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74 M R . C. T . R . W I L S O N : I N V E S T I G A T I O N S  O N  L I G H T N I N G  D I S C H A R G E S

T h e  o b se rv a tio n s  d isc u sse d  in  th i s  p a p e r  w e re  m a d e  a t  th e  S o la r  P h y s ic s  

O b s e rv a to ry , C a m b rid g e , m a in ly  d u r in g  th e  su m m e r m o n th s  o f  1917.

I. Methods o f Measurement.

T h e  m e th o d  a n d  a p p a r a tu s  u se d  in  th e  m e a s u re m e n ts  a r e  s u b s ta n t ia l ly  th o se  

d esc r ib e d  in  a  p a p e r  “  O n  S om e D e te rm in a t io n s  o f  th e  S ig n  a n d  M a g n itu d e  o f  E le c tr ic  

D is c h a rg e s  in  L ig h tn in g  F la s h e s / ’* T h e  in d u c e d  c h a rg e  on  a n  e x p o sed  e a r th e d  

c o n d u c to r  ( te s t - p la te  o r  sp h e re )  is u se d  a s  a  m e a su re  o f  th e  e le c tr ic  fie ld . T h e  te s t -  

p la te  v i r tu a l ly  fo rm s  p a r t  o f  a  f la t  p o r tio n  o f  th e  e a r t h ’s su rfa ce , a n d  th e  v e r tic a l 

e le c tr ic  fo rce  o r  p o te n t ia l  g r a d ie n t  a t  g ro u n d  le v e l is e q u a l  ( in  e le c t ro s ta t ic  m e a su re )  

to  4?rQ /A , w h e re  Q  is t h e  c h a rg e  o n  i t s  e x p o se d  su rfa ce - a n d  A  is i t s  a re a . T h e  

c h a rg e  Q  o n  th e  e a r th -c o n n e c te d  sp h e re  o f  r a d iu s  R , w h e n  e x p o sed  a t  a  h e ig h t  h> 

g r e a t  c o m p ared  w ith  I t ,  is a  m e a s u re  o f  th e  p o te n t ia l  a t  t h a t  h e i g h t ; th e  ze ro  

p o te n t ia l  o f  th e  sp h e re  b e in g  th e  r e s u l t a n t  o f  th e  u n d is tu rb e d  a tm o sp h e r ic  p o te n t ia l  V  

a t  th e  h e ig h t  h a n d  o f  th e  p o te n t ia l  Q /R  d u e  to  th e  c h a rg e  on  t h e  sp h e re , so t h a t  

Q /R  =  — V . T h e  e a r th e d  c o n d u c to rs  ca n  b e  sh ie ld e d  fro m  th e  e a r th ’s f i e ld : th e  

t e s t - p la t e  b y  m e an s  o f  a n  e a r th -c o n n e c te d  co v er, t h e  sp h e re  b y  lo w e r in g  i t  in to  a  

c o n d u c tin g  case  r e s t in g  on  th e  g ro u n d . T h e  q u a n t i t y  o f  e le c t r ic i ty  w h ic h  flow s to  

e a r th  th r o u g h  th e  c o n n e c tin g  w ire  on  e x p o s in g  o r  s h ie ld in g  th e  t e s t - p la t e  o r  sp h e re , is 

m e a su re d  b y  a  sp ec ia l ty p e  o f  c a p il la ry  e le c t ro m e te r  in  w h ic h  th e  r e a d in g s  in d ic a te  th e  

to ta l  q u a n t i ty  o f  e le c t r ic i ty  w h ich  h a s  t r a v e r s e d  th e  in s t ru m e n t  ; th e  s ig n  a n d  

m a g n itu d e  o f  th e  c h a rg e  on  t h e  ex p o sed  c o n d u c to r , a n d  th u s  o f  th e  p o te n t ia l  

g r a d ie n t ,  a t  th e  b e g in n in g  a n d  e n d  o f  a n  e x p o s u re  a re  th u s  d e te rm in e d . T h e  s ig n  

a n d  m a g n itu d e  o f  s u d d e n  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  w h ic h  o ccu r w h ile  th e  

c o n d u c to r  is ex p o sed  a re  in d ic a te d  b y  th e  d ir e c tio n  a n d  m a g n itu d e  o f  th e  r e s u l t in g  

d isp la c e m e n ts  o f  th e  e le c t ro m e te r  m en iscu s . T h e  to t a l  flow  o f  e le c t r ic i ty  b e tw e e n  

th e  a tm o s p h e re  a n d  th e  t e s t - p la t e  o r  sp h e re  d u r in g  a n  e x p o su re  is a lso  m e a su re d  

— b e in g  g iv e n  b y  th e  d iffe ren ce  b e tw e e n  th e  e le c t ro m e te r  re a d in g s  b e fo re  a n d  

a f te r  th e  e x p o su re . T h e  p r in c ip a l im p ro v e m e n t in tr o d u c e d  h a s  b een  th e  p ro v is io n  

o f  a p p a ra tu s  fo r g iv in g  a  p h o to g ra p h ic  t r a c e  o f  th e  e le c tro m e te r  r e a d i n g s ; ra p id  

c h a n g e s  in  th e  field  o cc u p y in g  less th a n  o n e - te n th  o f  a  seco n d  a r e  in  th is  w a y  

reco rd ed .

I n  th e  o b s e rv a tio n s  d esc r ib ed  in  th e  p re v io u s  p a p e r  th e  sp h e re  w as  s u p p o r te d  in  a  

m a n n e r  w h ich  d id  n o t  a d m it  o f  a b s o lu te  m e a s u re m e n ts  b e in g  m a d e , a s  th e  c h a rg e  

m e a su re d  in c lu d ed  t h a t  on  th e  u p p e r  p a r t  o f  th e  s u p p o r t  as  w ell a s  t h a t  on  th e  

sp h e re  i t s e l f ; in  th e se  e a r l ie r  m e a s u re m e n ts  th e re fo re  th e  sp h e re  w as s ta n d a rd is e d  b y  

co m p ariso n  w ith  th e  te s t - p la te .  T h e  m e th o d  o f  s u p p o r t in g  th e  sp h e re  is now  su ch  

t h a t  th e  c h a rg e  on  th e  sp h e re  a lo n e  is m e asu red , w h ile  th e  d is tu rb in g  effec t o f  th e

* ‘ R o y . S o c . P r o c ., ’ A , v o l . 9 2 , p . 5 5 5 , 1 9 1 6 .
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A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S . 7 5

e a r th e d  s u p p o r t in g  ro d  is sm a ll, a n d  th u s  t h e  p o te n t ia l  a t  t h e  le v e l o f  t h e  e a r th -  

c o n n e c te d  s p h e re  c a n  b e  c a lc u la te d  fro m  th e  c h a rg e  u p o n  it . T h e  n e w  m e th o d  o f  

m o u n t in g  t h e  s p h e re  is sh o w n  in  fig. 1.

