o r e e l a b o r a t e opt i ca l s y s t e m s required, t h e i m a g e qual i ty ach ieved is no t as g o o d 

as t h a t of c o n t i n u u m i m a g e s but t h e relat ive i m p r o v e m e n t over u n s t a b l i z e d i m a g e s 

is great . F igure 9 ( a ) , ( b ) , ( c ) , a n d (d ) show a c o n t i n u u m i m a g e , a l ine center i m a g e , a 

D o p p l e r g r a m , a n d a m a g n e t o g r a m t a k e n t h r o u g h a 80 m i l l i a n g s t r o m t u n a b l e filter. 

All of t h e i m a g e s were t a k e n w i t h e x p o s u r e t i m e s of a b o u t 0 .3 s e c o n d us ing a 1 0 2 4 

χ 1 0 2 4 T e x a s I n s t r u m e n t v ir tual phase C C D . 

T h e i m a g e s s h o w n in figure 9 are part of a t i m e s e q u e n c e of three hours d u r a t i o n . 

Every 50 s e c o n d s i m a g e s were o b t a i n e d in the b lue w i n g of Fe 6 3 0 2 Â ( -60 m Â ) in 

right a n d left c ircularly po lar ized l ight , in four w a v e l e n g t h s t h r o u g h Ni 6768 ( -90 , 

-30 , 30 , 90 m À ) , a n d in t h e c o n t i n u u m near Ni 6 7 6 8 ( 1 5 0 0 m Â ) . F r o m t h e s e d a t a 

m o v i e s have b e e n created of all t h e w a v e l e n g t h s t e p s , m a g n e t o g r a m s , D o p p l e r g r a m s , 

a n d t h e l ine center corrected for D o p p l e r shift . Al l of t h e i m a g e s have b e e n correc ted 

for a t m o s p h e r i c d i s tor t ion a n d a l igned w i t h respect t o each o t h e r t o a fract ion of a 

p ixe l ( o n e pixe l = 0.17 arc s e c o n d . ) 

C o m p a r i s o n of t h e m a g n e t o g r a m , D o p p l e r g r a m , a n d l ine center i m a g e s in figure 

9 s h o w s t h a t t h e vert ical c o m p o n e n t of t h e ve loc i ty , t h e s ize of t h e of granules , 

t h e bright l ine center s tructures ("filigree") a n d t h e m a g n e t i c field are in terre la ted . 

In areas where t h e vert ical c o m p o n e n t of ve loc i ty has average a m p l i t u d e a n d t h e 

granules have their normal 2 arc s econd spat ia l s t ructure , t h e Une center bright 
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F i g . 8 A set of c o n s e c u t i v e 30 m i n u t e co rk e v o l u t i o n s c o v e r i n g 75 m i n u t e s . 
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s t ruc tures a n d m a g n e t i c field are very nearly co-spat ia l . T h i s is i l lus trated in figure 

10 (a ) w h i c h s h o w s t h e l o c a t i o n of bright s tructures over layed o n t h e correspond ing 

m a g n e t o g r a m . B u t in reg ions w h e r e b o t h the vert ical ve loc i ty is lower t h a n average 

a n d t h e granules are an arc s e c o n d or l e s s , t h e br ightness in l ine center breaks i n t o 

m a n y smal l p o i n t s a n d t h e m a g n e t i c field is spread o u t c o m p a r e d t o br ightness 

s t ruc ture . T h i s is i l lus tra ted in figure 10 ( b ) . 

Ind iv idua l m a g n e t o g r a m s s h o w that t h e p lage field is d i s t r ibuted a r o u n d 2 t o 5 

arc s e c o n d cel lular s t ruc tures . T h e p lage m a g n e t i c field looks like "swiss cheese ." 

T h e m a g n e t o g r a m m o v i e shows t h a t in less t h a n a h o u r t h e area ins ide t h e o u t e r 

b o u n d a r y of t h e p lage is s w e p t by t h e m o v i n g interior swiss cheese cell b o u n d a r i e s . 

