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INTRODUCTION 

MANY THEORIES have been advanced f o r  each o f  t h e  var ious  aspects of 
thunderstorm phenomenology. Arguments have been o f f e r e d  both  i n  support  and i n  
c r i t i c i s m  o f  e s s e n t i a l l y  a l l  o f  these t h e o r i e s  as p a r t  o f  t h e  process o f  model 
evo lu t i on .  S i m i l a r l y ,  t h i s  paper descr ibes a t h e o r e t i c a l  model and then t e s t s  i t s  
p r e d i c t i o n s  aga ins t  t h e  data by showing they form a c o n s i s t e n t  s e t  o f  exp lana t i ons  
f o r  a number o f  m a j o r  f i n d i n g s  p r e v i o u s l y  unexplained, m i s i n t e r p r e t e d  o r  thought  t o  
be c o n f l i c t i n g .  In  view o f  ( 1 )  t h e  importance o f  t h e  atmospher ic-  
elect r ic i ty /solar- ter res t r ia l  research areas, ( 2 )  t h e  l i m i t a t i o n s  on funds, and 
( 3 )  t h e  cos t  of  i n v e s t i g a t i n g  erroneous concepts, t h e o r e t i c a l  d i f f e r e n c e s  must be 
reso lved as e a r l y  as p o s s i b l e  i n  t h e  program. 

L i g h t n i n g  inc idence o r  frequency e x h i b i t s  g rea t  v a r i a t i o n  i n  t ime  and space. 
S p a t i a l  o r  g loba l  l i g h t n i n g  p a t t e r n s  can be seen i n  p l o t s  made from s a t e l l i t e  data 
[l, 2, 31 and, on a d i f f e r e n t  sca le ,  i n  photographs made f rom o r b i t  [4]. Temporal 
p a t t e r n s  o f  l i g h t n i n g  i nc idence  can be made by t ime  records o f  any v a r i a b l e  
c o r r e l a t e d  w i t h  l o c a l  or w i t h  g loba l  l i g h t n i n g  such as s f e r i c s  or atmospheric 
e l e c t r i c a l  p o t e n t i a l  g rad ien t  [5]. Many f a c t o r s  a r e  i n v o l v e d  i n  shaping these pa t-  
te rns .  The standard me teo ro log i ca l  v a r i a b l e s  i n c l u d i n g  mo is tu re  content ,  
temperature d i s t r i b u t i o n s  , orograph ic  1 i f t  , etc., a r e  g e n e r a l l y  understood , a t  
l e a s t  i n  broad p r i n c i p l e .  However, even i n  these l ong  s tud ied  areas o f  s t o rm  
physics,  es tab l ishment  o f  d e t a i l s  f o r  many fea tu res ,  such as charge separa t i on  and 
t r a n s p o r t  , a r e  s t i l l  h indered by t h e  complex i ty  and exper imenta l  d i f f i c u l b i e s  
a r i s i n g  f r o m  t h 8  number o f  v a r i a b l e s  and t h e  range o f  sca les  i n v o l v e d  (10' t o  
g r e a t e r  t han  10 m). A l e s s  s tud ied  and l e s s  "obvious"  b u t  major  determinant  of 
1 i g h t n i  ng p a t t e r n s  i s  t he  d i  s t r i  b u t i  on o f  i o n i z a t i o n  f rom somewhat below 10 km t o  
approx imate ly  50 kin ( a  l e v e l  c a l l e d  t h e  " e lec t rosphere" ) .  This  f a c t o r ,  r e l a t e d  t o  
t h e  atmospheric e l e c t r i c a l  c o n d u c t i v i t y ,  and t h e  processes t h a t  p e r t u r b  i t  are  t h e  
t o p i c s  o f  i n t e r e s t  to. t h i s  paper. 

I n  essence, t h e  theo ry  t o  be developed w i l l  show t h a t  s o l a r  a c t i v i t y  should 
s t r o n g l y  i n f l u e n c e  l i g h t n i n g  frequency by severa l  processes t h a t  markedly modulate 
t h e  atmospheric c o n d u c t i v i t y  above thunderstorms and hence t h e  f r a c t i o n  o f  t h e  
thunders torm's  upward (pos i  ti-current t h a t  leaks  away t o  t h e  e lec t rosphere .  
Among t h e  severa l  processes are :  (1) t h e  modulat ion o f  g a l a c t i c  cosmic ray  
i n t e n s i t y  over  t h e  l l - y e a r  s o l a r  sunspot c y c l e  w i th  t h e  maxima i n  cosmic rays 
o c c u r r i n g  a t  t h e  sunspot minima, ( 2 )  Forbush decreases i n  cosmic ray  i n t e n s i t y  due 
t o  *magnetized clouds' '  o f  s o l a r  plasma enveloping t h e  e a r t h  f o r  severa l  aays and 
o c c u r r i n g  most o f t e n  near  t h e  s o l a r  c y c l e  maxima, and ( 3 )  magnetic coup l ing ,  an 
e s s e n t i a l l y  weekly process t o  be d iscussed a t  length .  As one example o f  these 
processes , h i g h  cosmic ray i o n i z a t i o n  above a thunderc loud,  common near t h e  sunspot 
c y c l e  minimum, 

Abbrevi a t  i ons Used : 
c9 = geornagriet i c a c t i  v i  t y  i ndex 
EqM = e q u a t o r i a l  modu la t ion  
GMF = geomagnetic f i e l d  
I MF = i n t e r p l a n e t a r y  magnetic f i e l d  
KP = a geomagnetic a c t i v i t y  index 
N = negat ive ;  P = p o s i t i v e  
N M = neut ron  mon i to r  
NSA = nor th- south  asymmetry 
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g r e a t l y  inc reases t h e  s to rm 's  leakage c u r r e n t  and t h e r e f o r e  a l s o  increases t h e  t ime  
requ i  red  f o r  t h e  smal 1 remai n i  ng c u r r e n t  t o  charge t h e  c loud  t o  s t r i k i n g  p o t e n t i a l .  
Th i s  i s  p r e d i c t e d  t o  r e s u l t  i n  l e s s  l i g h t n i n g  and, under c e r t a i n  cond i t i ons ,  a 
h i g h e r  e lec t rosphere  p o t e n t i a l  d u r i n g  t h a t  p a r t  o f  t h e  s o l a r  c y c l e  o r  a t  any t ime  
such increases i n  c o n d u c t i v i t y  occur. Other aspects o f  t he  model suggest: 
(1) a l t e r e d  10 km i o n i z a t i o n  a l s o  has a major  i n f l u e n c e  on weather and c l i m a t e  v i a  
c i r r u s  wi th t h e  e f f e c t  expected t o  be s t ronger  a t  h i g h  geomagnetic l a t i t u d e ,  b u t  
( 2 )  any changes i n  t h e  p o t e n t i a l  do - n o t  have s i g n i f i c a n t  ( f i r s t  o r d e r )  e f f e c t s  on 
e i t h e r  thunderstorms o r  c l ima te .  Hence, t h e  model suggests upper t roposphere and 
tropopause i o n i z a t i o n  i s  a much more impor tan t  q u a n t i t y  t han  t h e  more d i f f i c u l t  t o  
measure e l e c t r o s p h e r i c  p o t e n t i a l .  Thus, a l though t h e  u l t i m a t e  cause of v a r i a t i o n  
i n  t h i s  upper a i r  c o n d u c t i v i t y  i s  s o l a r  a c t i v i t y ,  t h e  causal cha in  i n v o l v e s  a number 
o f  a d d i t i o n a l  f a c t o r s  i n c l u d i n g  atmospheric e l e c t r i c i t y ,  cosmic r a d i a t i o n ,  t h e  
s o l a r  c y c l e  and two forms o f  magnetic coup l i ng  (one form o f  which i s  c a l l e d  
"connect ion"  o r  "merging" ) between t h e  geomagnetic f i e l d  (GMF) and t h e  
i n t e r p l a n e t a r y  magnetic f i e l d  (IMF). The "connect ion"  model has organized many 
observa t ions  and has made a number o f  p r e d i c t i o n s  l a t e r  c o n f i  rmed exper imen ta l l y  
[6, 71. Before  t h e  theory  i s  a p p l i e d  t o  i n t e r p r e t a t i o n  o f  t h e  data,  a rev iew o f  
c e r t a i n  r e l e v a n t  aspects o f  these severa l  f a c t o r s  w i l l  be given. 

0 I SCU SS ION 

ATMOSPHERIC ELECTRICITY--It has l ong  been known tha t  i o n i z a t i o n  o f  t h e  
atmosphere i n  t h e  a l t i t u d e  r e g i o n  from about a k i l o m e t e r  up t o  t h e  e lec t rosphere  i s  
almost e n t i r e l y  due t o  t h e  cosmic r a d i a t i o n .  The atmosphere can be considered the  
( l e a k y )  d i e l e c t r i c  between t h e  two spher i ca l  c a p a c i t o r  s h e l l s  formed by t h e  e a r t h ' s  
sur face and t h e  e lec t rosphere  i n  t h i s  s i m p l i f i e d  model. From t h e  downward 
d i r e c t i o n  and t h e  sea l e v e l  va lue o f  approximate ly  100 v o l t s  per  meter f o r  t h e  f a i r -  
weather atmospheric v e r t i c a l  e l e c t r o s t a t i c  f i e l d  ( E ) ,  one c a l c u l a t e s  a nega t i ve  
charge o f  450,000 coulombs res ides  on the  e a r t h ' s  sur face.  Above t h e  
e lec t rosphere ,  E i s  everywhere very smal l  o r  zero. Thus, an equal p o s i t i v e  s h e l l  o f  
450,000 coulombs must e x i s t  between sea l e v e l  and 50 km. I f  a l l  o f  t h i s  p o s i t i v e  
charge were l o c a t e d  a t  50 km (i .e. on t h e  sur face o f  t h e  e lec t rosphere )  , E would 
s t i l l  be n e a r l y  100 v o l t s  per  meter j u s t  below t h a t  sur face.  However, i t  i s  found 
t h a t  E has decreased t o  approx imate ly  5 v o l t s  per  meter  a t  o n l y  10 km. (The 
p o t e n t i a l  o f  t h e  e lec t rosphere  w i t h  respect  t o  t h e  ground as zero i s  found by a l i n e  
i n t e g r a l  of E from t h e  su r face  up t o  50 km. It has a value t h a t  v a r i e s  between about 
220 and 350 KV w i t h  t i m e  o f  day and o f  yea r  [5 ]  and o f  t h e  s o l a r  cyc le . )  Thus, a 
p o s i t i v e  space charge of about 430,000 coulombs (i.e. 95% o f  t h e  sea l e v e l  sur face  
charge) must e x i s t  i n  t he  10 km t h i c k  atmospheric s h e l l  j u s t  above t h e  e a r t h ' s  
surface. Other measurements show t h a t  a p o s i t i v e  a i  r - e a r t h  c u r r e n t  f l ows  
downward, i s  f a i r l y  cons tant  throughout  t h e  a l t i t u d e  i n t e r v a l  o f  i n t e r e s t ,  and i s  
es t imated t o  be approx imate ly  1500 amperes f o r  t h e  e n t i  r e  e a r t h  (a few picoamperes 
pe r  square meter).  This  c u r r e n t  would e s s e n t i a l l y  d ischarge t h e  e a r t h- e l  e c t r o -  
sphere c a p a c i t o r  i n  10 minutes i f  no coun te rcu r ren t  ex i s ted .  The e q u i l i b r i u m  i s  
be l i eved  t o  be main ta ined by an oppos i te  (upward f l g w i n g )  p o s i t i v e  c u r r e n t  o f  1500 
amperes p rov ided  by about 1/2ampere average f r o m e a c h o f t h e e a r t h ' s a p p r o x i r n a t e l y  
3000 thunderstorms. 

