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ABSTRACT 

Sola r  u l t r a v i o l e t  measurements of t he  flg I1 core-to-wing r a t i o  from the N01L19 s a t e l -  
l i t e  shotr a  f a s t  r i s e  f o r  s o l a r  c y c l e  22 f r o m  t h e  minimum i n  S e p t e n b e r  1986. The 
h i g h  v a l u e s  i n  l a t e  1989 a r e  comparab le  t o  t h e  maximum v a l u e s  f o r  c y c l e  21. E s t i -  
mates of e a r l i e r  s o l a r  UV v a r i a t i o n s  a r e  made back t o  1947 us ing  a  combination of the  
10 c n  s o l a r  r a d i o  f l u x  (F10) and t h e  s u n s p o t  b l o c k i n g  f u n c t i o n .  The l a t t e r  i s  
i n t e r p r e t e d  t o  p a r t i a l l y  remove the  gyroresonance component from F10, which i s  not 
present  i n  the UV f lux.  

INTRODUCTION 

Sola r  u l t r a v i o l e t  (UV) v a r i a t i o n s  a r e  important  t o  research  of the  c l i m a t i c  impact of 
s o l a r  v a r i a b i l i t y  because  t h e  UV f l u x  d o e s  t h e  f o l l o w i n g :  (1 )  i n f l u e n c e s  t h e  s o l a r  
r a d i a t i o n  input  t o  the  t roposphere;  (2) photodissoc ia tes  the major atmospheric  con- 
s t i t u e n t s  i n  t h e  s t r a t o s p h e r e ,  which s u b s e q u e n t l y  induce changes i n  minor cons t i -  
t uen t s  t h a t  a f f e c t  a tmospheric  chemistry and r a d i a t i o n  absorp t ion  and emission;  and 
(3)  h e a t s  the  s t r a t o s p h e r e ,  which may inf luence  t ropospher ic  a s  w e l l  a s  s t r a t o s p h e r i c  
dynamical processes.  I n  case 1, the  s o l a r  UV f l u x  v a r i a t i o n s  con t r ibu te  between one 
f i f t h  t o  one t h i r d  of the s o l a r  cycle  v a r i a t i o n  oE the  t o t a l  s o l a r  i r r a d i a n c e  (Lean, 
1989; London e t  al., 1989). This reduces the  ampli tude of t he  s o l a r  cyc le  v a r i a t i o n  
of s o l a r  r a d i a t i o n  reaching the  ground conpared t o  the t o t a l  s o l a r  i r r a d i a n c e  va r i a -  
t i o n s  observed Erom s a t e l l i t e s .  Also, s o l a r  UV i n t e n s i f i c a t i o n s  inc rease  the  atmos- 
p h e r i c  co lumnar  ozone c o n t e n t ,  which enhances  a t m o s p h e r i c  a b s o r p t i o n  and  f u r t h e r  
decreases  the  s o l a r  cycle  v a r i a t i o n  of s o l a r  r a d i a t i o n  reaching the  ground. 

Heath  and S c h l e s i n g e r  (1986) showed t h a t  t h e  core- to-wing  r a t i o  of t h e  Ilg I1 h  6 k 
a b s o r p t i o n  l i n e s  n e a r  250 nm p r o v i d e s  a  measure of s o l a r  U V  v a r i a b i l i t y  t h a t  was 
i n s e n s i t i v e  t o  instrument  d r i f t  f o r  the  So la r  Backsca t te r  U l t r a v i o l e t  (SBUV) observa- 
t i o n s  from the  NIEIBUS7 s a t e l l i t e .  This  paper d iscusses  s i m i l a r  Plg I1 core-to-wing 
r a t i o s  f o r  the  r i s e  of s o l a r  cycle  22, based on measurements from the  SBUV2 monitor 
on the  NOA49 s a t e l l i t e .  