T h e  sp h e re , 30  cm . in  d ia m e te r ,  is s u p p o r te d  o n  a n  

e a r th - c o n n e c te d  b ra s s  tu b e  B , 2 cm . in  d ia m e te r ,  f ro m  

w h ic h  i t  is  in s u la te d  b y  s u lp h u r - c o a te d  e b o n i te  E ; 

in s u la to r s  a r e  in d ic a te d  in  t h e  f ig u re  b y  t h e  d o t t e d  

a re a s . T h e  tu b e  is in s e r t e d  w i th in  a  w id e r  o n e  C  w h ic h  

e x te n d s  f ro m  th e  to p  to  t h e  b o t to m  o f  t h e  s p h e re  a n d  

w h ic h  is o p e n  b e lo w . T h e  s u p p o r t in g  tu b e  B  is r ig id ly  

fix ed  in  a  h o le  b o re d  t h r o u g h  th e  sc re w  c a p  w h ic h  

closes t h e  u p p e r  e n d  o f  a n  iro n  p ip e  P ,  5 cm . in  

e x te r n a l  d ia m e te r  a n d  427  cm . lo n g , w h ic h  c a n  b e  

tu r n e d  a b o u t  i t s  lo w e r  e n d  fro m  th e  v e r t ic a l  to  a  n e a r ly  

h o r iz o n ta l  p o s i tio n  a s  d e s c r ib e d  in  t h e  fo rm e r  p a p e r .

T h e  le n g th  o f  th e  b ra s s  tu b e  fro m  th e  to p  o f  t h e  iro n  

p ip e  to  t h e  b o t to m  o f  t h e  s p h e re  is 38 cm . T h e  

c o n n e c tio n  b e tw e e n  t h e  s p h e re  a n d  t h e  e le c t r o m e te r  is  

m a d e  b y  m e a n s  o f  a  t i g h t l y  s t r e t c h e d  w ire  W  s u p p o r te d  

b y  q u a r t z  in s u la to r s .  T h e  w ire  is  n o t  a t t a c h e d  d i r e c t ly  

to  th e  s p h e re  b u t  to  a  b r a s s  d isc  D  in s u la te d  fro m  th e  

s u p p o r t in g  tu b e  a n d  f i t t i n g  lo o se ly  w i th in  t h e  w id e r  tu b e  

C  in s id e  t h e  sp h e re .  T h e  s p h e re  is f ix ed  to  t h e  d isc  b y  

m e a n s  o f  a  sc re w  w h ic h  p ro je c ts  f ro m  i t s  in n e r  su r fa c e  

a n d  c a n  t h u s  r e a d i ly  b e  r e m o v e d  to  g iv e  access  to  th e  

in su la t io n .

W h e n  th e  sp h e re  is  e x p o s e d  b y  r a is in g  th e  iro n  p ip e  

to  i t s  v e r t ic a l  p o s itio n  t h e  h e ig h t  o f  i t s  c e n tr e  ab o v e  

t h e  g ro u n d  is 48 0  cm .

T h e  s p h e re  w h e n  lo w e re d  is re c e iv e d  in  a  m e ta l - l in e d  

e a r th e d  b o x  r e s t in g  o n  th e  g r o u n d ; a  t i g h t l y  f i t t i n g  

cover, a lso  m e ta l  lin e d  a n d  e a r th e d ,  p r o te c ts  th e  s p h e re  

f ro m  th e  a tm o s p h e r ic  e le c tr ic a l f ie ld  a n d  fro m  th e

w e a th e r . T h e  c h a rg e  o n  t h e  e a r th e d  sp h e re  in  th is  p o s itio n  is t a k e n  a s  zero .

T h e  c h a rg e  Q  on  a n  e a r th e d  s p h e re  o f  r a d iu s  R  a t  a  h e ig h t  h a b o v e  le v e l g ro u n d  

is a s su m ed  to  b e  su c h  t h a t  Q / R —Q /2/^ +  V  =  0, w h e re  Y  is th e  u n d is tu rb e d  a i r  

p o te n t ia l  a t  t h e  h e ig h t  h. T h e  p re se n c e  o f  th e  n e ig h b o u r in g  h u t  e x e r t s  a  d i s tu r b in g  

in flu en ce  w h ic h  h o w e v e r  is n o t  la rg e  : t h e  c o rre c tio n  to  b e  a p p lie d  h a s  b e e n  e s t im a te d  

b y  im a g in in g  th e  h u t  to  b e  re p la c e d  b y  a  c o n d u c tin g  h e m is p h e re  la rg e  e n o u g h  to  

enclose  i t .  T h e  v e r t ic a l  p o te n t ia l  g r a d ie n t  o v e r  lev e l g ro u n d  b e in g  a s su m e d  u n ifo rm  

th r o u g h o u t  a  h e ig h t  e x c e e d in g  t h a t  o f  th e  h e m isp h e re , th e  lo w e rin g  o f  p o te n t ia l  a t
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a  g iv e n  p o in t  b y  th e  in d u c e d  c h a rg e  o n  th e  h e m isp h e re  is re a d i ly  seen  to  b e  e q u a l 

to  Y a ^ /r3 w h e re  a is th e  r a d iu s  o f  th e  h e m isp h e re  a n d  r  is  t h e  d is ta n c e  o f  i t s  c e n tr e  

f ro m  th e  g iv e n  p o in t. I n  th e  a c tu a l  case th e  c o r re c tio n  a m o u n ts  to  6 p e r  ce n t.