Associated w i t h  a g iven thunderc loud and o the r  m a t t e r  a f f e c t e d  by i t s  f i e l d ,  a 
number o f  d i f f e r e n t  charge separa t i on  and t r a n s p o r t  processes e x i s t  [8, 9, 51. 
Charges of bo th  s igns  a re  l i b e r a t e d  and t ranspor ted  i n  a l l  d i r e c t i o n s  by 
p r e c i p i t a t i o n ,  conveCtion, l i g h t n i n g ,  etc .  The o v e r a l l  r e s u l t  i s  a p o s i t i v e  
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c u r r e n t  upwardcomposed o f b o t h a  n e t  downward t r a n s p o r t  o f  n e g a t i v e a n d a  ne t  upward 
t r a n s p o r t  of p o s i t i v e  charge. The upward f l o w i n g  p o s i t i v e  charge i n  e f f e c t  d i v i d e s  
and c o n t r i b u t e s  bo th  t o  charg ing  o f  t h e  upper p o s i t i v e  ( P )  r e g i o n  and t o  leakage out  
t h e  s ides  and t o p  o f  t h e  c loud  a long t h e  e l e c t r o s t a t i c  f i e l d  l i n e s  due ma in l y  t o  t h e  
d i p o l e  o f  t h e  c loud  and i t s  image i n  t h e  e a r t h  below. It shou ld  be noted t h a t  charge 
l e a k i n g  upward f r o m t h e t o p o f t h e c l o u d t o t h e e l e c t r o s p h e r e i s , o f c o u r s e ,  a c t u a l 1  
f a l l i n  down t h e  p o t e n t i a l  g r a d i e n t  because t h e  c loud  t o p  p o t e n t i a l  i s  between 10 

v o l t s .  Thus, we see t h e  1/2 ampere (approximate)  c u r r e n t  measured above s i n g l e  
thunderstorms i nd i  ca tes  t h e  e f f e c t  i ve r e s i  s tance above one storm, between i t  and 
t h e  e lec t rosphere ,  i s  about l o 9  ohms (R ). Also, t h e  e f f e c t i v e  t o t a l  res i s tance  
t h e r e f o r e  between a1 1 3000 thunderstorm generators ( i n  p a r a l l e l  ) and t h e  
e lec t rosphere  i s  o f  t h e  order  o f  1U6 ohms. However, t h e  300,000 v o l t  e lec t rosphere  
p o t e n t i a l  d r i v i n g  a 1500 ampere leakage c u r r e n t  th rough t h e  atmosphere t o  e a r t h  
i n d i c a t e s  t h e  t o t a l  res i s tance  between t h e  e l  ec t rosphere  and t h e  ground i s  on ly  200 
ohms. A complete d e s c r i p t i o n  o f  an e q u i v a l e n t  c i r c u i t  f o r  even one storm would 
i n v o l v e  many components, p r i m a r i l y  r e s i s t o r s  and capac i to rs .  The general scheme 
has been w e l l  represented i n  t h e  l i t e r a t u r e  [ lo,  11, 51. The concern here need o n l y  
focus upon two v a r i a b l e s ,  t h e  changes i n  Ru and t h e  r e s u l t i n g  d i v i s i o n  o f  t h e  s t o r m ' s  
upward f l o w i n g  c u r r e n t  i n t o  t h e  charg ing  and leakage components. No t i ce  R i s  
determined by t h e  i o n i z a t i o n  between about 10 km and t h e  e lec t rosphere  d i c h  
commonly v a r i e s  coheren t l y  w i t h  t h e  more e a s i l y  measurgd i o n i z a t i o n  a t  t h e  10 km 
l e v e l  i t s e l f .  F o r  t h i s  and o t h e r  reasons, i t  i s  o f t e n  convenient  s imp ly  t o  r e f e r  t o  
changes i n  t h e  10 km i oni  z a t i  on. As mentioned e a r l  i e r  , i ncreases i n  t h e  cosmic ray  
o r  o t h e r  i o n i z a t i o n  o f  t h e  r e g i o n  above t h e  storm decreases Ru i n c r e a s i n g  t h e  
c u r r e n t  l e a k i n g  from t h e  c loud  t o p  t o  t h e  e lec t rosphere  and decreasing t h a t  l e f t  t o  
charge up t h e  c l o u d ' s  P region.  Two i n t e r e s t i n g  e f f e c t s  r e s u l t  f rom these changes: 
( 1 )  t h e  e lec t rosphere  p o t e n t i a l  may be r a i s e d  by t h e  increased c u r r e n t  l e a k i n g  t o  i t  
f r o m t h e t o p  o f t h e a f f e c t e d t h u n d e r s t o r m ( s )  i f n o t s i m u l t a n e o u s l y c a n c e l e d b y o t h e r  
o p p o s i t e l y  a f f e c t e d  storms, and ( 2 )  l i g h t n i n g  frequency i s  reduced because t h e  
s m a l l e r  charg ing  c u r r e n t s  r e q u i r e  a l onge r  t ime  t o  reach s t r i k i n g  p o t e n t i a l s .  To 
compare t h e  r e l a t i v e  magnitudes of  these two e f f e c t s ,  a h a l v i n g  o f  Ru above a s i n g l e  
s tormwould add o n l y  one p a r t  i n  3 0 0 0 t o t h e e l e c t r o s p h e r e  charg ing  c u r r e n t  b u t  might  
decrease t h e  s t o r m ' s  charg ing  c u r r e n t  by 50% o r  so. One o f  t h e  second order  e f f e c t s  
p o s s i b l e  may be t h e  increased p r o b a b i l i t y  o f  s t r i k i n g  f rom t h e  s to rm's  N reg ion  if 
o n l y  t h e  (upper )  P reg ion  i s  weakened by t h e  increased leakage c u r r e n t .  I n  a 
t y p i c a l  case o f  i n t e r e s t  t o  us , a 1 arge reg ion  a t  h igh  1 a t i  tude p o s s i b l y  i n v o l v i n g  5 
o r  10% o f  t h e  e a r t h ' s  thunderstorms may have charg ing  r a t e s  a l t e r e d .  It was shown 
by E. P. Ney t h a t  atmospheric i o n i z a t i o n  above thunderstorms a t ,  say, 30 km a1 t i  tude 
can change by n e a r l y  60% over a s o l a r  c y c l e  f121. S i m i l a r  changes o f  o rde r  one-ha1 f 
a re  induced by  o t h e r  v a r i a t i o n s  i n  cosmic rays  t h a t  w i l l  be discussed. Ney a l s o  
recognized t h a t  these changes m igh t  have re levance t o  t h e  weather. A t heo ry  o f  
weather i n f l u e n c e  v i a  h i g h  l a t i t u d e  c i r r u s  e f f e c t s  has been based on these 
a l t e r a t i o n s  o f  h i g h  a l t i t u d e  i o n i z a t i o n  [13]. The theo ry  be ing  presented i n  t h i s  
paper i s  a l s o  based on t h e  same f i n d i n g s ,  A l a t e r  s e c t i o n  w i l l  show t h a t  observa- 
t i o n s  o f  l i g h t n i n g  i nc idence  vary o v e r t h e  s o l a r  c y c l e  b y a n a m o u n t t o b e e x p e c t e d o n  
t h e  b a s i s  o f  t h e  above d iscuss ion .  

COSlvlIC RADIATION--The g a l a c t i c  cosmic r a d i a t i o n  c o n s i s t s  o f  approx imate ly  90% 
pro tons  and 9%alphas (he l i um n u c l e i )  and l % n u c l e i  w i t h  Z g r e a t e r  t han  2. Th is  f l u x  
has a spectrum e x h i b i t i n g  a broad peak f rom approx imate ly  300 t o  1000 Mev ( i  .e. 1 
Gev) pe r  nucleon and a l ong  power law t a i l  decreasing as approximate ly  t h e  t h i r d  
power of t h e  energy,! Two components o f  t h e  g a l a c t i c  cosmic ray spectrum a re  o f  

3 
and 10 J v o l t s  above ground w h i l e  t h e  e lec t rosphere  i s  o n l y  approximate ly  3 x l o 5  
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p r i n c i p a l  i n t e r e s t  t o  t h i s  paper: t h e  extremely v a r i a b l e  low energy peak t h a t  
conta ins  most of t h e  p a r t i c l e s ,  and t h e  f a i r l y  constant  h i g h  energy t a i l .  The h i g h  
energy t a i  1 beyond about 10 Gev has access t o ,  and produces atmospheric i oni  z a t i  on 
a t ,  e s s e n t i a l l y  a l l  a l t i t u d e s  and l a t i t u d e s  o f  t h e  ea r th .  The h i g h  energy f l u x  
changes very l i t t l e  over  t h e  s o l a r  c y c l e  ( b u t  does e x h i b i t  a low l a t i t u d e  magnetic 
coup l i ng  e f f e c t  q u i t e  d i f f e r e n t  f rom t h a t  o f  t h e  low energy f l u x ) .  On t h e  o t h e r  
hand, t h e  low energy f l u x  (below about 2 Gev pe r  nucleon)  o n l y  reaches t h e  upper p a r t  
of t h e  atmosphere and o n l y  a t  h i g h  l a t i t u d e s  because o f  t h e  geomagnetic f i e l d  (GMF). 
Fo r  example, a 1 Gev p r o t o n  can o n l y  pene t ra te  down t o  approximate ly  t h e  10 km 
a l t i t u d e .  Hence, t h e  broad and v a r i a b l e  peak i s  t he  dominant f a c t o r  i n  de termin ing  
i o n i z a t i o n  above h i g h  1 a t i  tude thunderstorms and t h e i r  va lue  o f  R These numerous 
cosmic ray  pro tons  t h a t  occupy t h e  energy spectrum peak near 1 Gevx ive  t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s  o f  re levance here:  (1) as s t a t e d  above, t hey  s top  a t  
approx imate ly  10 km; ( 2 )  t hey  o n l y  e n t e r  t h e  e a r t h ' s  atmosphere a t  geomagmetic 
l a t i t u d e s  above about 60'; ( 3 )  they a re  s t rong lymodu la ted  (i .e. approx imate ly  60%) 
by t h e  s o l a r  wind changes over  t h e  s o l a r  cyc le ;  and ( 4 )  t hey  are  e s s e n t i a l l y  
excluded f rom h i g h  l a t i t u d e  reg ions  d u r i n g  magnetic connect ion o f  those reg ions  t o  
t h e  sun. The reason f o r  t h i s  s t r o n g  e f f e c t  on t h e  1 Gev p r o t o n  f l u x  by magnetic 
coup l i ng  i s  t h a t  t h e  r a d i u s  o f  cu rva tu re  o f  such p a r t i c l e s  a t  approximate ly  10 e a r t h  
r a d i i  above t h e  magnetic po les  i s  a l s o  equal t o  10 e a r t h  r a d i i  which i s  a l s o  
approximate ly  t h e  cu rva tu re  change o f  the  GMF i n  those reg ions  d u r i n g  connect ion t o  
t h e  IMF. This i s  c a l l e d  resonant s c a t t e r i n g .  Much l ower  energy pro tons  would 
s p i r a l  a long t h e  f i e l d  l i n e s  and f i n d  t h e i r  way i n  i n  s p i t e  o f  morphological  
a l t e r a t i o n s  i n  t h e  GMF. Much h ighe r  energy pro tons  would s t i l l  pene t ra te  unimpeded 
by such merging o f  t h e  f i e l d s .  Thus, t h e  " low energy" component o f  t h e  cosmic 
r a d i a t i o n  pe rm i t s  changes i n  s o l a r  a c t i v i t y  t o  a l t e r  upper a i r  i o n i z a t i o n  and hence 
1 i g h t n i  ng frequency. 