The Ottawa 10.7 cm s o l a r  r ad io  f l u x  measurements (F10) have long been used t o  e s t i -  
mate the  temporal v a r i a t i o n s  of s o l a r  UV f luxes.  Recent s t u d i e s  have shown t h a t  t he  
short- term (days, weeks) UV v a r i a t i o n s  d i f f e r  markedly from those  of F10. This  paper 
shows t h a t  the long-term v a r i a t i o n s  of F10 and R(MgIIc/w,t) a r e  c l o s e l y  r e l a t e d  wi th  
a  d i v e r g e n c e  f r o m  l i n e a r i t y  d u r i n g  t h e  end of t h e  c y c l e  decay  i n t o  s o l a r  ninimum. 
Separa t ing  F10 i n t o  long- te rn  and shor t - te rm v a r i a t i o n s  improves the  e s t i m a t e  of UV 
va r i a t i ons .  Inc luding  the  sunspot blocking func t ion  of Hoyt and Eddy (1982) f u r t h e r  
improves the  e s t i m a t e s  of short- term UV va r i a t i ons .  Thei r  sunspot blocking func t ion  
sums over the  v i s i b l e  s o l a r  d i sk  the  sunspot umbra1 and penumbral a r e a s  weighted by a  
c o n t r a s t  f u n c t i o n  t h a t  v a r i e s  w i t h  t h e  a n g l e  be tween  t h e  s o l a r  r a d i a l  t h r o u g h  t h e  
c e n t e r  of the spot  and our  l i n e  of observation. Pre l iminary  e s t i m a t e s  f o r  t h e  long- 
term v a r i a t i o n s  of R(~IgI Ic /w, t )  f o r  s o l a r  cyc les  13 - 21 a r e  presented. 
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Fig .  1. D a i l y  core-to-wing r a t i o  f o r  t h e  u n r e s o l v e d  s o l a r  Hg I1 h  & k  a b s o r p t i o n  
l i n e s  from s o l a r  cycle  minimum i n  September 1986 through the  r i s e  of s o l a r  cycle  22. 

THE RISE OF SOLAR CYCLE 22 

The Mg I1 core-to-wing r a t i o  der ived from the  d i s c r e t e  wavelength measurements of t he  
NOAA9 SBUV2 m o n i t o r  a r e  shown i n  Fig. 1  f r o m  t h e  s o l a r  minimum i n  1986 t h r o u g h  t h e  
r i s e  of s o l a r  cyc le  22. The r a t i o  shown has been modified wi th  respec t  t o  t h a t  used 
by Heath and Schles inger  (1986) f o r  NIMBUS7 i n  order  t o  l i m i t  t he  tJOM9 measurements 
t o  t h e  second  of t h r e e  g a i n  r a n g e s  and t h e r e b y  r e d u c e  t h e  day-to-day j i t t e r  and  
long- t e rm d r i f t  i n  t h e  r a t i o  (Donnel ly  e t  a l . ,  1990). These NOAA9 r e s u l t s  a r e  
r e l a t e d  t o  the NIMBUS7 r a t i o s  by a  s imple  l i n e a r  r e l a t i o n  t h a t  shows the  1989 maximurn 
d a i l y  and 81-day average values a r e  approximately equal  t o  t he  corresponding maximum 
v a l u e s  f rom NIMBUS7 f o r  s o l a r  c y c l e  21. Note t h e  v e r y  s t r o n g  s o l a r  r o t a t i o n a l  
v a r i a t i o n s  wi th  27 t o  28 days p e r i o d i c i t y  i n  1983 a f t e r  t he  main r i s e  of t he  cycle. 
These short- term v a r i a t i o n s  have roughly  h a l f  t h e  a m p l i t u d e  of t h e  long- t e rm r i s e  
f rom t h e  1986 minimum t o  t h e  a v e r a g e  1989 l e v e l ,  b u t  a r e  n o t  a s  l a r g e  a s  t h e  s o l a r  
r o t a t i o n a l  v a r i a t i o n s  observed by the  NIMBUS7 s a t e l l i t e  i n  J u l y  and August 1982. An 
episode of two peaks per  s o l a r  r o t a t i o n  wi th  weal: aclplitude occurred i n  e a r l y  1988, 
The r o t a t i o n a l  peak i n  October 1986 r e s u l t e d  from the  f i r s t  episode of s t r o n g  new- 
cycle  a c t i v i t y  f o r  s o l a r  cycle  22. 