T h e  c h a rg e  on  th e  e x p o sed  e a r th e d  te s t - p la t e  ( th e  su rfa c e  o f  w h ich  is a t  g ro u n d  

lev e l)  is s im ila r ly  d im in ish e d  b y  th e  p re se n c e  o f  th e  h u t ; th e  c o rre c t io n  to  b e  a p p lied  

a m o u n ts  in  th is  case  to  a b o u t  1 p e r  c e n t. A  s o m e w h a t la rg e r  c o r re c tio n — e s tim a te d  

a t  1*5 p e r  c e n t.— h a s  to  b e  m a d e  fo r  th e  e ffec t o f  th e  in d u c e d  c h a rg e  o f  th e  e a r th -  

c o n n e c te d  cover a n d  i t s  s u p p o r t in g  a rm . A p a r t  f ro m  th e s e  sm a ll c o rrec tio n s  th e  

r e la tio n  b e tw e e n  th e  p o te n t ia l  g r a d ie n t  F  a t  g ro u n d  lev e l a n d  th e  c h a rg e  Q  on  th e  

e x p o sed  e a r th e d  te s t - p la te ,  o f  a re a  A , is g iv e n  b y  47rQ /A  =  F , w h e n  th e  q u a n t i t ie s  

a r e  e x p re s se d  in  C .G .S . e le c t ro s ta t ic  m e a su re . T h e  e ffec tiv e  a re a  o f  th e  p la te  is 

222 0  sq. cm .

F o r  th e  m e a s u re m e n t o f  th e  q u a n t i t ie s  o f  e le c t r ic i ty  w h ich  p assed  b e tw e e n  *the 

e x p o sed  c o n d u c to r  a n d  e a r th  th r o u g h  th e  c o n n e c tin g  w ire , th e  c a p illa ry  e le c tro m e te r  

d e sc r ib e d  in  th e  p re v io u s  p a p e r  w as  u se d . B y  m e a n s  o f  a  ^ - in c h  m icroscope 

o b jec tiv e , p la ce d  w ith  i t s  a x is  v e r t ic a l  ab o v e  th e  e le c tro m e te r , a n  im a g e  o f  th e  

m e n iscu s  w as  fo rm e d  on  a  h o r iz o n ta l s li t . T h e  s l i t  co in c id ed  in  p o s itio n  w ith  th e  

im a g e  o f  th e  a x is  o f  th e  c a p il la ry  tu b e  a n d  w as  a lm o s t  in  c o n ta c t  w i th  th e  se n s itiv e  

su rfa c e  o f  a  p h o to g ra p h ic  p la te  k e p t  in  u n ifo rm  m o tio n  a t  r i g h t  a n g le s  to  th e  s lit. I t  

w as  m a d e  b y  r u l in g  a  lin e  w i th  a  ra z o r  b la d e  on  a n  e x p o se d  a n d  d ev e lo p ed  “ p ro cess ” 

p l a t e ; i t  w as  p r o te c te d  b y  a  s t r ip  o f  m ic ro sco p e  co v er-g la ss  c e m e n te d  w ith  C a n a d a  

b a lsa m  to  th e  g e la t in e  su r fa c e — th e  th in  co v e r  g la s s  w as  n e x t  th e  m o v in g  p h o to 

g ra p h ic  p la te  a n d  w as  o n ly  a  sm a ll f ra c tio n  o f  a  m il lim e tr e  d i s t a n t  f ro m  it. T h e  

b r e a d th  o f  th e  s l i t  w as  a b o u t  -jfo m m .

T h e  c a r r ie r  o f  th e  p h o to g ra p h ic  p la te  w as  c lam p ed  to  t h e  m id d le  p o r tio n  o f  a  w ire  

s t r e tc h e d  h o r iz o n ta lly  o v er  tw o  p u l l e y s ; a  w e ig h t  w as  a t ta c h e d  to  one e n d  o f  th e  

w ire , w h ile  th e  o th e r  w as  a t t a c h e d  to  a  p is to n , th e  m o tio n  o f  w h ich  in  i t s  c y l in d e r  

c a u sed  oil to  b e  d r iv e n  th r o u g h  a  fine h o le  in  a  b ra ss  d isc. B y  tu r n in g  th e  d isc  a n y  

one o f  a  g r a d u a te d  se rie s  o f  h o les  co u ld  b e  b r o u g h t  in to  a c tio n  a c co rd in g  to  th e  sp e ed  

o f  t r a v e l  d es ired .

T h e  l ig h t  f ro m  th e  so u rce  o f  illu m in a tio n — a p a raffin  la m p — co u ld  be c u t  o ff 

m o m e n ta r i ly  b y  m e a n s  o f  a  s h u t t e r  w h ich  w as  w o rk e d  b y  a  co rd  f ro m  o u ts id e  th e  

h u t .  I n  th is  w a y  i t  w as  p o ssib le  to  rec o rd  o n  th e  p h o to g ra p h ic  p la te  th e  tim e s  o f  

th e  b e g in n in g  a n d  e n d in g  o f  th u n d e r .  I n  th e  rec o rd s  re p ro d u c e d  ( P la te s  2 to  5) 

th e s e  m o m e n ta ry  in te r r u p t io n s  o f  th e  il lu m in a tio n  a re  r e p re s e n te d  b y  v e r t ic a l  b la c k  

lin e s  ; a  s in g le  lin e  in d ic a te s  th e  b e g in n in g ,  a  d o u b le  lin e  th e  en d  o f  a  p ea l o f  th u n d e r .

T h e  in te rv a l  on  th e  p h o to g ra p h ic  re c o rd  b e tw e e n  th e  v e r tic a l p o r t io n  o f  th e  tra c e , 

w h ich  r e p re s e n ts  th e  su d d e n  c h a n g e  o f  field  d u e  to  th e  p a ssa g e  o f  a  l ig h tn in g  flash , 

a n d  th e  d a rk  lin e  w h ich  m a rk s  th e  m o m e n t w h e n  th e  th u n d e r  r e s u l t in g  fro m  th e  

flash  b e g a n  to  b e  h e a rd , a ffo rd  d a ta  fo r  o b ta in in g  a n  e s t im a te  o f  th e  a p p ro x im a te  

d is ta n c e  o f  th e  d isc h a rg e .
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T h e  v a r y in g  p o s it io n  u p o n  t h e  s l i t  o f  t h e  im a g e  o f  t h e  m e n is c u s  o n  w h ic h  th e  

m ic ro sco p e  is fo cu sse d  is r e p r e s e n te d  b y  t h e  c u rv e  s e p a r a t in g  t h e  d a r k  a n d  l ig h t  

re g io n s  o f  t h e  re c o rd . T h e  f in e  h o r iz o n ta l  lin e s  a r e  d u e  to  d u s t  p a r t ic le s  o r  to  

i r r e g u la r i t i e s  o f  t h e  s l i t ; t h e y  a r e  u s e fu l a s  re fe re n c e  lin e s  f ro m  w h ic h  t h e  

d is p la c e m e n t  o f  t h e  m e n isc u s  m a y  b e  m e a s u re d . T h e  v e r t ic a l  f lu t in g s  w h ich  a p p e a r  

in  so m e  o f  t h e  r e c o rd s  a r e  p r o b a b ly  d u e  to  f lic k e r in g  o f  t h e  la m p .

