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A B S T R A C T 

Although the area of some sunspot groups declines suddenly after a flare that produces energetic 
protons, other groups show a delayed or gradual decline, or continue to grow for several days after 
the flare. The mean area of sunspot groups that produced flares with polar-cap absorption declines 
gradually and continuously, beginning within a day after the flare. 

T h i s p a p e r descr ibes a search for a charac te r i s t i c c h a n g e in s u n s p o t a r e a a t the t i m e 

of a m a j o r flare in t h e g r o u p . T h e to ta l ene rgy released by such a flare, in t h e f o r m 

of par t ic les a n d e l e c t r o m a g n e t i c r a d i a t i o n , s o m e t i m e s a m o u n t s t o a no t i ceab le 

f rac t ion of t h e to ta l m a g n e t i c ene rgy in t h e s u n s p o t g r o u p , a n d n o o t h e r ene rgy 

s u p p l y is sufficient. Cases in w h i c h the t o t a l m a g n e t i c flux a n d the field g rad i en t 

decl ined m e a s u r a b l y af ter a pa r t i cu la r ly energe t ic flare h a v e been desc r ibed ( G o p a s y u k 

et al., 1963; H o w a r d a n d Severny , 1963), a n d H o w a r d (1963) n o t e d t h a t the to t a l a r ea 

of t he s u n s p o t g r o u p dec rea sed after several flares t h a t p r o d u c e d a n increase in cosmic -

r a y flux a t g r o u n d level ( G L E ) . O n t h e o t h e r h a n d , B ruzek (1960) f o u n d t h a t b o t h 

s u n s p o t s a n d the i r m a g n e t i c fields deve loped s m o o t h l y a r o u n d t h e t i m e of ma jo r 

flares, a n d N e w t o n a n d H o w e (1952) found n o u n u s u a l a r ea c h a n g e , o n t he average , 

a t t he t ime of flares of i m p o r t a n c e 3 a n d 3 + . W e ask he re w h e t h e r a m e a s u r a b l e 

decrease in s u n s p o t - g r o u p a r e a is u sua l after flares t h a t p r o d u c e p r o t o n s of relat ivis t ic 

( G L E ) o r sub-re la t iv is t ic ( P C E ) energy . 

F i rs t , t h e a r e a a n d a p p e a r a n c e of t h e s u n s p o t g r o u p a t t h e t i m e of 3 p r o t o n flares 

w e r e e x a m i n e d in s o m e de ta i l . T h e first of these flares o c c u r r e d ea r ly o n Ju ly 7, 1966, 

a n d w a s a c c o m p a n i e d b y a g round- leve l cosmic - ray inc rease a n d b y r a t h e r w e a k 

p o l a r - c a p a b s o r p t i o n . R o u t i n e da i ly m e a s u r e m e n t s of t h e t o t a l a r e a ( p e n u m b r a a n d 

u m b r a ) of t h e s u n s p o t g r o u p m a d e a t different obse rva to r i e s e a c h s h o w e d t h a t t h e 

g r o u p c o n t i n u e d t o g r o w after t h e flare (Tab l e 1). T h e g r o w t h w a s r a p i d e n o u g h t h a t 

even t h e p ro jec ted a r e a inc reased a l t h o u g h t h e g r o u p w a s a l r e a d y W e s t of cen t r a l 

m e r i d i a n . F i g u r e 1 s h o w s t h e t o t a l co r r ec t ed a r e a of t h e s u n s p o t g r o u p t h r o u g h its 

passage . A m o r e de ta i l ed l o o k a t t h e g r o u p ' s d e v e l o p m e n t conv inces us , however , 

t h a t t he to ta l a r ea is n o t r e levan t . F igu re 2 s h o w s t h e s p o t g r o u p before t h e flare, 

w i th t he flare pos i t i on i nd i ca t ed . A l t h o u g h b o t h t h e l ead ing a n d fo l lowing p a r t s of 
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Table 1 

Sunspot-group area measured before and after proton flares 

AH (mill , h e m . ) = AD (mi l l , d i sk) x \ x secan t of cen t r a l ang le 

Flare 
time 

1966 
July 07-0 

Time of 
measurement 

July 06-2 
07-2 

July 06-3 
07-3 

July 06-4 
0 7 4 

Projected 
area, AD 

(mill, disk) 

1134 
1282 
1082 
1400 
1151 
1175 

Corrected 
area, AH 

(mill, hem.) 