THE SULAK CYCLE AND MAGNETIC COUPLING--The s o l a r  wind cons i s t s  o f  an 
essen t i  a1 l y  c o l  1 i s i o n l  ess plasma o f  i oni  zed hydrogen (pro tons  and e l e c t r o n s )  t h a t  
sweeps out  f rom t h e  sun past  t h e  e a r t h  a t  speeds o f  perhaps 300 km per  second d u r i n g  
s o l a r  minimum and 600 km per  second a t  s o l a r  maximum. Because t h i s  low d e n s i t y  
plasma i s  c o l l i s i o n l e s s  i t  ac ts  as a superconductor and t r a n s p o r t s  t h e  sun's  photo-  
spher i c  magnetic f i e l d  outward from i t s  sur face,  dragging i t  a long i n  t h e  p lane o f  
t h e  e c l i p t i c .  Th i s  magnetic burden of t h e  s o l a r  wind, t h e  IMF, commonly p o i n t s  
approximate ly  away f rom o r  toward t h e  sun. Depending upon the  r e g i o n  o f  o r i g i n  on 
t h e  s o l a r  sur face ,  t he  f i e l d  t ranspor ted  f rom t h e  sun can have d i f f e r e n t  p o l a r i t i e s ,  
outward c a l l e d  p o s i t i v e ,  and .inward c a l l e d  negat ive.  The r e s u l t i n g  p a t t e r n  o f  
a l t e r n a t i n g  p o s i t i v e  and nega t i ve  p o l a r i t y  IMF reg ions  tends t o  repeat  i t s e l f  each 
27 days a t  t h e  e a r t h  due t o  s o l a r  r o t a t i o n .  The a l t e r n a t i o n  o f  IMF p o l a r i t i e s  
induces two d i f f e r e n t  l o c a l  modulat ions a t  e a r t h  i n  t h e  g a l a c t i c  cosmic r a d i a t i o n  by 
two magnetic coup l i ng  processes. One s t r o n g l y  a f f e c t s  t h e  low energy (about 1 Gev) 
f l u x  a t  h i g h  geomagnetic l a t i t u d e s  by a process c a l l e d  merging o r  connect ion 
i nduc ing  a nor th- south  asymmetry (NSA) i n  t h e  f l u x .  The o the r  process produces an 
e q u a t o r i a l  modu la t ion  (EqM) i n  t h e  h i g h  energy (above about 5 Gev) Fiux reach ing  t h e  
atmosphere a t  low l a t i t u d e s  [14, 61. 

Connect ion and t h e  NSA (Descript ion)- -When t h e  e a r t h  i s  i n  a p o s i t i v e  
sec to r ,  7MF p o i n t i n g  away f rcm t h e  sun and toward t h e  ea r th ,  t h e  c o n f i g u r a t i o n  i s  
c o r r e c t  f o r  connect ion by an IMF f l u x  tube t o  t h e  n o r t h  po le  reg ion  o f  t h e  GMF where 
f l u x  en ters  t h e  ear th .  I n  nega t i ve  sec tors ,  t h e  topo logy  i s  c o r r e c t  f o r  connect ion 
o n l y  a t  t h e  south pole.  Connection of t h e  IMF and GMF i.s analogous t o  t h a t  between 
two s imple d i p o l e  magnets t h a t  connect (and a t t r a c t  each o t h e r )  when t h e i r  
o r i e n t a t i o n  i s  a n t i p a r a l l e l  ( oppos i te )  b u t  repe l ,  i.e. do n o t  connect, when 
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p a r a l l e l .  S i m i l a r l y ,  f o r  ( l o c a l )  c a n c e l l a t i o n ,  merging and connect ion t o  take  
p lace,  a f l u x  tube o r  bund1 e of t h e  IMF must p o i n t  approx imate ly  oppos i te  t o  t h e  GMF 
where they a re  pressed toge the r  by t h e  s o l a r  wind on t h e  "bow" s ide  o f  t h e  e a r t h  i n  
t h e  GMF's e q u a t o r i a l  plane. t3ecause t h e  GMF always p o i n t s  n o r t h  a t  O o  l a t i t u d e ,  a 
southward component o f  t h e  IMF i s  requi red.  Because o f  t h e  several  day s o l a r  wind 
r a d i a l  t r a n s i t  t ime  and because o f  r o t a t i o n a l  e f fec ts  i n  t h e  ear th- sun system, t h e  
IMF a r r i v e s  a t  e a r t h  w i t h  an azimuth approx imate ly  45' west o f  t h e  ear th- sun l i n e .  
Al though t h e  average d i r e c t i o n  o f  t h e  IMF i s  a long t h i s  s p i r a l  l i n e  (" toward" o r  
"away" from t h e  sun), instantaneous d i r e c t i o n s  can vary g r e a t l y  due t o  tu rbu lence,  
etc., and, o f  course, d u r i n g  c o l l i s i o n  w i t h  t h e  GMF. When an IMF southward f l u x  
tube cancels an equal amount o f  GMF f l u x  i n  t h e  bow s i d e  merging reg ion ,  those f l u x  
tubes l i n k ,  connect ing one GMF p o l e  t o  t h e  sun. 

The p r o b a b i l i t y  o f  merging appears t o  be g r e a t e s t  when t h e  GMF d i r e c t i o n  i s  
c l o s e s t  t o  t ha t  of t h e  IMF, r e q u i r i n g  l e s s  bending. When a southward IMF occurs, 
t h e  o p p o s i t e l y  d i r e c t e d  GMF and IMF f l u x e s  cancel i n  t h e  bow s ide  e q u a t o r i a l  merging 
reg ion ,  and t h e  parent  IMF  f l u x  l i n e s  e n t e r i n g  t h e  reg ion  f rom t h e  n o r t h  l i n k  o r  
connect t o  t h e  parent  Gf4F l i n e s  a l s o  e n t e r i n g  f rom t h e  no r th ,  as s t a t e d  above. 
This,  o f  course, connects t h e  sun t o  t h e  e a r t h ' s  n o r t h  magnetic p o l e  if t h e  IblF 
s e c t o r  i s  p o s i t i v e .  Because t h e  sun i s  a very  poor source o f  1 Gev protons,  and 
because o f  t h e  " resonant  s c a t t e r i n g "  o f  g a l a c t i c  cosmic ray  pro tons  i n  t h i s  
approximate energy range by t h e  connected f l u x  tube,  t h e  cosmic ray i n t e n s i t y  and 
upper atmospheric i o n i z a t i o n  g e n e r a l l y  decrease i n  no thern  l a t i t u d e s .  I n  a 
s i m i l a r  fash ion ,  connect ion  can occur  between t h e  south  GMF po le  and t h e  sun i n  a 
nega t i ve  IMF s e c t o r  decreasing cosmic ray upper a i r  i o n i z a t i o n  a t  southern 
l a t i t u d e s .  When a GMF p o l e  i s  connected t o  t h e  sun, t h e  a r r i v i n g  1 Gev cosmic r a y  
f l u x  e x h i b i t s  a decrease o f  about 30% i n  t h e  reg ion  o f  t h a t  p o l e  ( t h e  f l u x  changes a re  
a c t u a l l y  l a r g e s t  a t  t h e  cusps).  An i nc rease  i n  f l u x  occurs a t  t h e  oppos i te  
unconnected p o l e  (which has ('opened'' ou t  t o  t h e  ga laxy)  bu t  appeared i n  t h e  
s a t e l l i t e  and neut ron  mon i to r  (NM) da ta  t o  be somewhat smal le r  i n  magnitude, 
p o s s i b l y  due t o  m i  r r o r i  ng o f  t h e  a r r i v i n g  p a r t i c l e s .  The decrease a t  one po l  e and 
i nc rease  a t  t h e  o t h e r  a r e  c a l l e d  a nor th- south  asymmetry, occur i n  t h e  low energy 
f l u x ,  e x h i b i t  a s t rong  geomagnetic l a t i t u d e  dependence (peaking near t h e  day s i d e  
cusps a t  approx imate ly  75" N and 75"  S )  and a re  n o t  t o  be confused w i t h  a much s t u d i e d  
b u t  much s m a l l e r  asymmetry t h a t  occurs i n  many t imes h i g h e r  energy cosmic rays 
measured w i t h  respect  t o  e c l i p t i c  n o r t h  and south. The NSA ampl i tude i s  l a r g e  f o r  
low energy p a r t i c l e s  (and v i c e  versa)  and may decrease f rom s o l a r  minimum t o  s o l a r  
maximum C14. 61. - -  