R e c o rd s  o f  t h e  e le c t r ic a l  e ffec ts  o f  t h u n d e r s to r m s  a t  v a r io u s  d is ta n c e s  f ro m  th e  

p la ce  o f  o b s e rv a t io n  w ere  o b ta in e d  o n  t e n  d if f e re n t  d a y s  in  1917 . T h e  re c o rd s  w e re  

n o t  b y  a n y  m e a n s  c o n t in u o u s  t h r o u g h o u t  t h e  w h o le  d u r a t io n  o f  a  s to r m  : c o m p a ra 

t iv e ly  q u ic k  r u n s  o f  t h e  r e c o rd in g  a p p a r a tu s  w e re  g e n e r a l ly  m a d e — v a ry in g  fro m  3 to  

50 m in u te s  in  d u r a t io n — a n d  so m e  t im e  h a d  to  b e  s p e n t  in  c h a n g in g  th e  p h o to 

g ra p h ic  p la te s  a n d  r e a d ju s t in g  t h e  a p p a r a tu s  b e tw e e n  t h e  su c ce ss iv e  ru n s .  A g a in , 

t h e  d if f ic u lty  o f  e s t im a t in g  t h e  o r d e r  o f  m a g n i tu d e  o f  t h e  e le c t r ic  e ffec ts  to  b e  

e x p e c te d  f r e q u e n t ly  led  to  t h e  s p h e re  b e in g  e x p o s e d  w h e n  th e  t e s t - p l a t e  w o u ld  h a v e  

b e e n  m o re  s u i ta b le ,  o r  vice versa ; t h e  r e a d in g s — w h ic h  a r e  40  t im e s

s p h e re  t h a n  w i th  t h e  t e s t - p l a t e — b e in g  in  c o n s e q u e n c e  to o  la rg e  o r  to o  sm a ll to  b e  

re c o rd e d . T h u s  t h e  re c o rd s  o b ta in e d  se rv e d  r a t h e r  to  sa m p le  a  th u n d e r s to r m  a t  

d if f e re n t  s ta g e s  o f  i t s  h i s to r y  t h a n  to  g iv e  a  c o m p le te  a c c o u n t  o f  t h e  c h a n g e s  in  i t s  

e le c t r ic  fie ld .

I I .  Some Typical Records.

E n la r g e m e n ts  o f  so m e  o f  t h e  re c o rd s  a r e  r e p ro d u c e d  in  P la t e s  2 to  5. I n  th e  

o r ig in a l  n e g a t iv e s  a  c h a n g e  o f  o n e  m m . in  t h e  o r d in a te s  r e p r e s e n te d  a  flow  o f  24 

e le c t ro s ta t i c  u n i ts ,  o r  8 ‘0 x l 0 -9 c o u lo m b  th r o u g h  th e  e le c t r o m e te r :  a  c h a n g e  o f  

p o te n t ia l  g r a d ie n t  o f  100  o r  4 0 0 0  v o lts  p e r  m e tre ,  a c c o rd in g  a s  t h e  s p h e re  o r  t h e  te s t -  

p la te  w a s  u se d , w a s  r e q u ir e d  to  c a u se  t h e  p a s sa g e  o f  th i s  q u a n t i t y  o f  e le c t r ic i ty  

b e tw e e n  th e  e x p o se d  c o n d u c to r  a n d  t h e  e a r th .

A  f a ir ly  ty p ic a l  f in e  w e a th e r  re c o rd  (M a y  23, 1917 , 14h . 17m . to  14h . 51m . 

G .M .T .)  is sh o w n  in  fig . 1, P l a t e  2 : t h e  s p h e re  w as  u se d  a s  th e  e x p o se d  c o n d u c to r . 

T h e  re c o rd  b e g in s  w i th  a  h o r iz o n ta l  p o r tio n  t r a c e d  b e fo re  th e  c o n d u c to r  w as  e x p o se d  

to  th e  e le c tr ic  field . T h e  sm a ll p e a k  n e a r  t h e  b e g in n in g  o f  t h e  re c o rd  sh o w s th e  

e ffec t o f  r a is in g  th e  s p h e re  to  i ts  m a x im u m  h e ig h t  (4 8 0  cm .), a n d  im m e d ia te ly  

lo w e rin g  i t  a g a in  in to  i t s  p r o te c t in g  ca se  ; i t  in d ic a te s  th e  e x is te n c e  o f  a  p o s it iv e  

p o te n t ia l  g r a d ie n t  o f  100 v o lts  p e r  m e tre . T h e  sp h e re  w a s  ra ise d  a t  14h. 2 0m ., th e  

e x p o s u re  to  th e  e le c tr ic  f ie ld  b e in g  c o n tin u e d  t i l l  14h . 50m . e x c e p t  fo r  r e g u la r  

in te r r u p t io n s  a t  5 -m in u te  in te rv a ls  w h e n  th e  sp h e re  w as  m o m e n ta r i ly  lo w ered  in to  i t s  

case. T h e  d e p th s  o f  th e  n o tc h e s  in  th e  c u rv e  a re  m e a s u re s  o f  th e  p o te n t ia l  g r a d ie n t  

a t  t h e  tim e s  o f  lo w e rin g  t h e  s p h e re  : t h e  p o te n t ia l  g r a d ie n ts  re c o rd e d  a t  in te rv a ls  o f  

5 m in u te s  a re , in  v o l ts  p e r  m e tre ,  120 ( a t  14h. 30m . w h e n  th e  sp h e re  w as  ra is e d ) , 

110, 120 , 90, 75 , 80, a n d  f in a lly  90 a t  17h. 50m . (w h e n  th e  sp h e re  w as  lo w ered ) .