In reg ions of flux e m e r g e n c e near t h e edge of a spot flux e l e m e n t s are o b s e r v e d t o 

m o v e w i t h ve loc i t i e s of a b o u t 3 k m / s e c o n d . In t h e co in ing few years it wil l b e a 

m a j o r task t o u n d e r s t a n d t h e de ta i l ed interre lat ions b e t w e e n flows, c o n v e c t i o n , a n d 

m a g n e t i c field s t ruc tures in p lage a n d quiet sun . 

4 . For t h e F u t u r e 

W h i l e g r o u n d b a s e d d a t a is inva luable , m o r e t h a n 9 5 % of t h e effort in reduc ing t h e 

d a t a is in t h e a l i g n m e n t of t h e i m a g e set a n d t h e removal of a t m o s p h e r i c d i s tor t ions 

t o t h e e x t e n t poss ib le . E v e n under t h e bes t of c i r c u m s t a n c e s o u t s t a n d i n g see ing 

- 1 / 3 arc s e c o n d - la s t s on ly a few hours . T h e Orbi t ing Solar L a b o r a t o r y ( O S L ) , 

w h i c h will b e p laced in a free flying po lar orb i t , wil l b e able t o observe t h e sun 

cont inuous ly for h u n d r e d s of d a y s at a t i m e . I t s 1 m e t e r aper ture will a l low 1 / 1 0 

arc s e c o n d reso lut ion in t h e mid-v i s ib le a n d has t h e poss ib l i ty of reso lv ing nearly 

1 / 2 0 arc s e c o n d in t h e near u l trav io le t . 

L E S T us ing a d a p t i v e o p t i c s shou ld a l low co l lec t ion of d a t a in a l i m i t e d region 

of t h e s u n , 2 t o 5 arc s econds in d i a m e t e r , for l i m i t e d per iods of t i m e , h o u r s , w i t h 

a reso lu t ion of 1 / 2 5 arc s econd in t h e mid-v i s ib le . L E S T is b e i n g d e s i g n e d t o b e 

nearly free of i n d u c e d po lar i za t ion w h i c h shou ld a l low it t o m e a s u r e t h e vec tor 

m a g n e t i c fields of very smal l flux t u b e s . 

A m a j o r task for solar phys i c s in t h e n e x t few years will b e t o ex trac t phys ica l 

proces ses f rom m o v i e s of t h e a t m o s p h e r e o b t a i n e d at several h e i g h t s . C o m p a r e d 

w i t h t h e d e v e l o p m e n t of 3 - D Fourier filtering a n d loca l corre lat ion tracking of gran-

u la t ion m o v i e s , th i s wil l b e a very difficult task requiring i n n o v a t i o n s in analys i s 

procedures , m a n i p u l a t i o n of v i d e o d i sp lays , and i m a g e p r e s e n t a t i o n t e c h n i q u e s . 

A s t e c h n i q u e s are d e v e l o p e d for e x t r a c t i n g t h e essent ia l features of convec t ion 

a n d m a g n e t i c fine s t ruc tures , it wil l b e required t o d e v e l o p , in paral le l , de ta i l ed 

theore t i ca l m o d e l s a n d carry o u t b o t h ana lys i s a n d s imula t ions t o c o m p a r e w i t h 

t h e m e a s u r e m e n t s . At t h e present s t a t e of t h e art in c o n v e c t i o n m o d e l i n g a n d three 

d i m e n s i o n a l rad ia t ive transfer th i s wil l require s ignif icant d e v e l o p m e n t s in t h e very 

largest c o m p u t e r s in e x i s t e n c e . Hopeful ly , t h e n e x t few years will see n e w ideas 

e m e r g e w h i c h p e r m i t real ist ic s imula t ions t o b e d o n e w i t h t h e s u p e r c o m p t u e r s then 

avai lable . 
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