SOLAR CYCLE 21 

Fig .  2  shows month ly  v a l u e s  of 13-month smoothed ( h a l f  w e i g h t  f o r  f i r s t  and l a s t  
months) Mg I1 core-to-wing r a t i o s  from t h e  NIMBUS7 s a t e l l i t e .  Note how s i m i l a r  a r e  
the  curves f o r  the chromospheric Mg I1 r a t i o  R(t,igIIc/w,t) and the  10.7 cm s o l a r  r ad io  
f l u x  (F10) and how t h o s e  two c u r v e s  d i f f e r  g r e a t l y  f rom t h e  p h o t o s p h e r i c  s u n s p o t  
number, coronal  green l i n e  (G), and s o f t  X-ray f l u x  (X). This s i m i l a r i t y  between the  
long- t e rm v a r i a t i o n s  of F10 and R ( M ~ I I c / w , ~ ) ,  which was f i r s t  n o t e d  by Heath and 
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Fig. 2. Smoothed s o l a r  c y l e  2 1  v a r i a t i o n s  f o r  t h e  p h o t o s p h e r i c  sunspo t  number, F10 
s o l a r  r a d i o  f l u x ,  c h r o m o s p h e r i c  Mg I1 c o r e - t o - w i n g  r a t i o ,  c o r o n a l  g r e e n  l i n e  
e f f e c t i v e  i n t e n s i t y ,  a n d  t h e  v e r y  h o t  a n d  c t i v e  c o r o n a l  1 - 8  A f l u x .  The 10.7 cm 
s o l a r  r a d i o  f l u x  u n i t s  ( s f u )  a r e  V m-' HZ-'. 

S c h l e s i n g e r  ( 1 9 8 6 ) ~  i s  i n  s t a r k  c o n t r a s t  t o  t h e  marked  d i f f e r e n c e s  i n  t h e i r  s h o r t -  
t e r m  (days,  weeks) v a r i a t i o n s  (Donnelly e t  al . ,  1983; Donnelly,  1987). IIowever, t h e s e  
l o n g - t e r m  v a r i a t i o n s  a r e  n o t  i d e n t i c a l ,  R ( M ~ I I C / W , ~ )  p e a k s  h i g h e r  i n  l a t e  1 9 8 1  
r e l a t i v e  t o  t h e  l a t e  1979  l e v e l  and  d e c a y s  s l o w e r  i n  1985  a n d  e a r l y  1986  t h a n  F10. 
Compared t o  R ( M ~ I I C / W , ~ )  and  F10 ,  t h e  s u n s p o t  number  s h a r p l y  p e a k s  e a r l y  and  h a s  a  
l o n g  d e c a y  w h i l e  G & X h a v e  a s t r o n g  l a t e  peak.  F10, R ( F ~ , P I I C / W , ~ )  and  X d e c a y  i n  
t h r e e  y e a r s  t o  a  f l a t  minimum w h i l e  G decays  s l o w l y  u n t i l  l a t e  1986. The d i f f e r e n c e s  
i n  d e c a y  and  min ima  b e h a v i o r  of X a n d  G i m p l y  c o r r e s p o n d i n g  d i f f e r e n c e s  i n  t h e  
e m i s s i o n  mea u r e  i n  t h e  1 - 2 x  lo6 range,  r e p r e s e n t e d  by G, and t h a t  a t  t e m p e r a t u r e s  Q a b o v e  3 x 1 0  I(, r e p r e s e n t e d  by X. 

D i f f e r e n c e s  i n  s h o r t - t e r m  v a r i a t i o n s  of d a i l y  F10 a n d  R ( M g I I c / w , t )  a r e  e v i d e n t  i n  
Fig. 3. The range i n  a m p l i t u d e  of t h e  s h o r t - t e r m  s o l a r  r o t a t i o n a l  v a r i a t i o n s  i s  much 



l a r g e r  f o r  F10 r e l a t i v e  t o  t he  long-term s o l a r  cycle  ampli tude than  f o r  ~ ( ~ g I I c / w , t ) .  
The h i g h  s h o r t - t e r m  pealcs f o r  F10 t e n d  t o  be on t h e  f i r s t  r o t a t i o n  of e p i s o d e s  of 
ma jo r  g roups  of a c t i v e  r e g i o n s ,  w h i l e  ~ ( ~ g 1 1 c / w , t )  t e n d s  t o  peak on t h e  second  o r  
s o m e t i m e s  t h i r d  r o t a t i o n ,  Dur ing  1985 and 1986, F10 shows f e w e r  r o t a t i o n a l  peaks  
t h a n  R(MgIIc/w, t ) ,  which  i s  a  consequence  of t h e  U V  e m i s s i o n  of a c t i v e  r e g i o n s  and 
t h e i r  remnants having a  much g r e a t e r  pe r s i s t ence  (Donnelly, 1937). 