T h e  d iffe ren ce  in  th e  o rd in a te s  o f  th e  f in a l a n d  in i t ia l  h o r iz o n ta l  p o r tio n s  o f  th e  

t r a c e  (b o th  re c o rd e d  w h ile  th e  sp h e re  w as  in  i t s  case) is a  m e a su re  o f  th e  in te g r a te d
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io n iz a t io n  c u r r e n t  w h ich  h a s  e n te r e d  th e  sp h e re  d u r in g  th e  30 m in u te s  e x p o s u re  to  

th e  a tm o s p h e r ic  e le c tr ic a l field . T h e  reco rd  sh o w s t h a t  th is  a m o u n te d  to  2 1 '8  E .S .U .,  

w h ile  th e  m e an  c h a rg e  in d u c e d  on  th e  e a r th -c o n n e c te d  sp h e re  d u r in g  th e  e x p o su re  

a m o u n te d  to  23 E .S .U .— th e  e q u iv a le n t o f  96 v o lts  p e r  m e tre . T h e  m e a n  “ d is s ip a tio n

fa c to r  ” fo r th e  p e r io d  o f  e x p o su re  w as  th u s  x
o U Zo

i.e., a b o u t  3 p e r  c e n t, p e r

m in u te .

T h e  re a d in g s  o b ta in e d  w h e n  th e  sp h e re  is d o w n  fo rm  a  se rie s  o f  p o in ts  on  a  c u rv e  

o f  w h ich  th e  v e r t ic a l  h e ig h t  a b o v e  th e  in i t ia l  h o r iz o n ta l  p a r t  o f  th e  t r a c e  is a  m e asu re  

o f  t h e  in te g r a te d  io n iz a t io n  c u r r e n t  w h ic h  h a s  e n te r e d  t h e  sp h e re  f ro m  th e  a tm o s p h e re . 

T h is  c u rv e  fo rm s  th e  ze ro  lin e  fo r p o te n t ia l  g r a d ie n t ,  i.e., th e  d iffe ren ces  o f  th e  

o rd in a te s  o f  th is  c u rv e  a n d  o f  th e  a c tu a l  t r a c e  o b ta in e d  w h e n  th e  sp h e re  is e x p o se d  

g iv e  a  m e a su re  o f  th e  p o te n t ia l  g r a d ie n t  a t  a n y  m o m e n t.

I n  fig . 2 is re p ro d u c e d  th e  re c o rd  o f  M a y  12, 1917 , f ro m  16h. 50m . to  I7 h .  35m . 

T h e  s k y  w as  o v e rc a s t  a n d  th e  w e a th e r  c o n d it io n s  s u g g e s te d  th u n d e r — a  s to rm  d id  in  

f a c t  o cc u r  so m e h o u rs  la te r . T h e  sp h e re  w as m o m e n ta r i ly  ra ise d  a t  16h. 5 1 m .; ra ise d  

a g a in  a t  16h. 5 5m ., a n d  k e p t  u p  t i l l  17h. 2 3 m ., b e in g  h o w e v e r  m o m e n ta r ily  lo w ered  

in to  i t s  case  a t  5 -m in u te  in te rv a ls  d u r in g  th is  t i m e ; i t  w as  k e p t  in  i t s  case  a f te r  

I7 h . 23 m . T h e  p o te n t ia l  g r a d ie n t  w as  150 v o lts  p e r  m e tr e  a t  16h. 5 1 m .; i t  g r a d u a l ly  

d im in ish e d  t i l l  i t  re a c h e d  n e g a t iv e  v a lu es , a n d  c o n tin u e d  to  b e  n e g a t iv e  f ro m  

17h . 12m . 50s. t i l l  I 7 h .  18m . 10s., r e a c h in g  a  m in im u m  o f  —80 v o lts  p e r  m e tre  a t  

17h . 16m ., b ec o m in g  p o s i tiv e  a g a in  a n d  b e in g  e q u a l to  260  v o lts  p e r  m e tre  w h e n  th e  

sp h e re  w as  lo w e re d  a t  17h. 23m . T h e  n e g a t iv e  p o te n t ia l  g r a d ie n t  co in c id ed  in  tim e  

w ith  th e  p a ssa g e  o v e rh e a d  o f  a  c lo u d  d is c h a rg in g  r a in  w h ic h  d id  n o t  re a c h  th e  g ro u n d . 

T h e  te s t - p la te  w as u n c o v e re d  fro m  I7 h . 25m . to  17h. 3 0 m . : th e  d isp la c e m e n t o f  th e  

m en iscu s  on  u n c o v e rin g  a n d  c o v e rin g  th e  p la te  is a lm o s t  to o  sm a ll to  be  seen  in  

th e  re p ro d u c tio n  o f  th e  re c o rd  b u t  in d ic a te s  th e  c o n tin u a n c e  o f  a  p o s it iv e  p o te n t ia l  

g r a d ie n t  o f  a b o u t  300  v o lts  p e r  m e tre . T h e  io n iz a tio n  c u r r e n t  f ro m  th e  e a r th -  

c o n n e c te d  sp h e re  to  th e  a tm o s p h e re  d u r in g  th e  p e r io d  o f  n e g a t iv e  p o te n t ia l  g r a d ie n t  

h a s  b ee n  su ffic ien t to  n e u tra l is e  a p p ro x im a te ly  th e  flow  fro m  th e  a tm o sp h e re  to  th e  

n e g a tiv e ly  c h a rg e d  e a r th -c o n n e c te d  sp h e re  d u r in g  i ts  e x p o s u re  to  th e  p o s itiv e  p o te n t ia l  

g ra d ie n t.

A ll th e  r e m a in in g  re c o rd s  re p ro d u c e d  in  th e  p la te s  sh o w  th e  effec ts o f  l ig h tn in g  

d isc h a rg e s  (g e n e ra l ly  a t  a  c o n s id e rab le  d is ta n c e )  on  th e  p o te n t ia l  g r a d ie n t.

F ig . 3 ( J u n e  13, 1917, 14h. 11m . to  14h. 16m . 30s.).