P a r a l l e l / A n t i p a r a l l e l  and t h e  EqM ( D e s c r i p t i o . n l - - I t  was s u r p r i s i n g  t o  f i n d  
a s i g n i f i c a n t  modu la t ion  i n  t h e  cosmic rays  reach ing  t h e  atmosphere a t  low 
geomagnetic l a t i t u d e s  because o f  t h e i r  h i g h  energy (approx imate ly  16 Gev t h r e s h o l d  
f o r  p ro tons  a r r i v i n g  a long t h e  l o c a l  v e r t i c a l )  and smal l  change i n  i n t e n s i t y  over  
t h e  s o l a r  cyc le .  The modu la t ion  may have importance bo th  t o  weather v i a  t h e  c i r r u s  
mechanism [13] and t o  l i g h t n i n g  v i a  i o n i z a t i o n  changes. I n  t h e  smal l  amount of 
s a t e l  1 i t e  and NM data  analyzed t o  date,  t h e  amp1 i t u d e  o f  EqM was found t o  average 30% 
i n  t h e  6 tiev pro tons  a r r i v i n g h o r i z o n t a l l y a t t h e t o p  o f t h e  atmosphere f r o m t h e w e s t  
b u t  appeared t o  be o n l y  1 t o  2% i n  t h e  Chacaltaya and Haleakala Nil  data  f o r  1966 t o  
1968 [6]. The changes i n  tropopause i o n i z a t i o n  should be c l o s e r  t o  t h e  s a t e l  1 i t e  
va lue  of EqM than  t o  t h e  NM values because o f  t h e  lower  t h r e s h o l d  ( 6  Gev) o f  t h e  f l u x  
sampled i n  o r b i t .  A d d i t i o n a l  low l a t i t u d e  NM data a r e  now be ing  analyzed, b u t  
s a t e l l i t e  ( o r  b a l l o o n )  measurements o f  low l a t i t u d e  cosmic rays  i n  bo th  p o s i t i v e  and 
nega t i ve  IMF sec to rs  f rom s o l a r  minimum t o  s o l a r  maximum a r e  needed. I n  t h e  NM 
data,  EqM weakened approaching t h e  1964 s o l a r  minimum L6]. More data w i l l  be 
analyzed. The mechanism o f  EqM i s  ext remely s imple and i s  exp la ined  i n  reference 6. 
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I n  essence, when t h e  IMF near t h e  e a r t h  i s  approximate ly  p a r a l l e l  t o  t h e  e q u a t o r i a l  
GMF ( i .e. n o r t h ) ,  t h e  c u t - o f f  r i g i d i t y  i s  inc reased and t h e  a r r i v i n g  f l u x  i s  
reduced. Conversely, t h e  f l u x  increases when t h e  IMF and e q u a t o r i a l  GI4F are  
a n t i p a r a l l e l .  The EqMand NSA peak under d i f f e r e n t  c o n d i t i o n s  and t imes o f  t h e y e a r  
and o f  t h e  s o l a r  cyc le .  Usua l l y  NSAwi11 have t h e  same s i g n  as EqM a t  one p o l e  and be 
oppos i te  a t  t h e  o the r .  The va r ious  f a c t o r s  t h a t  determine when they  peak and are  
a d d i t i v e  i n c l u d e  t h e  23.5' t i l t o f  t h e  e a r t h ' s  s p i n  a x i s  w i t h  respect  t o  e c l i p t i c  
nor th ,  t h e  12" t i l t o f  t h e  GMF d i p o l e  w i t h  respect  t o  t h e  s p i n  ax i s ,  t h e  7 . 2 5 O  ti lt o f  
t h e  sun's s p i n  a x i s  wi th respect  t o  e c l i p t i c  no r th ,  and a warping o f  t h e  sun's  
e q u a t o r i a l  p lane c u r r e n t  sheet i n v o l v e d  i n  t h e  Rosenberg-Coleman e f f e c t .  

Seasonal, So la r  Cycle and L a t i t u d e  Effects--The quest ions  of 
r e l a t i v e  ampl i tudes and phases of t h e  i o n i z a t i o n  p e r t u r b a t i o n s  due t o  t h e  two 
p r i n c i p a l  magnetic coup1 i ng mechanisms (produci  ng NSA and EqM) a r e  d i  scussed i n  
t h i s  sec t i on .  These cons ide ra t i ons  (1) determine how t h e  e f f e c t s  addand s u b t r a c t  
and ( 2 )  a r e  of  i n t e r e s t  t o  changes i n  bo th  1 i g h t n i  ng i n t e n s i t y  and e l e c t r o s p h e r i  c 
p o t e n t i a l .  The r e l a t i v e  o r i e n t a t i o n  of IHF and GMF i s ,  o f  course, t h e  u l t i m a t e  
v a r i a b l e .  (1) t h e  sun's magnetic f i e l d  
p o l a r i t y  and ampl i tude;  ( 2 )  t h e  d i r e c t i o n s  of t h e  s p i n  axes o f  sun and e a r t h  w i t h  
respect  t o  bo th  t h e  e c l i p t i c  p lane and t h e  ear th- sun l i n e  ( o r  t o  t h e  IMF s p i r a l  
d i r e c t i o n ) ;  ( 3 )  t h e  s o l a r  wind speed; and ( 4 )  warping o f  t h e  s o l a r  e q u a t o r i a l  
c u r r e n t  sheet. The d i r e c t i o n  v a r i a b l e s  w i l l  be considered f i r s t ,  f o l l owed  by the  
s o l a r  magnetic d i p o l e  p o l a r i t y  , c u r r e n t  sheet warping ( t h e  Kosenberg-Go1 eman 
e f f e c t ) ,  t hen  wind speed and, f i n a l l y ,  a comment on l a t i t u d e  e f f e c t s .  

As d iscussed above, t h e  s o l a r  wind presses t h e  IMF aga ins t  t h e  bow s ide  o f  t h e  
GMF where t h e  two f i e l d s  can have r e l a t i v e  o r i e n t a t i o n s  t h a t  range th rough 360'. 
For  connect ion t o  take  p lace,  the  IMF must be approximate ly  a n t i p a r a l l e l  t o  t h e  GMF 
( i .e. have a southward component) i n  t h e  merging region.  Reca l l  t h a t  when 
connect ion takes p lace a t  one GMF pole,  i o n i z i n g  g a l a c t i c  cosmic ray  f l u x  decreases 
a t  t h a t  p o l e  and increases a t  t h e  unconnectedpole produc ingan N S A i n l i g h t n i n g  bu t ,  
poss ib l y ,  almost a n u l l  e f f e c t  on o v e r a l l  c u r r e n t  t o  t h e  e lec t rosphere .  Thus, 
NSA's i n  h i g h  l a t i t u d e  atmospheric i o n i z a t i o n  occur p r i m a r i l y  when a southward IMF 
encounters t h e  ear th .  I n  c o n t r a s t ,  low l a t i t u d e  atmospheric i o n i z a t i o n  i s  
c o n s t a n t l y  a f fec ted  by a l l  r e l a t i v e  o r i e n t a t i o n s  o f  t h e  IMF 7 and by t h e  f i e l d  
c o n d i t i o n s  many e a r t h  r a d i i  away f rom t h e  magnetopause, e s p e c i a l l y  so when t h e  IMF 
i s  most homogeneous. O f  course, t h e  maximum increase i n  low l a t i t u d e  atmospheric 
i o n i z a t i o n  occurs when the  IMF i s  a n t i p a r a l l e l  and t h e  e q u a t o r i a l  cosmic ray c u t o f f  
i s  lowest ,  a d m i t t i n g  t h e  l a r g e s t  number o f  g a l a c t i c  cosmic rays. Thus, an 
a n t i p a r a l  l e 1  o r i e n t a t i o n  (southward IMF) decreases l i g h t n i n g  i nc idence  a t  t h e  
equator  (due t o  EqM) and a t  one po le  (due t o  NSA). Reca l l  t h a t ,  due t o  m i  r r o r i  ng, 
t h e  i-ncrease i n  i o n i z i n g  f l u x  a t  t h e  unconnected p o l e  i s  smal le r ,  and hence 
assoc ia ted  e f f e c t s  a re  sma l l e r  than a t  t h e  connected po le ,  p reven t i ng  a "plus-minus 
symmetry" i n  t h e  NSA. I n  c o n t r a s t ,  a p a r a l l e l  o r i e n t a t i o n  (nor thward IMF) 
decreases i o n i z a t i o n  a t  a l l  l a t i t u d e s  r e s u l t i n g  i n  a l i g h t n i n g  increase a t  bo th  
po les  and t h e  equator. 

B r i e f l y ,  four  angles o f  i n t e r e s t  a re  (1) t h e  7 . 2 5 O  tilt o f  t h e  sun's  sp in  a x i s  
toward t h e  e a r t n ' s  7 September p o s i t i o n  p l a c i n g  t h e  e a r t h  i n  no r the rn  h e i i o g r a p h i c  
l a t i t u d e s  from 6 June t o  6 December, and southern f rom 6 Uecember t o  6 June; ( 2 )  t h e  
2 3 . 5 O  tilt of t h e  e a r t h ' s s p i n  a x i s  d i r e c t l y  toward t h e  sun on 21 June, away on 2 1  
December, fo rward  a long t h e  d i r e c t i o n  o f  e a r t h ' s  o r b i t a l  mot ion on 21 September, and 
backward on 21 March; ( 3 )  t h e  mean d i r e c t i o n  o f  t h e  IMF which i s  a long a s p i r a l  
a r r i v i n g  a t  e a r t h  45" west of t h e  ear th- sun l i n e ;  and ( 4 )  t h e  12' t i l t  o f  t h e  GMF 
d i p o l e  from t h e  e a r t h ' s  s p i n  a x i s  which w i l l  be i gno red  i n  t h i s  d i scuss ion  of  

NSA and EqM: 

The dominant c o n t r o l l i n g  f a c t o r s  are:  
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seasonal (no t  h o u r l y )  o r i e n t a t i o n  changes. On 21 December, when t h e  GMF t i l t s  away 
from t h e  s K t h e  IMF would be most n e a r l y  p a r a l l e l  t o  t h e  GMF i n  p o s i t i v e  ("away") 
sec to rs  i f  t h e  az imuthal  ( s p i r a l )  component cou ld  be ignored. S i m i l a r l y ,  on 21 
March, when t h e  GMF p o i n t s  backward a long t h e  o r b i t ,  p o s i t i v e  sec to rs  would be most 
n e a r l y  p a r a l l e l  i f  t h e  r a d i a l  component i s  ignored. I n  t h i s  ve in ,  one expects 
maximum p a r a l l e l i s m  (due t o  tu rbu lence  about t h e  average s p i r a l  f i e l d  d i r e c t i o n )  t o  
occur  near 21February f o r  p o s i t i v e  sec to rs  and maximum a n t i p a r a l l e l  c o n d i t i o n s  on 
t h e  same d a t e  f o r  nega t i ve  (IMF toward t h e  sun) sec tors .  On 21 August, t h e  
oppos i tes  should ho ld ,  i .e. maximum p a r a l l e l i s m  f o r  nega t i ve  sec tors ,  e tc .  The 
p r i n c i p l e s  of t h i s  and o f  t h e  p rev ious  paragraph can be a p p l i e d  t o  es t ima te  t h e  
r e l a t i v e  p r o b a b i l i t y  o f  l i g h t n i n g  inc idence f l u c t u a t i o n s  a t  d i f f e r e n t  t imes of 
year .  C l e a r l y ,  connect ion  (i .e. a n t i p a r a l l e l  o r i e n t a t i o n )  i s  favored f o r  p o s i t i v e  
sec to rs  i n  t h e  f a l l  and nega t i ve  sec to rs  i n  t h e  spr ing .  Thus, one expects s t rong  
l i g h t n i n g  i nc idence  f l u c t u a t i o n s  t h a t  c o r r e l a t e  w i t h  IMF s e c t o r  p o l a r i t y  a t  these 
times, Because geomagnetic no i se  i s  s t r o n g l y  i n f l u e n c e d  by connect ion [15], 
geomagnetic d i s tu rbance  i n d i c e s  should e x h i b i t  t h e  same f a l l  p o s i t i v e  and s p r i n g  
nega t i ve  modulat ion. This,  i n  f a c t ,  has been observed t o  h o l d  f o r  t h e  C9 i ndex  i n  
da ta  spanning the  i n t e r v a l  f r o m  1962 t o  1975, somewhat more than one sunspot c y c l e  