797 
1235 
780 

1255 
887 

1140 

Source 

Solnechnye Dannye 

R o m e 

U.S. Naval Observatory 

1966 
Aug 28-6 Aug 28-2 

29-2 
Aug 28-2 

29-2 
Aug 28-5 

29-5 

814 
1564 
738 
859 
241 
799 

425 
810 
387 
448 
125 
416 

Solnechnye Dannye 

R o m e 

U.S. Naval Observatory 

1966 
Sept 02-2 Sept 02-2 

03-2 
Sept 01 -3 

02-3 
03-3 

Sept 0 1 4 
02-6 

1048 
712 

1273 
986 
620 
872 
872 

904 
934 
917 
967 
989 
636 
939 

Solnechnye Dannye 

R o m e 

U.S. Naval Observatory 

t h e g r o u p grew after the flare, t h e u m b r a e in the cen t ra l p o r t i o n t h a t lay di rect ly u n d e r 
t h e flare did decay . F igu re 3 s h o w s t h e a rea d e v e l o p m e n t of t w o s e p a r a t e u m b r a e : 
t h e g r o w i n g N o r t h e r n u m b r a in t h e l ead ing p a r t of t he g r o u p , a n d t h e N o r t h e r n m o s t 
cen t r a l u m b r a , wh ich lay u n d e r in tense flare emiss ion a n d w h i c h decayed after t he 
flare. A t t he s a m e t ime , t h e p e n u m b r a in t h e cen t ra l reg ion , w h i c h w a s pa r t i cu la r ly 
d a r k before t h e flare, b e c a m e w e a k e r a n d b r o k e n wi th b r igh t p a t c h e s . T h e s e c h a n g e s 
b e g a n , as closely as c an b e d e t e r m i n e d (wi th in several h o u r s ) , a t t h e t i m e of t he flare. 
T h e close spa t ia l a n d t e m p o r a l a s soc i a t i on leads us t o cons ide r th i s g r o u p as a case 
in w h i c h significant decay of t h e s u n s p o t - g r o u p a r e a fo l lowed a m a j o r flare. T h e 
m a g n e t i c field of th is g r o u p var ies qu i t e differently t h a n its a r e a (Severny , 1967). 
I n t e g r a t e d energy , ne t flux, a n d g r a d i e n t of t he long i tud ina l field all r each a m a x i m u m 
a d a y before t h e flare, a n d dec l ine thereaf te r . 

N o w we t u r n t o t h e s u n s p o t g r o u p t h a t p r o d u c e d on A u g u s t 28 , 1966 a flare wi th 
m o d e r a t e p o l a r - c a p a b s o r p t i o n a n d o n S e p t e m b e r 2, a still m o r e energe t ic flare wi th 
fairly la rge P C A . T a b l e I a n d t h e co r r ec t ed -a rea curve ske tched in F igu re 4 s h o w t h a t 

https://doi.org/10.1017/S0074180900021999 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021999


S U N S P O T C H A N G E S F O L L O W I N G P R O T O N F L A R E S 545 

D a y . J u l y 1 9 6 6 

F I G . 1. Total area, corrected for foreshortening, of the sunspot group in which occurred the proton 
flare of July 7, 1966. 

F I G . 2. Sketches of the spot group before and after the proton flare of July 7, 1966. The position of 
the flare is indicated in the earliest sketch. The straight line under each sketch, proportional to the cosine 
of the central angle of the sunspot group, helps to estimate the effect on the apparent area of fore­
shortening. Note the decay of the two umbrae that were largest before the flare and that lay directly 
under the flare and note also the break-up of the penumbra in the flare region. 
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FIG. 4. The curve of corrected area of the sunspot group from August 22 to September 4, 1966, 
with sketches of the group before (or during) and after the proton flares of August 28-6 and September 
02*2. The length of the horizontal lines with each sketch is proportional to the cosine of the angular 
distance of the group from disk center. The position of the August 28 flare is indicated by dashed lines. 
In this case, parts of the group that were directly under the flare of August 28 - for example, the leading 
Northern umbra, continued to grow after the flare. 
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t h e to ta l a r e a of this g r o u p , t o o , c o n t i n u e d to inc rease d u r i n g t h e several days be tween 
t h e t w o flares, a n d for a b o u t a d a y after t he second flare. In th is case , w e a re u n a b l e 
t o find a p a r t of t h e g r o u p t h a t w a s especial ly close t o t h e flare a n d t h a t c lear ly 
decayed after t he flare. T h e o b v i o u s c h a n g e s in t he g r o u p a r e t h e s e p a r a t i o n of t h e 
l ead ing p o r t i o n a n d t h e coa lescence of t h e g r o w i n g , fo l lowing p a r t w i th t h e cen t r a l 
p o r t i o n ; these seem t o fit t h e p i c tu re p r o p o s e d by G o p a s y u k et al. (1963) of t h e 
a p p r o a c h of spo t s of o p p o s i t e po la r i ty , a n d eject ion of a s e c o n d a r y s p o t of t h e s a m e 
po l a r i t y as the p r inc ipa l u m b r a . 