T h e  sp h e re  w as e x p o sed  d u r in g  th e  w h o le  tim e  re p re s e n te d  b y  th e  rec o rd  e x c e p t a t  

a b o u t  14h. 12m . 30s., w h en  i t  w as  m o m e n ta r i ly  lo w ered  ; th e  e ffec t o f  lo w e rin g  a n d  

ra is in g  th e  sp h e re  is in d ic a te d  b y  th e  p ro m in e n c e  m id w a y  b e tw e e n  14h. 12m. a n d  

14h. 13m . T h e  p o te n t ia l  g r a d ie n t  a t  t h a t  m o m e n t w as  n e g a t iv e  a n d  e q u a l to  

— 420 v o lts  p e r  m e tre . T h e  s u m m it o f  th e  p ro m in e n c e  g iv e s  th e  ze ro  lin e  o f  p o te n t ia l  

g ra d ie n t.  T h e  rec o rd  b e g in s  w ith  a  n e g a tiv e  p o te n t ia l  g r a d ie n t  o f  a b o u t  —430 v o lts
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p e r  m e tre . A t  14h . 11m . 10s. d i s t a n t  e le c t r ic a l  c h a rg e s  w h ic h  w e re  re s p o n s ib le  fo r  a  

p o r t io n  ( a m o u n t in g  to  150  v o l ts  p e r  m e tr e )  o f  t h e  n e g a t iv e  p o te n t i a l  g r a d ie n t  a t  th e  

p la c e  o f  o b s e rv a t io n  w e re  n e u t r a l i s e d  b y  t h e  p a s s a g e  o f  a  l i g h tn in g  flash . T h e  n e g a t iv e  

p o te n t ia l  g r a d ie n t  a t  o n ce  b e g a n  to  b e  r e g e n e r a te d  b u t  w a s  a g a in  s u d d e n ly  d im in is h e d  

a b o u t  3 se co n d s  l a t e r ,  lo s in g  25  v o l t s  p e r  m e tr e  b y  t h e  p a s s a g e  o f  a  l i g h t n in g  f lash , 

p ro b a b ly  a t  a  s t i l l  g r e a t e r  d is ta n c e . T h is  c o n t in u o u s  p r o d u c t io n  o f  a  n e g a t iv e  p o te n t ia l  

g r a d ie n t  a n d  i t s  s u d d e n  d im in u t io n  a t  i n te r v a l s  b y  l ig h tn in g  d is c h a rg e s  c o n t in u e s  

t h r o u g h o u t  t h e  re c o rd . A t  a b o u t  14h . 13m . 40s. a  s u d d e n  c h a n g e  o f  p o te n t ia l  g r a d ie n t  

o f  p o s it iv e  s ig n  o c c u r re d , b u t  w a s  fo lio  w e ll b y  o n e  o f  n e g a t iv e  s ig n  a n d  o f  n e a r ly  

e q u a l m a g n i tu d e  a b o u t  0*4 se c o n d  la te r ,  a  s m a ll p o s i t iv e  c h a n g e  a g a in  o c c u r r in g  a f t e r  

a n o th e r  a lm o s t  e q u a l  i n t e r v a l ;  th e s e  c h a n g e s  o f  p o te n t i a l  g r a d ie n t  a m o u n t  to  + 2 4 0 ,  

— 2 2 0  a n d  + 2 5  v o l ts  p e r  m e t r e  re s p e c t iv e ly .  A n o th e r  n e g a t iv e  c h a n g e  o f  p o te n t ia l  

g r a d ie n t  ( a b o u t  60  v o l ts  p e r  m e tr e )  is  in d ic a te d  10 se c o n d s  la te r .  A  few  se c o n d s  

a f t e r  14h . 16m . t h e  r e c o rd  sh o w s  tw o  d is c h a r g e s  to  h a v e  o c c u r re d  w i th  a n  in te r v a l  o f  

2*4 se co n d s  b e tw e e n  t h e m ; e a c h  p ro d u c e d  a  c h a n g e  o f  p o te n t ia l  g r a d ie n t  o f  p o s i t iv e  

s ig n , t h e  f i r s t  a m o u n t in g  to  840 , t h e  se c o n d  to  8 7 0  v o l ts  p e r  m e tre .

T h e  p o te n t ia l  g r a d ie n t  a t  a n y  m o m e n t m a y  b e  r e g a r d e d  a s  b e in g  t h e  r e s u l t a n t  o f  

s e v e ra l  e le c t r ic  fie ld s , in c lu d in g  th o s e  d u e  to  c h a rg e s  c o n c e n t r a te d  in  d if f e re n t  t h u n d e r 

c lo u d s  o r  d if fe re n t  c e n tr e s  o f  a c t i v i t y  in  th e  sa m e  c lo u d . T h e  p a s s a g e  o f  a  l ig h tn in g  

f la sh  r e s u l t s  in  th e  s u d d e n  d e s t r u c t io n  o f  o n e  o f  th e s e  c o n s t i tu e n t  fie ld s. T h is  a t  

o n ce  b e g in s  to  b e  r e g e n e r a te d  b y  p ro ce sse s  g o in g  o n  in  th e  th u n d e r - c lo u d  a t  a  r a t e  

w h ic h  is in d ic a te d  b y  t h e  s lo p e  o f  t h e  c u rv e . T h e  c u rv e  o f  r e c o v e ry  o f  t h e  e le c tr ic  

f ie ld  ( a p p r o x im a te ly  lo g a r i th m ic )  s h o w n  a f t e r  t h e  d is c h a rg e s  o f  14h. 14m . is q u i te  

t y p i c a l ; s im ila r  c u rv e s  a p p e a r  in  m o s t  o f  t h e  re c o rd s , a  sp e c ia lly  s t r ik in g  e x a m p le  

b e in g  t h a t  o f  fig. 11 ( P l a t e  4).

O n  a c c o u n t  o f  t h e  v e r y  s h o r t  in te r v a ls  b e tw e e n  t h e  su c cess iv e  p e a ls  o f  th u n d e r ,  

t h e  t im e s  a t  w h ic h  th e y  b e g a n  a n d  c e a se d  to  b e  h e a rd  w e re  n o t  s y s te m a t ic a l ly  

r e c o rd e d  d u r in g  t h e  re c o rd  r e p ro d u c e d  in  fig. 3. T h e  f i r s t  p e a l o f  t h u n d e r  re c o rd e d  

is m a rk e d  b y  t h e  s in g le  a n d  d o u b le  d a r k  lin e s  a s  b e g in n in g  a t  14h. 13m . 8*9s. a n d  

e n d in g  a t  14h. 13m . 15s., a n d  a  se co n d  o n e  a s  b e g in n in g  a t  14h. 13m . 18*4s. a n d  e n d in g  

a t  14h . 13m . 30s. T h e  tw o  p ea ls  a r e  t a k e n  a s  b e in g  d u e  to  t h e  d is c h a rg e s  a t  