The s o l a r  d i p o l e  reverses p o l a r i t y  d u r i n g  years  o f  h i g h  sunspot number, 
approx imate ly  two t o  t h r e e  years  a f t e r  t h e  sunspot maximurn, and r e t a i n s  t h e  new 
p o l a r i t y  th rough t h e  f o l l o w i n g  minimum u n t i l  t h e  nex t  post-maximum reve rsa l  [17]. 
Dur ing t h e  present  years  of t h e  1986 s o l a r  minimum epoch, t h e  southern h a l f  o f  t h e  
sun has a n o r t h  magnetic po le .  Thus, f l u x  p o i n t s  o u t  o r  "away" f rom t h e  sun 's  
southern hemi sphere ( a s  i n  p o s i t i v e  s e c t o r s )  and i n t o  o r  " toward"  t h e  n o r t h e r n  ha1 f 
(as i n  nega t i ve  sec tors ) ,  However, i n  t h e  s imp les t  d e s c r i p t i o n ,  i n s t e a d  o f  
p o i n t i n g  n o r t h  i n  t h e  e q u a t o r i a l  p lane l i k e  t h e  tiMF, t h e  f l u x  i s  dragged outward by 
t h e  r a d i a l l y  expanding h i g h l y  conduct ing ( c o l l i s i o n l e s s )  s o l a r  wind plasma so t h a t  
t h e  average d i r e c t i o n  o f  t h e  IMF i s  approximate ly  p a r a l l e l  t o  t h e  e q u a t o r i a l  p lane 
p o i n t i n g  outward (a long t h e  s p i r a l  d i r e c t i o n )  j u s t  south o f  t h e  p lane and inward 
j u s t  n o r t h  o f  t h e  p lane ( t h e  p lanemust  t h e r e f o r e  c o n t a i n  a c u r r e n t  sheet) .  Because 
t h e  e a r t h  i s  a t  south s o l a r  l a t i t u d e s  from 7 December t o  7 June, i t  would be i n  a 
p o s i t i v e  (outward f l u x )  s e c t o r  con t i nuous l y  f o r  s i x  months i f  t h e  c u r r e n t  sheet 
remained i n  t h e  e q u a t o r i a l  p lane.  However, i n  what i s  c a l l e d  t h e  Rosenberg-Coleman 
e f f e c t ,  because o f  t h e  s o- c a l l e d  "basebal l  seam" shape of t h e  source reg ions  on t h e  
s o l a r s u r f a c e , t h e c u r r e n t  sheet i s w a r p e d , c u r v i n g  s i n u s o i d a l l y a b o v e a n d  below t h e  
s o l a r  e q u a t o r i a l  p lane which i t  u s u a l l y  d i v i d e s  i n t o  f o u r  sectors. When t h e  
ampl i tude of warp i s  l a r g e r  t han  7.25", t h e  p lane of t h e  e c l i p t i c  i s  a l s o  ( u s u a l l y )  
d i v i d e d  i n t o  f o u r  sec to rs  which r o t a t e  w i t h  t h e  27-day p e r i o d  o f  t h e  sun. Fre-  
quent ly ,  low ampl i tude o r  asymmetry of warp r e s u l t  i n  o n l y  two IMF  sec tors  [le]. 
Thus, approximate ly  two t o  fOur t imes pe r  month a sec to r  boundary crosses t h e  ea r th ,  
p l a c i n g  i t  a l t e r n a t i v e l y  above o r  below t h e  warped c u r r e n t  sheet w i th  corresponding 
changes i n  IMF p o l a r i t y  o c c u r r i n g  w i t h i n  a few hours [19, p. 77; t h i s  re fe rence i s  a 
compendium]. Because o f  t h e  7.25O ti lt, t h e  sec to rs  a r e  n o t  o f  equal w id th ,  
r e s u l t i n g  i n  more t ime  i n  t h e  p o l a r i t y  deteremined by t h e  h e l i o g r a p h i c  l a t i t u d e  of 
e a r t h  when i t  i s  f a r  f rom zero  as i n  s p r i n g  and f a l l .  Th i s  r e s u l t  o f  c u r r e n t  sheet 
warping combined w i t h  t h e  h e l i o g r a p h i c  l a t i t u d e  excurs ions  o f  e a r t h  i s  c a l l e d  t h e  
Rosenberg-Coleman e f f e c t  [ZO]. A number o f  annual and l l - y e a r  va r ia tons  a re  
p r e d i c t e d  as d i  r e c t  r e s u l t s  o f  t h e  f a c t  t h a t  even very smal l  amp1 i tude warps w i  11 
move t h e  c u r r e n t  sheet across t h e  e a r t h  when i t  i s  a t  0" s o l a r  l a t i t u d e ,  thereby  
maximiz ing t h e  numberiof IMF s e c t o r  boundary c ross ings  i n  December and June. As 
examples, peaks are  expected i n  December and June f o r  bo th  l i g h t n i n g  frequency (as 
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indicated by sui table  s f e r i c s )  and geomagnetic disturbances. Also, many 22-year 
var iat ions should r e su l t  according t o  the magnetic coupling model when the 
geometrical fac tor  dominance (of posit ive sectors i n  the f a l l  and negative i n  the 
spr ing)  i s  combined w i t h  the  appropriate po la r i t i e s  by the  so lar  magnetic dipole 
reversal.  An example will be given in a l a t e r  section discussing Stringfellow's 
1 i g h t n i  ng  s t u d i  es. 

Solar  wind speed i s  expected t o  influence magnetic coupling for  several 
reasons, most o f  which are  enhancing. As a f i r s t  example, the rate of f l u x  merging 
during connection i s  dependent upon the r a t e  II4F i s  being transported in to  the 
merging region by the solar wind. Also, for a given IMF strength and solar  wind  
pa r t i c l e  density,  the pressure increase due t o  higher solarwind speedwould have a t  
l ea s t  two e f f e c t s :  (1) compression of the  tiMF w i t h  large inductive e f f ec t s  a t  
ear th ,  and ( 2 )  an increased suscept ib i l i ty  t o  connection because f l u x  i s  removed 
from the compressed ( h i g h  energy density) day s ide GMF by merging, consequently 
lowering the pressure. A t h i rd  possible influence i s  an  increasing homogeneity of 
the IMF we postulate may occur on the scale  of about 10 GMF's ( i  .e. 100 earth r a d i i )  
o r  so, even though the general trend i s  toward more turbulence on larger  scales as  
so lar  wind increases. I f  th is  e f f ec t  occurs, i t  would be apparent as a decrease in 
the IMF wavelength spectrum a t  frequencies of .001 Hz (and s l igh t ly  below) near 
so lar  maximum when the spectral  content of s t i l l  lower frequencies i s  increasing 
( i . e .  a steepening i n  spectral  slope a t  the low wavelength end). The decrease of  
low frequency IMF homogeneity a t  so lar  maximum i s  t h o u g h t  t o  be due t o  
magnetohydrodynamic e f fec t s  ( fo r  a discussion of theory and measurements see 
reference 21). I f  the frequency spectrum i n  the ,001 Hz interval r i ses  less  t h a n  
thewind speed,thehomogeneity i n  t h a t  scale  rangewill increase. As solarmaximum 
i s  approached, such an e f fec t  may explain the enhanced EqM and diminished NSA 
observed i n  NM d a t a  C6]. Decreased frequency of connection i s  expected because 
variation a b o u t  the IMFmeanposition i s  neededto providetheclose ant iparal le l ism 
t h a t  f avors  merging. However, when connection does occur near solar  maximum, the 
NSA ef fec ts  should be larger  because o f  the greater  solar  wind  speed transporting 
the merging flux a g a i n s t  the GMF a n d ,  possibly, the greater  IMF amplitude and 
homogeneity. T h u s ,  near solar maximum, NSA's may be less  frequent b u t  more 
intense.  Such an  e f f e c t  has been reported in low pressure trough vor t ic i ty  [19, p. 
1961. 

A t  d i f f e ren t  l a t i t udes  on ear th ,  responsesmay n o t  b e a t  a l l  s imilar  f o r a  given 
i n p u t  (such as the changes i n  10 km ionization produced by the NSA and EqM e f f ec t s  of 
magnetic coupling). This poss ib i l i t y ,  as well as the sub t l e t i e s  of the physics, 
should be considered i n  analysis by t h i s  model ( o r  by other methods) of the vast 
array of diverse phenomena shown t o  cor re la te  w i t h  so lar  ac t iv i ty  [19]. An 
excellent example i s  the in tens i f ica t ion  of low pressure troughs forming i n  the G u l f  
of Alaska by IMF sector  boundary passage, especial ly  when IMF polar i ty  changes from 
negative t o  posit ive.  This e f f ec t  exhibited h i g h  s t a t i s t i c a l  correlat ion only i n  
the winter. The magnetic coupling model explains both the h i g h  l a t i t ude  and 
seasonal aspects as  follows: (1) i q  posi t ive sec tors ,  connection of the north tiMF 
pole t o  the sun reduces the 10 km ionization permitting c i r rus  formation t o  
accelerate  i n  t h a t  a l t i t u d e  region t h u s  trapping heat i n  the system t h a t  would 
otherwise have been los t  by radiation [13]; ( 2 )  thewinter  dominance i s  explainedby 
the much greater  prevention of cooling afforded by high c i r rus  when no insolation i s  
present and the system must radiate  t o  a 3°K cloudless sky i f  the (approximately 
230°K) c i r rus  layer does not form; and (3 )  the approximate equality of sector 
l i fe t ime and t r a n s i t  time o f  the system from a source region a t  h i g h  l a t i t ude  exerts 
a form of resonant eftfect ( i n  contrast  t o  the low l a t i tude  s i tua t ion  discussed 
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below). Because EqM does a f f e c t  upper a i r  i o n i z a t i o n  a t  low l a t i t u d e s ,  sec to r  
synchronous modu la t ion  o f  c i r r u s  i s  expected t h e r e  a lso .  However, t h e  broad 
l o n g i t u d i n a l  e x t e n t  and t h e  lower average wind speeds o f  e q u a t o r i a l  source regions 
make a i r  mass res idence t i m e  much longer  than IMF s e c t o r  l i f e t i m e s  and prevent  t h e  
qu i ck  response and resonance e f f e c t s  o f  h i g h  1 a t i t u d e  systems. Magnetic coup1 i ng 
ef fects,  of course ,are  s t i l l  expected t o  appear p rompt ly  i n  low l a t i t u d e  l i g h t n i n g  
inc idence which i s  n o t  slowed by a dependence on r a t e  of heat  loss.  . Now, t h e  lesson 
o f t h i s  paragraph can be expressed ( rega rd ing  t h e  s u b t l e t y  o f  these r e l a t i o n s h i p s  i n  
general and o f  l a t i t u d i n a l  e f f e c t s  i n  p a r t i c u l a r ) .  I n  s p i t e  o f  t h e  seeming 
c a n c e l l a t i o n  of c i r r u s  modu la t ion  having two o r  more a l t e r a t i o n s  d u r i n g  low 
l a t i t u d e  a i r  mass res idence t ime,  i n t e g r a t e d  second order  e f f e c t s  may be 
s i g n i f i c a n t  because s e c t o r  w id ths  a r e  s y s t e m a t i c a l l y  unequal e s p e c i a l l y  i n  t h e  
s p r i n g  and f a l l  near  t h e  maximum h e l i o g r a p h i c  l a t i t u d e  excurs ions  of ear th .  For  
example, d u r i n g  t h i s  c y c l e  21 minimumepoch, t h e  broadest  IMF sec to rs  i n  s p r i n g  w i l l  
be p o s i t i v e  ( t h e  p o l a r i t y  o f  t h e  sun's  southern hemisphere) t end ing  t o  decrease 
i o n i z a t i o n  and t h e r e f o r e  increase c i r r u s  [13] (and a l so ,  i n c i d e n t a l l y ,  1 i g h t n i n g ,  
s f e r i c s ,  Kp, etc . ) .  I n  t he  even 
numbered c y c l e s  ( i .e .  20, 22, e tc . ) ,  these seasonal p o l a r i t y  dominances w i l l  be 
reversed. Th is  p a r t i c u l a r  example, be ing  a Rosenberg-Coleman e f f e c t ,  w i  11 o f  
course disappear near t h e  s o l s t i c e s  when t h e  e a r t h  i s  c r o s s i n g  t h e  sun 's  equator  and 
s e c t o r  w id ths  become equal. 