Desc r ip t i ons f o u n d in t h e l i t e ra tu re of spo t g r o u p s wi th g r ea t flares p resen t a n 
equa l ly a m b i g u o u s p i c tu re . A flare on F e b r u a r y 28 , 1942 p r o d u c e d t h e first recognized 
cosmic - ray increase a n d t h e first r e co rded so la r r a d i o bur s t . T h e G r e e n w i c h observers 
n o t e of the p a r e n t spo t g r o u p t h a t " . . . a m a r k e d decl ine sets in af ter F e b r u a r y 2 8 " . 
Never the less , a s econd cosmic - r ay increase w a s obse rved a week la ter , w h e n th is 
r eg ion , w i th a r e a o n l y ha l f i ts m a x i m u m value , w a s n e a r W e s t l imb . O n the o the r 
h a n d , the g r o u p t h a t p r o d u c e d t h e G L E flare of Ju ly 25 , 1946 is desc r ibed a s " r e ­
m a r k a b l y s tab le , u n d e r g o i n g very little rad ica l c h a n g e t h r o u g h o u t its t r a n s i t " . W e 
m a y a lso r e r ead wi th in te res t C a r r i n g t o n ' s (1859) desc r ip t ion of t h e s u n s p o t g r o u p 
in w h i c h h e obse rved a whi te - l igh t flare: " I t was imposs ib le , o n first wi tness ing a n 
a p p e a r a n c e so s imi lar t o a s u d d e n conf lagra t ion , n o t t o expec t a cons ide rab l e resul t 
in t h e w a y of a l t e r a t i on of t h e de ta i l s of t h e g r o u p in w h i c h it o c c u r r e d ; a n d I w a s 
ce r ta in ly surpr i sed , o n re fer r ing t o t h e ske tch which I h a d careful ly a n d sat isfactori ly 
( a n d I m a y a d d fo r tuna te ly ) finished before t he occu r r ence , a t finding mysel f u n a b l e 
t o recognize a n y c h a n g e w h a t e v e r as hav ing t a k e n p l a c e . " 

T h e c o n t r a d i c t o r y ev idence p r e sen t ed by ind iv idua l cases l eads u s t o e x a m i n e t h e 
G r e e n w i c h m e a s u r e s of s u n s p o t - g r o u p a reas a t t h e t imes of a la rger n u m b e r of flares. 
F i g u r e 5 shows the co r r ec t ed a r e a of t he s u n s p o t g r o u p m e a s u r e d before a n d after 
14 G L E flares. T h e tai l of each a r r o w is a t t h e relat ive a r e a a n d cen t ra l m e r i d i a n 
d i s t ance of the s u n s p o t g r o u p a t t h e t i m e of t h e dai ly m e a s u r e m e n t m a d e before t h e 
flare, a n d the a r r o w h e a d a t t h e p o i n t r ep re sen t ing t he m e a s u r e m e n t m a d e after t he 
flare. T h e a r ea does i n d e e d dec rease in t h e major i ty of cases , b u t t h e r e a r e clear 
excep t ions . F u r t h e r m o r e , s ince m o s t of these flares o c c u r r e d w h e n t h e g r o u p w a s 
W e s t of cen t ra l m e r i d i a n , w e s h o u l d expec t in a n y case t h a t t h e a r e a w o u l d decrease 
as t h e g r o u p a p p r o a c h e d t h e l i m b . 

T h e s h a d e d cu rve s h o w s t h e m e a n cor rec ted a r ea of la rge ( ^ H ^ 4 0 0 mill . ) s u n s p o t 
g r o u p s t h a t were o b s e r v e d t h r o u g h a c o m p l e t e o r nea r ly c o m p l e t e d i sk pas sage . T h e 
c u r v e is very s imi lar t o t h a t for a la rge s a m p l e of s u n s p o t g r o u p s t h a t p r o d u c e d P C E 
flares, a n d a l t h o u g h w e d o n o t u n d e r s t a n d t h e la rge a s y m m e t r y , w e bel ieve i t is a n 
a p p r o p r i a t e e s t ima te of t h e w a y a s u n s p o t g r o u p ' s a r e a var ies , r ega rd less of ind iv idua l 
flares. M o s t of t he a r e a c h a n g e s a t t he t i m e of G L E flares a r e s imi la r t o t h e expec ted 
c h a n g e d u r i n g n o r m a l d e v e l o p m e n t a n d r o t a t i o n of such a g r o u p . P e r h a p s it is 
significant t h a t of t h r ee g r o u p s t h a t showed an a n o m a l o u s a r e a increase, t w o p r o -
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d u c e d a second G L E flare ( c o n n e c t e d by b r o k e n lines). W e s h o u l d a lso n o t e t h a t t he 
s u n s p o t g r o u p t h a t p r o d u c e d t h e flare of Ju ly 16, 1959 (after P C E flares on Ju ly 10 
a n d 14) d id r each its m a x i m u m a r e a wi th in a day after t h e G L E flare, dec l in ing 
thereaf te r . 