The 81-day running averages shown i n  Fig. 4  suppress  the short- term v a r i a t i o n s  and 
i l l u s t r a t e  b e t t e r  t he  in t e rmed ia t e  (months) and long-term va r i a t i ons .  The shor t - te rm 
s o l a r - r o t a t i o n a l  v a r i a t i o n s  a r e  s t i l l  ev ident  i n  Fig. 4  i n  two ways. They c o n t r i b u t e  
t he  s m a l l  unimportant 27-day r i p p l e s  i n  t he  curves. Because 27-day v a r i a t i o n s  occur  
i n  a  s e r i e s  where the  peak ampli tude per  s o l a r  r o t a t i o n  quick ly  r i s e s  t o  a  maximun i n  
one o r  two r o t a t i o n s  and then decays over s e v e r a l  months, the  81-day running average 
of t h e s e  s h o r t - t e r m  v a r i a t i o n s  w i l l  a l s o  r i s e  and f a l l  o v e r  s e v e r a l  months. T h i s  
second e f f e c t  con t r ibu te s  p a r t  of t he  intermediate- term ( seve ra l  months) v a r i a t i o n s  
shown i n  Fig. 4. Note t h a t  t he  intermediate- term v a r i a t i o n s  i n  1980 and 1981 have a 
period of roughly ha l f  a  year  and those i n  1983 and 1984 a r e  l e s s  than  a  year  and may 
be r e l a t e d  t o  t h e  155 day and 323 day p e r i o d i c i t i e s  i n  s o l a r  a c t i v i t y  d i s c u s s e d  by 
Lean and Brueckner  (1989) and  Pap e t  a l .  (1990). The h a l f  -yea r  v a r i a t i o n s  i n  1980 
and 1981 appear t o  be a  l i t t l e  l a r g e r ,  r i s e  f a s t e r ,  peak e a r l i e r  and decay f a s t e r  i n  
F10 t h a n  i n  R(MgIIc /w, t ) ,  which  i s  c o n s i s t e n t  w i t h  t h e  s l o w e r  e p i s o d i c  e v o l u t i o n  
found i n  t he  s o l a r - r o t a t i o n a l  v a r i a t i o n s  i n  R(MgIIc/w,t). The l o c a l  v a l l e y  i n  F10 
n e a r  t h e  s t a r t  of 1952 a p p e a r s  t o  be f i l l e d  in by t h e  s l o w e r  decay  i n  R(MgIIc/w,t) .  
I n  conclusion,  the in te rmedia te - te rm v a r i a t i o n s  of F10 and R(MgIIc/w,t) a r e  f a i r l y  
s i m i l a r ,  w i th  the  s h o r t e r  per iods showing some s m a l l  d i f f e r ences  due t o  the evo lu t ion  
oE major groups of a c t i v e  regions (Donnelly, 1987). 

How can the  temporal  v a r i a t i o n s  of F10 be so  d i f f e r e n t  from those of R(MgIIc/w,t) f o r  
shor t - te rm v a r i a t i o n s  and ye t  s o  s i m i l a r  f o r  long-term v a r i a t i o n s ?  Consider F10 t o  
c o n s i s t  oE t h r e e  p a r t s ,  namely: (1) chromospheric thermal  bremsstrahlung emission,  
(2 )  t r a n s i t i o n - r e g i o n  and c o r o n a l  b r e m s s t r a h l u n g  e m i s s i o n ,  and (3 )  g y r o r e s o n a n c e  
absorp t ion  and emission,  which a r e  r e l a t e d  t o  the  s t rong  magnetic f i e l d s  from sun- 
s p o t s  (Kundu e t  a l . ,  1980). Because of t h e  g r e a t e r  p e r s i s t e n c e  of p l a g e s  and t h e i r  
r emnan t s  t h a n  f o r  s u n s p o t s  o r  f o r  h o t  c o r o n a l  e m i s s i o n s  (T > 3  x 10 K ) ,  l ong - t e rm 
averages a r e  dominated by the  chromospheric component. The long-term average of the 
coronal  and gyroresonance components i n  F10 would produce s i m i l a r  temporal  r e s u l t s  by 
r e f l e c t i n g  t h e  s imple  bui ld  up and dec l ine  of the t o t a l  amount of a c t i v i t y ,  except  
t he  peak would occur e a r l i e r .  This s h i f t  i s  caused by t h e i r  more r ap id  evo lu t ion  f o r  
each a c t i v e  region. I t  is  cons i s t en t  wi th  the  e a r l i e r  peak, f a s t e r  decay and l a r g e r  
ampli tude of t he  half-year  v a r i a t i o n s  i n  1980 - 1981 i n  F10 than i n  R(MgIIc/w,t) i n  
Fig.  4. C o n s i d e r i n g  t h e  much h i g h e r  peak i n  l a t e  1981 t h a n  t h e  f l u x  l e v e l  i n  l a t e  
1979 f o r  the  coronal  green l i n e  and 1  - 8 A X-rays i n  Fig. 2, the combination of t he  
c h r o m o s p h e r i c  b r e m s s t r a h l u n g  and  g y r o r e s o n a n c e  components  of F10 must  be much 
s t r o n g e r  than the  coronal  bremsst rahlung. 