T h e r e a r e o t h e r  processes s u c h a s s o l a r  f l a r e s  andcosmic ray  Forbushdecreases 
t h a t  can have impor tan t  e f f e c t s  on l i g h t n i n g  incidence. Such e f f e c t s  can u s u a l l y  
be deduced by s imp ly  remembering t h a t  changes i n  10 kin i o n i z a t i o n  and i n  l i g h t n i n g  
frequency a r e  p r e d i c t e d  t o  vary i n v e r s e l y .  

HPPLICATIUNS--In addi t i  on t o  t h e  d i ve rse  examples 
d iscussed above, a p p l i c a t i o n  o f  t h e  magnetic c o u p l i n g  model t o  a few impor tan t  
unexpla ined f i n d i n g s  r e l a t e d  t o l i g h t n i n g  a re  p r e s e n t e d i n t h i s  sec t ion .  Themodel 
sugges ts lack  o f a  c o n s i s t e n t  t heo ry  has r e s u l t e d i n m i s i n t e r p r e t a t i o n s t h a t  i n  some 
cases have prevented i n t e g r a t i o n  o f  v a l i d  da ta  considered c o n f l i c t i n g  and i n  o the rs  
have generated misconcept ions rega rd ing  which v a r i a b l e s  a r e  causal and which s imp ly  
cova r ian t .  The authors  c i t e d  here  are,  i n  general ,  n o t  t h e  sources o f  t h e  concepts 
suggested t o  be erroneous by t h i s  paper b u t  a r e  merely rev iew ing  t h e  l i t e r a t u r e .  

11 and 22 Year--An ex tens i ve  s e r i e s  o f  s tud ies  o f  
l i g h t n i n g  and e l e c t r i c a l  power l i n e  f a u l t s  due t o  l i g h t n i n g  i n  B r i t a i n  has shown a 
remarkable c o r r e l a t i o n  w i t h  sunspot number. Smoothed data  f o r  l i g h t n i n g  ob- 
se rva t i ons  as thunderstorm days by 40 weather s t a t i o n s  were repo r ted  by 
S t r i n g f e l l o w  t o  e x h i b i t  a p o s i t i v e  c o r r e l a t i o n  of 0.8 f o r  approx imate ly  40 years 
spanning f o u r  s o l a r  cyc les  (numbers 17  th rough 20) [22]. Two fea tu res  o f  t h i s  s tudy  
t h a t  a r e  most apparent i n  S t r i n g f e l l o w ' s  F i g u r e  1 a r e  o f  cons iderab le  s i g n i f i c a n c e  
t o  t h e  s o l a r - a c t i v i t y /  1 i gh tn ing- inc idence  ques t i on  and w i l l  be considered here. 
These fea tu res  a re  t h e  l l - y e a r  c o r r e l a t i o n w i d e l y c o n s i d e r e d t o b e  c o n f l i c t i n g w i t h  
o t h e r  data, and t h e  22-year c o r r e l a t i o n  which, t o  t h i s  a u t h o r ' s  knowledge, has n o t  
p r e v i o u s l y  e l i c i t e d  ex tens i ve  comment i n  t h e  l i t e r a t u r e .  

One o f  t h e  p r i n c i p a l  reasons c i t e d  f o r  c o n s i d e r i g  t h e  B r i t i s h  data anomalous 
was t h e  f a i l u r e  t o  d e t e c t  a d i f f e r e n c e  i n  l i g h t n i n g  i nc idence  due t o  t h e  l l - y e a r  
c y c l e  i n  da ta  f rom t h e  1965 s o l a r  minimum (USO-2) and 1969 s o l a r  maximum (OSO-5)  
s a t e l l i t e  experiments o f  Vorpahl , Sparrow and Hey [l]. Although those authors  were 
w e l l  aware o f  t h e  l ow  l a t i t u d e  e x t e n t  ( w i t h i n  approx imate ly  30" o f  t h e  equator )  o f  
t h e i r  data, t h e  s t rong  d i f f e r e n c e  (a  f a c t o r  o f  5 o r  g r e a t e r  depending upon a l t i t u d e )  
i n  s o l a r  c y c l e  modu la t ion  o f  upper atmosphere i o n i z a t i o n  between t r o p i c a l  and 
E n g l i s h  l a t i t u d e s  d e f i n i t i v e l y  demonstrated by Ney [12] seems t o  have been ignored 

I n  t h e  f a l l ,  t h e  w ides t  sec tors  w i l l  be negat ive.  

MAGNETIC CUUPLING THEORY: 
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by much o f t h e  community. However,because o f t h i s  l a t i t u d e  d i f f e r e n c e  t h e r e  i s  no 
disagreement between these data  se ts  accord ing  t o  t h e  magnetic coupl i n g  m o d e x  

The 22-year c o r r e l a t i o n  o f  S t r i n g f e l l o w ' s  data i s  e x t r e m e l y i n t e r e s t i n g .  The 
annual l i g h t n i n g  index  peaks f o r  s o l a r  cyc les  17 th rough 2U have t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s :  (1) they  a l t e r n a t e  i n  h e i g h t  with 17 and 19 about t h e  same 
ampl i tude ( w i t h i n  4%) and average s i g n i f i c a n t l y  h ighe r  (about 10%) than t h e  average 
of peaks 18 and 20 which a l s o  a r e  c l o s e  t o g e t h e r  i n  h e i g h t  (w i th in  3%); and (2 )  t h e  
l i g h t n i n g  index  peaks i n  each case s l i g h t l y  l e a d  t h e  sunspot peaks (by about one 
yea r ) .  These c h a r a c t e r i s t i c s  a re  p r e d i c t e d  by t h e  magnetic c o u p l i n g  model as 
fo l lows.  Because t h e  s o l a r  d i p o l e  f i e l d  reverses 2 t o  3 y e a r s  a f t e r  s o l a r  sunspot 
maximum C17; o r  19, p. 791 and because t h e  l i g h t n i n g  peaks o c c u r r e d i g h t l y  before 
t h e  sunspot peaks, t h e  s o l a r  p o l a r i t y  d u r i n g  each peak would be t h e  same a s  i n  t h e  
preceding minimum which were p o s i t i v e ,  negat ive,  p o s i t i v e ,  and negat ive ,  
r e s p e c t i v e l y  ( n o t i c e  f o l l o w i n g  t h e  reve rsa l  d u r i n g  t h e  1980 maximum f o r  c y c l e  21, 
our p resent  s o l a r  d i p o l e  p o l a r i t y  i s  nega t i ve ) .  Thus, f o r  example, d u r i n g  most o f  
t h e  l i g h t n i n g  peak yea rs  assoc ia ted  w i t h  t h e  sunspot maximum 19, t h e  n o r t h e r n  h a l f  
o f  t h e  sun was a magnetic n o r t h  p o l e  (which favo rs  p o s i t i v e  s e c t o r  connect ion from 
June t o  December) and t h e  southern h a l f  was a magnetic south  f a v o r i n g  connect ion i n  
nega t i ve  sec to rs  t o  t h e  south  po le  o f  ear th.  Th is  should cons iderab ly  enhance 
l i g h t n i n g  inc idence i n  B r i t a i n  (no r the rn  l a t i t u d e s )  i n  " f a l l "  (i.e. f roin June t o  
December) and i n  southern l a t i t u d e s  i n  " s p r i n g "  (i.e. from December t o  June). 
However, because o f  t h e  weakness o f  NSA a t  t h e  unconnected po le ,  t h e  decreases i n  
" s p r i n g "  i n  England should be much l e s s  than  t h e  increases i n  " f a l l "  p r o v i d i n g  a 
s i g n i f i c a n t  n e t  enhancement f o r  each such yea r  i n  t h e  r i s i n g  p o r t i o n  o f  t h e  odd 
numbered sunspot c y c l  es. Converse1 y, i n t h e  even numbered sunspot cyc les  t h e  
s o l a r  d i p o l e  i s  reversed and t h e r e  i s  no " fa1  l - p o s i t i v e " / " s p r i n g - n e g a t i v e "  
enhancement o f  connect ion. 

Enhancement o f  10 km I o n i z a t i o n ,  a t  Low Lat i tudes- - As d iscussed e a r l i e r  i n  
t h e d e s c r i p t i o n o f  EqM, low l a t i t u d e  10km i o n i z a t i o n  i s  found t o  change very l i t t l e  
over  t h e  s o f a r  cycle'when a s u f f i c i e n t  number o f  measurements are  made and averased 
toge the r  f o r  each year.  F o r  example, t h e  increases i n  10 km i o n i z a t i o n  f r o m  s o l a r  
maximum t o  s o l a r  minimum a t  t h e  equator  and a t  55" ( n o r t h  o r  south)  qeomaqnetic 
l a t i t u d e s  a r e  approximate ly  3% and ls%, r e s p e c t i v e l y ;  a t  30 km f i r  the  same 
l a t i t u d e s  t h e  increases a re  4% and loo%, r e s p e c t i v e l y  [12]. Thus, t h e  f i n d i n g  of  
l a r g e  increases i n  i o n i z a t i o n  l a s t i n g  f o r a  day o r  so a t  low l a t i t u d e  by a number of 
i n v e s t i g a t o r s  was s u r p r i s i n g .  S e l l a r s  summarized these and i nc luded  t h e  remarks 
by W. 0. Roberts rega rd ing  t h e  importance o f  t h i s  anomaly and t h e  need t o  e x p l a i n  i t  
[23, p. 661. As shown i n  t h i s  paper, EqM's o f  about 30% a t  t h e  t o p  o f  t h e  e q u a t o r i a l  
atmosphere a r e  e x p l a i  ned and p r e d i c t e d  by t h e  magnetic coupl  i ng model and have been 
observed by s a t e l l i t e  [6]. 