F ina l ly , we looked for ev idence of a genera l decrease in s u n s p o t - g r o u p a r e a follow-

Areo 
Max. A r e a 

EL C N P WL 

FIG. 5 . The arrows show the relative corrected area and the central meridian distance of the sunspot 
group before and after each of 14 GLE flares. The shaded curve shows the expected area change during 
development and rotation of large t long-lived spot groups. Dotted lines connect GLE flares that occurred 
in the same group, and shafts of arrows representing the early flares are shaded. 

i n g a p r o t o n flare. S ix ty- three P C E flares t h a t occu r r ed b e t w e e n 1956 a n d 1963 in 
s u n s p o t g r o u p s wi th a r e a m e a s u r e d wi th in o n e d a y b o t h before a n d after t he flare 
f o r m e d t h e obse rva t i ona l s a m p l e . T h e lower , solid cu rve in F i g u r e 6 s h o w s t h e m e a n 
va lue of t he s u n s p o t - g r o u p a r e a o n successive days a r o u n d t h e flare d a y . T h e d a y of 
t h e flare m a r k s t h e b e g i n n i n g of a cons i s t en t decl ine in a r ea . T h e a r e a c h a n g e d u e t o 
r o t a t i o n a n d d e v e l o p m e n t of t h e g r o u p w a s a s s u m e d to fol low t h e cu rve s h o w n in 
F igu re 5, a n d each a r e a w a s d iv ided by the re la t ive a r e a a p p r o p r i a t e t o i ts cen t ra l 
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dis tance , t o give t h e co r rec t ed a r ea p lo t t ed as t he u p p e r cu rve in F i g u r e 6. T h e run 
of the cor rec ted a r ea s is genera l ly s imi lar t o t h a t of t he u n c o r r e c t e d m e a n a reas , except 
t h a t t he co r r ec t ion p u s h e s t h e m a x i m u m a h e a d t o t h e first m e a s u r e m e n t af ter t he flare. 

W e c o n c l u d e t h a t , in genera l , s u n s p o t - g r o u p a r e a decl ines after a p r o t o n flare (or 
t h a t the flare occurs n e a r m a x i m u m d e v e l o p m e n t of t he s u n s p o t g r o u p ) . T h e r e a re 
c lear excep t ions t o th i s ru le , w h e n t h e g r o u p c o n t i n u e s t o g r o w after t h e flare. M a n y 

11001 i i i i — i — i — i — i — i — r — i — i 1 — i 1 — i — i — | 

I — i — i i i i i i i i i i i i i i i i 1 
9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 

D a y s B e f o r e F l o r e D a y s A f t e r F l o r e 

FIG. 6. Mean sunspot-group area (lower, solid curve) around the time of 63 PCE flares. Areas 
shown in the upper, broken curve are corrected for effects depending on the central distance (see text). 
The standard error of the mean corrected area on day 0 is 79 millionths of the solar hemisphere. 

t imes , the spo t s s h o w n o sign of d e c a y unt i l h o u r s after t he flare, a n d t h e n the a rea 
decreases g radua l ly a n d s m o o t h l y . S u n s p o t a r ea w o u l d seem to r e s p o n d m u c h less 
sensit ively t o the o c c u r r e n c e of a n energet ic flare t h a n d o m a g n e t i c p a r a m e t e r s , a n d 
t o vary s o m e w h a t i n d e p e n d e n t l y of t h e field. I so la ted cases d o exist w h e n t h e decl ine 
of s u n s p o t a r ea sets in s u d d e n l y a n d i m m e d i a t e l y after t h e flare, a n d s t rong ly suggests 
a phys ica l c o n n e c t i o n . 
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D I S C U S S I O N 

Bumba: As was shown by Mrs. Fortini and Mrs. Martres, there are some indications that the 
proton-flare active regions develop from at least two and often from even more sunspot groups. 
Therefore it may be very difficult to study the relations of the total area changes of this complex 
situation to the proton-flare events. Usually several days are needed for the individual spotgroup 
to interact. Maybe the investigation of area changes of the individual components of the complex 
group may give better results. 
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