ESTIMATES FOR SOLAR CYCLES 18 - 21 

Given the  s i m i l a r i t y  of long-term v a r i a t i o n s  of F10 and R(MgIIc/w,t) and our cu r r en t  
knowledge of t h e i r  short- term d i f f e rences ,  we should be ab le  t o  make good e s t i m a t e s  
of R(MgIIc/w,t) baclc t o  the  beginning of t he  F10 measurements i n  1947. These r a t i o s  
may then be used wit11 t he  Heath and Schlesinger's (1986) wavelength s c a l i n g  func t ion  
t o  determine the  UV f l u x  v a r i a t i o n s  i n  t he  170 - 290 nm range. 

Fig. 5 shows the  i n t e n s i t y  r e l a t i o n  between R(MgIIc/w,t) and F10, where t h e  c o r r e l a -  
t i o n  c o e f f i c i e n t  ( r )  i s  0.95. The re  a r e  more p o i n t s  f u r t h e r  f r o m  t h e  main t r e n d  on 
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Fig. 3. Daily va lues  of t h e  s o l a r  10.7 cm r a d i o  f l u x  and Mg I1 core-to-wing r a t i o .  
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Fig. 4. Dai ly  va lues  of 81-day running averages of F10 and Mg I1 core-to-wing r a t i o .  
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component. The d a t a  i n  Fig. 5  were t4g I1 core-to-wing r a t i o  versus F10. 
f i t  w i th  polynomials of o rde r  1  t o  
7. The bes t  f i t  was made wi th  two 
s t r a i g h t  l i n e s  t h a t  j o i n  a t  F10 = 94 s fu .  These  l i n e a r  t r e n d s  were  t h e n  u s e d  w i t h  
the 81-day average of F10 t o  make pre l iminary  e s t i m a t e s  of t he  long-term t r ends  of 
R(EfgIIc/w,t) shown i n  Fig. 6. The naxinum es t ima ted  values f o r  cyc les  18 and 19 a r e  
h igher  than  the  observed ~ ( ~ g I I c / w , t )  f o r  cyc les  21 and 22, a t  l e a s t  through 1989. 
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I n  a d d i t i o n  t o  e s t i m a t i n g  the  long-term v a r i a t i o n s  of R(l.lgIIc/w,t), we have der ived  
techniques f o r  improving e s t i m a t e s  of t h e  s h o r t - t e r m  s o l a r - r o t a t i o n a l  v a r i a t i o n s .  
Simply by sepa ra t ing  F10 i n t o  long-term and short- term v a r i a t i o n s  improves the e s t i -  
mate because  t h e  r e g r e s s i o n  s l o p e s  d i f f e r  f o r  t h e s e  t t ro  t i n e  s c a l e s .  Second ly ,  
i n c l u d i n g  t h e  s u n s p o t  b l o c k i n g  f u n c t i o n  (Hoyt and Eddy, 1382; Hudson e t  a l . ,  1982)  
reduces the  e f f e c t  of t he  l a r g e  F10 peaks on the  f i r s t  r o t a t i o n  of a  major new group 
of a c t i v e  r e g i o n s .  O s t e r  (1990) h a s  found t h a t  t h e  10 cm enhancement  due t o  a n  
a c t i v e  r e g i o n  i s  b e t t e r  c o r r e l a t e d  w i t h  t h a t  region's s u n s p o t  a r e a  t h a n  w i t h  t h e  
a s soc i a t ed  plage area. His r e s u l t  i s  cons i s t en t  w i th  the  sunspot blocking func t ion  
inp rov ing  the  f i t  of F10 wi th  R(MgIIc/w,t). Apparently, the  sunspot blocking func- 
t i o n  provides an approximate co r r ec t ion  f o r  t he  gyroresonance component i n  F10. This 
conponent boosts the r ad io  emission on the  f i r s t  r o t a t i o n  of episodes of major groups 
of a c t i v e  r e g i o n s  (Donnel ly ,  1987),  when t h e  n e t  s u n s p o t  a r e a  i s  l a r g e .  Ano the r  
t e c h n i q u e  f o r  i m p r o v i n g  t h e  e s t i m a t e  of s h o r t - t e r m  v a r i a t i o n s  i s  c u r r e n t l y  b e i n g  
evaluated. This  involves f i l t e r i n g  the  fu l l -d i sk  Ca-K plage index and sunspot  number 
t o  i d e n t i f y  and  e s t i m a t e  e p i s o d e s  of 13-day p e r i o d i c i t y ,  which  a r e  s t r o n g  a t  UV 
wavelengths but absent  i n  F10. 