Modulat ion of  t h e  E lec t rosphere  Potent ia l- - The increases and decreases i n  
bo th  t h e  e l e c t r o s p h e r i c  p o t e n t i a l  and t h e  f a i r  weather e l e c t r i c  f i e l d  assoc ia ted  
w i t h  increases and decreases i n  10 km i o n i z a t i o n  have been c l e a r l y  d e f i n e d  by 
M a r k s o n a n d o t h e r s f o r o v e r a d e c a d e .  However, severa l  rev iewers  have commented on 
t h e a l m o s t p r e v a i l i n g  s u p p o s i t i o n s t h a t  (1 )  t h e  enhancedpotent ia l  and i t s  g r a d i e n t  
"somehow produce increased l i g h t n i n g "  [23, p. 651, and ( 2 )  " s o l a r  e f f e c t s  on 
t e r r e s t r i a l  meteoro logy occur  th rough modu la t ion  o f  t h e  g l o b a l  f a i  r-weather 
e l e c t r i c  f i e l d "  [23, p. 751. The magnetic coup l i ng  model shows c l e a r l y  t h a t  
changes i n  l i g h t n i n g  and i n  t h e  s u b j e c t  p o t e n t i a l  and i t s  g rad ien t  occur  as r e s u l t s  
o f  a l t e r a t i o n s  i n  upper a i r  i o n i z a t i o n  because o f  t h e  l a t t e r ' s  i n f l u e n c e  on t h e  
d i v i s i o n  of thunderstorm genera tor  c u r r e n t  between leakage and charging. Thus, 
changes i n  t h e  f i e l d  q u a n t i t i e s  a r e  p r e d i c t e d  t o  be co- resu l t s ,  n o t  causes of major 
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l i g h t n i n g  a l t e r a t i o n s .  Even i n  weather a l t e r a t i o n  as suggested i n  d i scuss ion  o f  
t h e  c i r r u s  mechanism below, t h e  f i e l d  q u a n t i t i e s  a re  p r e d i c t e d  by t h e  magnetic 
coup l i ng  model mechanisms descr ibed i n  t h i s  paper t o  e x e r t  on ly  secondary e f fec ts .  

The C i r r u s  Mechanism- themagnetic couplingmodel sugges ts the  r a t e  o f  c i r r u s  
fo rma t ion  i s  i n v e r s e l y  i n f l u e n c e d  by 10 km i o n i z a t i o n  as fo l lows.  Any process 
producing enhanced 10 km i o n i z a t i o n  increases charg ing  o f  water molecu lar  
aggregates because o f  t h e i  r h i g h  capture  c ross- sec t i on  ( v i  a i n e l  a s t i c  cot 1 i s i  ons) 
decreasing recombinat ion o f t h e  ions.  The charged aggregates a re  then t r a n s p o r t e d  
o u t  o f  t h e  t h i n  c i r r u s  r e g i o n  by t h e  5 vo l t /m  f i e l d  (be fo re  they  can grow t o  mic ron  
s i z e )  impeding c i r r u s  fo rmat ion  and enhancing c o o l i n g  of t h e  sur face below [13]. 
As p o i n t e d  ou t  by one i n v e s t i g a t o r ,  t h e  comon suppos i t i on  i s  e x a c t l y  t he  reverse  of 
t h i s :  "Most people t h i n k "  e x t r a  i o n i z a t i o n  increases n u c l e a t i o n  and t h i n  c i r r u s  
[24, p. 1331. Not ice,  i n  t h e  f i r s t  scenar io  above, t h e  r a t e  water molecu lar  
aggregates a r e  t r a n s p o r t e d  ou t  o f t h e  r e g i o n  i s  p r o p o r t i o n a l  t o  bo th  t h e  i o n i z a t i o n  
and t h e  f i e l d  s t rength .  However, t h e  f i e l T s t r e n g t h  v a r i a t i o n s  a re  much l e s s  
impor tan t  than t h e  i o n  d e n s i t y  v a r i a t i o n s  f o r  two reasons r e l a t e d  t o  ampl i tude and 
phase. b e f o r e  these a r e  b r i e f l y  discussed, i t  i s  app rop r ia te  t o  r e c a l l  t h e  
converse mechanism p r e d i c t e d  by t h e  model ( i n  which p o s i t i v e  s e c t o r  connect ion 
decreases n o r t h e r n  l a t i t u d e  10 km i o n i z a t i o n  enhancinp c i r r u s  fo rma t ion  and 
r e t a r d i n g  heat  l o s s  f rom t h e  system). Th is  sequence i s  expected t o  be most 
impor tan t  i n  sun-weather re1 a t i  onshi ps. "Local ' I  changes i n  tropopause i o n i  z a t i  on 
ampl i tude o f  approx imate ly  30 t o  100% can occur  i n  p o l a r  regions q u i c k l y  and even on 
a weekly bas i s  due t o  IMF connect ion NSA 's ,  Forbush decreases, and s o l a r  f l a r e s .  
Again, ' ' l oca l "  e f f e c t s  such as NSA's a re  expected t o  produce o n l y  smal l  f i e l d  
changes. Because o f  t h e  h igh  c o n d u c t i v i t y  o f  t h e  e lec t rosphere ,  t o  o b t a i n  a 30% 
change i n  t h e  f i e l d  ampl i tudes, some g loba l  e f f e c t  such as d a i l y  r o t a t i o n  th rough 
t h e  1800 UT thunderstormmaximum, o r  t h e  modulat ion o f  cosmic ray  i n t e n s i t y  by s o l a r  
a c t i v i t y  over  a sunspot c y c l e  would be needed. Even though g loba l  e f f e c t s  can be 
impu ls i ve  as i n  Forbush decreases, t h e  phases a re  oppos i te  o r  mixed i n  such events: 
?.e, t h e  decrease i n  cosmic ray  i o n i z a t i o n  b o t h  a imin ishes  t h e  thunderstorm leakage 
c u r r e n t ,  opposing. _. an increase i n  e lec t rosphere  p o t e n t i a l ,  and decreases t h e  c l e a r  
a i r  c o n d u c t i v i t y ,  s lowing t h e  f a l l  i n  e l e c t r o s p h e r i c  p o t e n t i a l .  Anomalous 
s i t u a t i o n s  occur i n  which 10 km i o n i z a t o n  decreases and h ighe r  a l t i t u d e  i o n i z a t i o n  
increases f o r  obvious reasons. Although R e i t e r a n d o t h e r s  have shown l a r g e  changes 
i n  f i e l d  q u a n t i t i e s  do occur i n  major  impu ls i ve  events, such events are  much l e s s  
f requent  t han  t h e  IMF s e c t o r  e f f e c t s  and u s u a l l y  a re  a d d i t i v e  t o t h e  l a t t e r .  F o r a  
rev iew o f  t h e  1 i t e r a t u r e  and numerous cons ide ra t i ons  i n v o l v e d  see reference 19. 

Cosmic Rays and L i g h t n i n g  Frequency--The IMF s e c t o r  synchronous modulat ions 
o f  cosmic rays  and mechanisms t o  e x p l a i n  t h e i r  involvement i n  atmospheric process 
have rece i ved  a t t e n t i o n  s ince  1969 [6, 251, The s t u d i e s  o f  Le thbr idge [ 2 6 ]  have 
shown a s t r o n g  s t a t i s t i c a l  c o r r e l a t i o n  between cosmic ray i n t e n s i t y  f l u c t u a t i o n s  
and " thunderstorms"  (1 i g h t n i  ng ). Those s t u d i e s  found a maximum i n  1 i g h t n i  ng 
i nc idence  approximate ly  3 days a f t e r  t h e  cosmic ray  i n t e n s i t y  f f u c t u a t i o n  maximum. 
Th is  f i n d i n g  has s ince  been i n t e r p r e t e d  t o  i n d i c a t e  a causal r e l a t i o n s h i p  between 
the l i g h t n i n g  maximum and t h e  preceding cosmic ray  maximum, However, most such 
cosmic r a y  maxima a re  r e l a t e d  t o  IMF s e c t o r  boundary passage, When a maximum 
precedes t h e  boundary, a s t rong  cosmic ray minimum f o l l o w s  i t. Th is  minimum would 
be i n  e s s e n t i a l l y  exact  co inc idence w i t h  t h e  l i g h t n i n g  maximum. The magnetic 
coup l i ng  model exp lana t i on  o f  l i g h t n i n g  increases due t o  i o n i z a t i o n  decreases has 
been d iscussed elsewhere i n  t h i s  paper. That model suggests, t h e r e f o r e ,  t h a t  the 
demonstrated c o r r e l a t ' o n  descr ibed above i s  r e a l ,  b u t  t h a t  t h e  cosmic ray  decrease 
causes t h e  l i g h t n i n g  2m aximum. 

d 
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Runaway E lec t rons- - Theore t i  c a l  and exper imenta l  support  has i n  recent  years  

reawakened i n t e r e s t  i n  t h e  suggest ion made 60years  ago by Wilson t h a t ,  i n  t h e  h i g h  
f i e l d  reg ions  o f  thunderstorms, e l e c t r o n s  m igh t  g a i n  more energy than  l o s t  i n  
col l i s i o n s  and r a d i a t i o n  and hence acce le ra te  f o r  cons iderab le  d is tances.  Kasemir 
has shown t h e o r e t i c a l l y  t h a t  s u f f i c i e n t l y  s t rong  f i e l d s  may i n  f a c t  e x i s t  i n  
a s s o c i a t i o n  w i t h  l i g h t n i n g  s t r o k e  " t i p s "  [27]. Parks e t  a1 . detec ted  x- ray brems- 
s t r a h l u n g  o f  t h e  expected cha rac te r  above thunderstorms [28]. It has been 
i n t e r p r e t e d  t h a t  such r a d i a t i o n  i n c r e a s i n g  i o n i z a t i o n  above thunderstorms may be a 
regenera t i ve  process. However, as has been shown i n  t h i s  paper, t h e  magnetic 
coup1 i n g  model p r e d i c t s  increases i n  i o n i z a t i o n  above thunderstorms r e s u l t  i n  a 
decreased charg ing  r a t e  and l e s s  l i g h t n i n g .  Hence, a l though t h e  ex i s tence  of 
runaway e l e c t r o n s  seems reasonably es tab l  i shed, t h e  theo ry  presented here suggests 
i t  i s  a s e l f - l i m i t i n g  and hence, poss ib l y ,  a r a r e  occurrence r a t h e r  than a common 
regenera t i ve  aspect o f  t h e  storm. 

Southward IMF and t h e  Aurora l  Ova l - -Theprocesso fconnec t i on i senhancedby  
a southward IMF. Such merging erodes day- side JMF and has been p r e d i c t e d  t o  
increase f l u x  coupled th rough t h e  ea r th ,  e n l a r g i n g  t h e  a u r o r a l  ova l .  A s t r o n g  
c o r r e l a t i o n  between s i z e  o f  t h e  oval  and southward f i e l d  has i n  f a c t  been shown by 
Hol zworth e t  a l ,  [ 2 9 ] .  