14h. 12m . 47*7s. a n d  14h . 12m . 5 3 ’6s. r e s p e c t iv e ly ;  th i s  g iv e s  a  d is ta n c e  o f  7*1 k m . 

fo r t h e  f i r s t  a n d  o f  8*3 k m . fo r t h e  seco n d . T h e  f i r s t  o f  th e s e  d is c h a rg e s  p ro d u c e d  a  

t o t a l  c h a n g e  o f  p o te n t ia l  g r a d ie n t  o f  3 5 0  v o lts  p e r  m e tr e , b u t  th i s  to o k  p la c e  in  tw o  

s ta g e s  o f  22 0  a n d  130 v o lts  p e r  m e tr e  w h ic h  w e re  s e p a r a te d  b y  a n  in te r v a l  o f  a b o u t  

0*2 s e c o n d s ;  th i s  in te r v a l  is b a r e ly  d is t in g u is h a b le  in  th e  r e p ro d u c tio n . T h e  d is c h a rg e  

a t  8*3 k m . p ro d u c e d  a  c h a n g e  o f  a b o u t  95 v o lts  p e r  m e tre . T h e  p e a l o f  th u n d e r  

m a rk e d  a s  b e g in n in g  a t  14h. 14m . 9s. p ro b a b ly  b e lo n g s  n o t  to  th e  flash  a t  14h. 14m ., 

b u t  to  a n  e a r l ie r  o ne , p o ss ib ly  th e  d o u b le  o ne  a t  14h. 13m . 40s.

F ig . 4 ( A u g u s t  9, 1917 , 14h. 45m . to  15h. 2m . 30s.).

H e r e  th e  t e s t - p la t e  w as  e x p o se d  in  p la c e  o f  th e  sp h e re . T h e  p o te n t ia l  g r a d ie n t
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in d ic a te d  a t  14h. 45m . 15s. w h e n  th e  p la te  w as  f i rs t u n c o v e re d  is n e g a t iv e  ( — 4570  v o lts  

p e r  m e tre ) . T h e  p r in c ip a l  s u d d e n  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  (a ll in  th e  n e ig h 

b o u rh o o d  o f  3000  v o lts  p e r  m e tre )  a re  n e g a tiv e , in d ic a t in g  th e  d e s tru c t io n  o f  

p o s itiv e  fie lds b y  th e  p a ssa g e  o f  l ig h tn in g  d isc h a rg e s . T h e  tim e s  o f  th e  b e g in n in g  

a n d  e n d in g  o f  th e  p ea ls  o f  th u n d e r  w e re  in  m o s t cases m a rk e d  as  sh o w n  b y  th e  

s in g le  a n d  d o u b le  b la c k  lines. T h e  d is ta n c e s  in d ic a te d  b y  th e  in te rv a ls  b e tw e e n  

th e  p r in c ip a l  d isc h a rg e s  a n d  th e  b e g in n in g  o f  th u n d e r  a re  a ll a b o u t  5 k m . 

T h e  c h a ra c te r is t ic  c u rv e  o f  re c o v e ry  a f te r  th e  p a ss a g e  o f  each  d isc h a rg e  is w ell 

sh o w n .

H e a v y  b la ck  c lo u d s w e re  o v e rh e a d  a t  th e  b e g in n in g  o f  th e  re c o rd  a n d  s l ig h t  ra in  

b e g a n  a b o u t  14h. 48m . 30s. a n d  b ecam e  h e a v y  a t  a b o u t  th e  tim e  w h e n  th e  rec o rd  ceased. 

T h e  e ffec t o f  th e  r a in  is sh o w n  b y  th e  d o w n w a rd  slope o f  th e  l a t t e r  p o r tio n  o f  th e  

tr a c e , w h ich  in d ic a te s  a  flow  o f  p o s it iv e  e le c t r ic i ty  f ro m  th e  e a r th  th r o u g h  th e  

c a p il la ry  e le c tro m e te r  to  th e  te s t - p la te .  H o w  m u c h  o f  th is  p o s itiv e  c h a rg e  w e n t  to  

in c re ase  th e  in d u c e d  p o s itiv e  c h a rg e  o n  th e  t e s t - p la t e  (on  a c c o u n t o f  in c re a s in g  

n e g a t iv e  p o te n t ia l  g r a d ie n t)  a n d  h o w  m u c h  to  n e u tra l is e  a  n e g a t iv e  c h a rg e  c a rr ie d  

d o w n  to  th e  t e s t - p la t e  b y  ra in  d ro p s , o r  b y  io n s t r a v e l l in g  u n d e r  th e  in flu en ce  o f  th e  

n e g a t iv e  p o te n t ia l  g r a d ie n t ,  re m a in s  u n d e te rm in e d  o w in g  to  th e  f a c t  t h a t  th e  co v er 

w as  n o t  re p la c e d  u n t i l  a f te r  th e  re c o rd  w as co m p le ted .

F ig . 5 ( J u n e  17, 1 917 , 20h . 23m . 23s. to  2 0 h . 27m . 29s.).

T h is  is a n  e n la rg e m e n t  o f  a  p o r tio n  o f  a  re c o rd  o b ta in e d  w h ile  a  se v e re  s to rm  w as 

p a s s in g  a t  a  d is ta n c e  o f  15 to  20 km . B e tw e e n  20h . 20m . a n d  20h . 29m . th e  p h o to 

g ra p h ic  t r a c e  re c o rd e d  95 p o s it iv e  d isc h a rg e s  ( ., d is c h a rg e s  c a u s in g  a  su d d e n

p o s itiv e  c h a n g e  o f  p o te n t ia l  g r a d ie n t )  a n d  40 n e g a t iv e  d isc h a rg e s . T h e  d isc h a rg e s  

w ere  v is ib le  a s  v e r t ic a l  f la sh e s p a s s in g  b e tw e e n  a  c lo u d  n e a r  th e  N .W . h o rizo n  a n d  

th e  e a r th ,  m a n y  o f  th e  flash es  b e in g  m u lt ip le . T h e  s to rm  w as  seen  to  t r a v e l  fro m  

W . to  N . ; n e w sp a p e r  r e p o r ts  sh o w  t h a t  i t  p a sse d  o v e r  S t. Iv e s , w h ich  lies f ro m  10 to  

11 m iles  (a b o u t 17 k m .)  to  th e  N .W .,  d a m a g e  b y  l ig h tn in g  o c c u rr in g  th e re . T h e  m ean  

o f th e  95 su d d e n  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  o f  p o s itiv e  s ig n  a m o u n te d  to  119 v o lts  

p e r  m e tre , t h a t  o f  th e  40 o f  n e g a t iv e  s ig n  to  —80 v o lts  p e r  m e tre .