Comparing the  predic ted  and observed R(MgIIc/w,t) dur ing  t h e  r i s e  of s o l a r  cycle  22 
has shown t h a t  the  long-term F10 and R ( M ~ I I C / W , ~ )  t rends  a r e  r e l a t e d  by a  s m a l l  hys- 
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Fig. 6 .  Pre l iminary  e s t i m a t e s  of d a i l y  values of 81-day averaged Mg I1 core-to-wing 
r a t i o s  der ived from F10. 
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t e r e s i s  e f f e c t  a t  low F10 v a l u e s ,  which  can  be a c c o u n t e d  f o r  i n  f u t u r e  e s t i m a t e s .  
Secondly, using 81-day averages t o  e s t i m a t e  t he  long-term v a r i a t i o n s  i n  R(MgIIc/w,t ) 
from F10 l eads  t o  ove res t ima t ing  the  intermediate- term v a r i a t i o n s ,  e s p e c i a l l y  those  
w i t h  periods near  ha l f  a  year,  This can be improved by us ing  annual averages. 

H 

CONCLUSIONS 
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Sola r  cyc le  22 through 1989 a t  W wavelengths, a s  represented  by the  Elg I1 core-to- 
wing r a t i o ,  has a l ready  reached the  peak i n t e n s i t i e s  observed i n  s o l a r  cycle  21, but  
h a s  n o t  y e t  r eached  t h e  peak i n t e n s i t i e s  e s t i m a t e d  f o r  s o l a r  c y c l e s  18 and 19. 
Es t imates  of R(MgIIc/w,t) back t o  1947 a r e  c u r r e n t l y  being developed and improved- 
S e p a r a t i n g  F10 i n t o  long- t e rm and s h o r t - t e r m  v a r i a t i o n s  improves  t h e  f i t  t o  
R(MgIIc/w,t) .  I n c l u d i n g  t h e  s u n s p o t  b l o c k i n g  f u n c t i o n  i m p r o v e s  t h e  e s t i m a t e s  of 

I I 1 I I 
CD > 

0.28 

Solar Cycle 20 

- - 



s h o r t - t e r m  v a r i a t i o n s  by c o r r e c t i n g  f o r  t h e  h i g h  p e a k s  i n  F10 r e l a t i v e  t o  
R(MgIIc/w,t)  d u r i n g  t h e  f i r s t  s o l a r  r o t a t i o n  of a n  ep i sode  of a  major group of a c t i v e  
r e g i o n s .  T h e s e  h i g h  F10 p e a k s  a r e  i n t e r p r e t e d  a s  r e s u l t i n g  f r o m  t h e  p;yroresonance 
component a s s o c i a t e d  w i t h  t h e  s t r o n g  magnet ic  f i e l d s  of sunspo ts ,  The sunspo t  b lock-  
i n g  f u n c t i o n  s e r v e s  a s  a  measure of t h e  n e t  a r e a  of t h e s e  s t r o n g  f i e l d  regions .  
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