SUMMARY AND CONCLUSIONS 

by means o f  a smal l  number ofmechanisms, t h e  magnetic coupl ingmodel  p rov ides  
a s e l f - c o n s i s t e n t  s e t  o f  exp lana t i ons  t h a t  u n i f y  a l a r g e  number o f  observa t ions  
repo r ted  t o  c o r r e l a t e  w i t h  s o l a r  a c t i v i t y .  The successfu l  a p p l i c a t i o n  o f  t h i s  
model and i t s  mechanisms t o  t h e  phys i ca l  processes i n c l u d e d  as examples i n  t h i s  
paper leads t o  t h e  conc lus ions  t h a t :  

The magnetic coup l i ng  model may be one o f  t h e  p r i n c i p a l  l i n k s  between s o l a r  
a c t i v i t y  and atmospheric processes a f f e c t i n g  weather, c l i m a t e  and l i g h t n i n g .  

O The magnetic coup l i ng  model e x e r t s  i t s  c o n t r o l  over  atmospheric and o t h e r  
processes p r i m a r i l y  by modulat ion of t h e  g a l a c t i c  cosmic r a d i a t i o n  v i a  IMF-tiMF 
i n t e r a c t  i ons. 
The cosmic ray  v a r i a t i o n s  e x e r t  t h e i r  e f f e c t s ,  i n  t u r n ,  by modu la t ing  t h e  l e v e l  
o f  i o n i z a t i o n  f rom t h e  upper t roposphere th rough t h e  tropopause. 
A wide v a r i e t y  o f  p r e v i o u s l y  unexpla ined phenomena repo r ted  t o  c o r r e l a t e  w i t h  
s o l a r  a c t i v i t y  appear t r a c t a b l e  t o  ana lys is .  Th is  a p p l i e s  e s p e c i a l l y  t o  
processes o f  i n t e r e s t  i n  weather, c l i m a t e  and atmospheric e l e c t r i c i t y .  
The e l e c t r o s p h e r i c  p o t e n t i a l  and f a i r  weather e l e c t r i c  f i e l d  a r e  a l s o  modulated 
by t h e  cosmic ray/atmospher ic  i o n i z a t i o n  l i n k .  The v a r i a t i o n s  i n  these f i e l d  
q u a n t i t i e s  a re  p r e d i c t e d  t o  be o n l y  o f  secondary importance i n  comparison t o  t h e  
v a r i a t i o n  o f  i o n i z a t i o n  as med ia tors  o f  s o l a r - t e r r e s t r i a l  e f f e c t s .  
I n v e s t i g a t i o n  o f  s o l a r - t e r r e s t r i a l  e f f e c t s  i s  g r e a t l y  s i m p l i f i e d  i f ,  i n  f a c t ,  
t h a t  more e a s i l y  measured 10 km i o n i z a t i o n  r a t e  proves t o  be t h e  p r i n c i p a l  
independent v a r i  ab1 e w i t h  t h e  atmosphere. 

O 

' 



13 

REFERENCES 

Nature 232:540-1, 1971. 
1. 3. G. Sparrow and E. P. Ney, " L i g h t n i n g  Observat ions by S a t e l l i t e . "  

2. B. N. Turman, " L i g h t n i n g  De tec t i on  f rom Space," American S c i e n t i s t  

3. B. N. Turman and B. C. Edgar, "Global L i g h t n i n g  D i s t r i b u t i o n s  a t  Dawn and 

4. B. Vonnegut, 0. H. Vaughan and M. Brook, "Thunderstorm Observat ions f rom 

5. 3. A. Chalmers, "Atmospheric E l e c t r i c i t y , "  2nd Ed i t i on .  New York, N.Y.: 

6. J ,  T. A. Ely, " Equa to r i a l  Modulat ion and North-South Asymmetry o f  G a l a c t i c  
3. Geopys. Res. 82:3643-8, 

7. N. U. Crooker, "Dayside Merging and Cusp Geometry." J. Geophys. Res. 

8. C. 8. Moore and B. Vonnegut, "The Thundercloud," i n  " L igh tn ing ,  Volume 1, 
Physics o f  L igh tn ing ."  Ed i ted  by K. H. Golde. New York, N.Y.: Academic Press, 
1977. 

9. J. Latham, "The E l e c t r i f i c a t i o n  o f  Thunderstorms." Q u a r t e r l y  J .  Royal 
Meteor SOC. 107: 277-98, 1981. 

10. K. Markson, "So lar  Modulat ion o f  Atmospheric E l e c t r i f i c a t i o n  Through 
V a r i a t i o n  o f  t h e  C o n d u c t i v i t y  Over Thunderstorms," i n  "Poss ib le  Re la t i onsh ips  
Between So la r  A c t i v i t y  and Meteoro log ica l  Phenomena," NASA SP-366, e d i t e d  by W. R. 
Bandeen and S. P. Maran, p. 171, Supt. o f  Documents, Wash., D.C., 1975, 

11. R. Markson and M. N u i r ,  " So la r  Wind Cont ro l  o f  t h e  E a r t h ' s  E l e c t r i c a l  
F i e l d . "  Science 208:979-90, 1980. 

12.  I ja tu re  183:451-52, 1959. 
13. J .  T. A. Ely, So la r  A c t i v i t y  and T e r r e s t r i a l  Weather: The Magnetic 

Coupl ing Plodel ." NASA Conference Pub. 2098, A-25-6, 1979. 
14. 3. T. A. Ely, "Ana lys is  o f  Heavy Primary Cosinic Ray D a t a  from t h e  OY1-10 

Sate1 1 i t e  . ' I  Proceedings o f  t h e  Midwest Cosmic Kay Conference, Loui s i  ana S t a t e  
U n i v e r s i t y ,  Baton rouge, 1969. 

15. L. Svalgaard, "Geomagnetic A c t i v i t y :  Dependence on So la r  Wind 
Parameters." Chap. 9 i n  "Skylab Workshop on Coronal Holes," ed. E. Z i r k e r ,  
Colorado Uni v e r s i  t y  Press, 1977. 

16. N. R. Sheeley, 3. R. Asbridge, S. J. Bame, and 3 .  W. Harvey, " A  P i c t o r i a l  
Comparison o f  IMF P o l a r i t y ,  So la r  Wind Speed, and C9 Dur ing  t h e  Sunspot Cycle." 
SKYLAt3/ATM P r e p r i n t  , NKL, October 1976. 

17. J. M. Wilcox and P. H. Scherrer ,  "Annual and Solar-Magnetic-Cycle 
V a r i a t i o n s  i n  t h e  I n t e r p l a n e t a r y  Magnetic F i e l d .  Standard U n i v e r s i t y ,  I n s t i t u t e  
f o r  Plasma Research Report 466, 1972. 

18. 3.  T. Hoeksema, J. M. Wilcox and P. H. Scherrer ,  " S t r u c t u r e  of t h e  
H e l i o s p h e r i c  Cur ren t  Sheet i n  t h e  Early P o r t i o n  o f  Sunspot Cycle 21." J. Geophys. 
Res. 87:10331-8, 1982. 

19. 3. R. Herman and R. A. Goldberg, "Sun, Weather, and Climate." NASA SP- 
426, 1978. 

20. R. L. Rosenberg and P. J. Coleman, Jr., "He1 i o g r a p h i c  L a t i t u d e  Dependence 
o f  t h e  Dominant P o l a r i t y  o f  t h e  I n t e r p l a n e t a r y  Magnetic F ie ld . "  J. tieophys. Kes. 

67~321-9 ,  1979. 

Dusk." J. tieophys. Res. 87:1191-1206, 1982. 

Space Shut t le ."  NASA TM-82530, June 1983. 

Pergamon Press, 1967. 

Cosmic Rays Due t o  the  I n t e r p l a n e t a r y  Magnetic F ie ld ."  
1977 (submi t ted  June 26, 1969). 

84(A3):951-9, 1979, p. 958. 

E. P. Ney, "Cosmic Rad ia t i on  and t h e  Heather." 

74~5611-22,  1969. 

a 



14 
21. P. 3. Coleman, Jr., "Turbulence, V i scos i t y ,  and D i s s i p a t i o n  i n  t h e  So la r -  

22. M. F. S t r i n g f e l l o w ,  " L i g h t n i n g  Inc idence i n  B r i t a i n  and t h e  So la r  Cycle." 

23. B. Se l l a r s ,  "Bremsstrahlung and Cosmic Kay E f f e c t s  on Atmospheric 
Proceedings, ONR Workshop on S o l a r - T e r r e s t r i a l  Weather Re la t ionsh ip ,  

24. T. I). Wilkerson, " C i r r u s  Clouds: Response t o  So la r  In f luences?"  

25. Proc. 

26. M. L). Lethbr idge,  "Cosmic Rays and Thunderstorm Frequency." tieophys. 

27. H. W. Kasemir, " A C o n t r i b u t i o n  t o  t h e  E l e c t r o s t a t i c  Theory o f  a L i g h t n i n g  

28. ti. K. Parks, R. 3 .  Spiger,  B. H. Mauk and J. Chin, "Detect ion of  X-rays from 

29. K. H. Holzwor th  ,and C.-I. Meng, "Mathematical Representat ion of t h e  

Wind Plasma," The Astrophys. J. 153:371-88, 1968. 

Nature 249: 332-3, 1974. 

E l e c t r i c y . "  
ONRWEST Report 81-6, September 1981. 

ONRWEST Report 81-6, Septemer 1981. 

25th  P a c i f i c  NW AGU Mtg. Univ. o f  Puget Sound, 1978. 

Res. L t r s .  8:521-2, 1981. 

Discharge." J. Geophys. Res. 65: 1873-8, 1960. 

Thunderstorm L i gh tn i ng  Discharge Regions." EOS 61(46):  978-80, 1980. 

Auro ra l  Oval . I '  tieophys. Res. L t r s .  2 :  377-80, 1975. 

J. T. A. Ely, " So la r  A c t i v i t y  I n f l uence  on L i g h t n i n g  Incidence." 

a 



D LIGHTNING INCIDENCE 

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORZ 
J. T. A. Elv  

National Aeronautics and Space Administration 
Washington, D.G. 20546 

1.1. SPONSORING AGENCY CODE 

I 
15. SUPPLEMENTARY NOTES 

This work was supported by the Office of Naval Research (and the Air Force Weapons 
Laboratory) under Contract N00014-774-0392, and by the National Aeronautics and 
Space Administration under Contract NAS8-33884. 

Marshall Technical Monitor: R. E. Smith, ED41 
16. ABSTRACT 

A theoretical model is described that unifies the complex influence of several 
factors on spatial and temporal variation of lightning incidence. 
include the cosmic radiation, solar activity, and coupling between geomagnetic and 
interplanetary (solar wind) magnetic fields. Atmospheric electrical conductivity 
in the 10 km region is shown to be the crucial parameter altered by these factors. 
The theory reconciles several large-scale studies of lightning incidence previously 
misinterpreted or considered contradictory. The model predicts additional strong 
effects on variations in lightning incidence but, possibly, only small effects on 
the morphology and rat& of thunderstorm development. 
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