T h e  sp h e re  w as  u se d  in  o b ta in in g  th is  reco rd .

F ig . 6 ( J u n e  16, 1917, 19h. 12m . to  19h. 23m .).

T h e  t e s t - p la t e  w as  u se d  a s  th e  e x p o se d  c o n d u c to r .

T h e  p o te n t ia l  g r a d ie n t  w as  n e g a t iv e  ( — 5 400  v o lts  p e r  m e tre )  a t  19h. 12m. 45s. 

w h e n  th e  co v e r  w as  rem o v ed , p o s itiv e  ( =  1000 v o lts  p e r  m e tr e )  a t  19h. 22m . 15s. 

w h e n  th e  co v e r  w as  rep la c ed . B a in  w as  fa llin g  th r o u g h o u t  th e  d u r a t io n  o f  th e  

reco rd , a n d  th e  c h a rg e  c a rr ie d  d o w n  (b y  ra in  a n d  io n iz a tio n  c u r r e n t)  d u r in g  th e  

9 j  m in u te s ’ e x p o su re  w as  n e g a t iv e  a n d  a m o u n te d  to  16 x 10 -12 co u lo m b s p e r  sq. cm ., 

th e  m e a n  c u r r e n t  b e in g  th u s  a b o u t  27 x 10 -15 a m p e re  p e r  sq. cm . T w o  o f  th e  

d isc h a rg e s  re c o rd e d — a t  19h. 17m . 4s. a n d  a t  19h. 20m . 55s.— w ere  m u lt ip le , a s  is 

sh o w n  in  th e  e n la rg e m e n ts , figs. 18 a n d  19 o f  P la t e  5. A ll th e  su d d e n  c h a n g e s  o f
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p o te n t ia l  w e re  n e g a t iv e — e x c e p t in g  t h e  p o s i t iv e  c o m p o n e n ts  o f  t h e  m u l t ip le  f la sh e s—  

th e  la r g e s t  a m o u n t in g  to  —9 6 0 0  v o lts  p e r  m e tre . T h e  d is ta n c e  o f  th i s  d is c h a rg e , a s  

is  sh o w n  b y  t h e  in te r v a l  e la p s in g  b e fo re  t h e  th u n d e r  b e g a n  to  b e  h e a rd ,  w a s  a b o u t  

4 '3  k m . T h e  d is ta n c e s  o f  th e  o th e r s  r a n g e d  b e tw e e n  4*3 a n d  5 7  k m . T h e  p e a ls  o f  

th u n d e r ,  a s  t h e  in te r v a l s  b e tw e e n  t h e  s in g le  a n d  t h e  d o u b le  b la c k  lin e s  sh o w , w e re  

v e r y  lo n g , so m e  l a s t in g  fo r  a s  m a n y  a s  40  se co n d s.

F ig . 7 ( J u n e  16, 1 9 1 7 , 19h . 31m . 10s. t o  19 h . 36 m . 4 5s.).

T h is  is  a  p o r t io n  o f  t h e  r e c o rd  t a k e n  w i th  t h e  t e s t - p l a t e  n e x t  a f t e r  t h a t  sh o w n  in  

fig. 6. R a in  c o n t in u e d  to  fa ll  t h r o u g h o u t  t h e  t im e  o f  e x p o s u re . T h e  c o v e r  w a s  

re m o v e d  f ro m  t h e  t e s t - p l a t e  a t  19h . 31m . 30s. ; t h e  p o te n t ia l  g r a d ie n t  a t  t h a t  

m o m e n t w a s  n e g a t iv e ,  —6 5 0 0  v o lts  p e r  m e t r e ;  a  l i g h tn in g  d is c h a rg e  h a d  p ro b a b ly  

o c c u rre d  im m e d ia te ly  b e fo re  t h e  e x p o s u re  o f  t h e  t e s t - p la t e .  T h e  d is c h a rg e  a t  

9h. 33m . 20s. w a s  r e a l ly  m u lt ip le ,  t h e  s u d d e n  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  b e in g  —2 9 0 0 , 

— 5 1 0 0  a n d  + 1 3 0 0  v o l ts  p e r  m e tre .  T h e  d is c h a rg e  a t  19h. 35m . 55s. w a s  n e g a t iv e  

(c h a n g e  o f  p o te n t ia l  g r a d ie n t  =  —4 1 0 0  v o l t s  p e r  m e t r e )  a n d  w a s  a t  a  d is ta n c e  o f  

a b o u t  5 ’5 k m . T h e  c h a ra c te r i s t ic  fo rm  o f  t h e  r e c o v e ry  c u rv e  fo llo w in g  t h e  d is c h a rg e s  

is m o d if ie d  b y  t h e  s u p e rp o s i t io n  o f  a  g e n e ra l  d o w n w a rd  s lo p e  w h ic h  r e p r e s e n ts  a n  

e le c t r ic  c u r r e n t  f ro m  th e  g r o u n d  to  t h e  a tm o s p h e r e  ; th i s  c u r r e n t  w a s  p ro b a b ly  m a in ly  

c a r r ie d  b y  f a l l in g  n e g a t iv e ly  c h a r g e d  r a in d ro p s .  T h e  p o te n t ia l  g r a d ie n t  w h e n  th e  

c o v e r  w a s  re p la c e d  a t  19h . 3 9 m . (b e y o n d  th e  l im its  o f  t h e  p o r t io n  o f  th e  re c o rd  

r e p ro d u c e d )  w a s  p o s it iv e  a n d  e x c e e d e d  2 5 0 0  v o lts . T h e  t o t a l  q u a n t i t y  o f  e le c t r ic i ty  

t r a n s f e r r e d  p e r  sq . cm . o f  th e  t e s t - p l a t e  to  t h e  a tm o s p h e re ,  d u r in g  t h e  w h o le  

8 |- m in u te s  o f  e x p o s u re , b u t  m a in ly  a f t e r  19h . 3 6 m . w a s  t h e  e q u iv a le n t  o f  4 0 ,0 0 0  

v o l ts  p e r  m e tr e ,  i.e., 3*5 x 1 0 -11 co u lo m b .

F ig . 8 (M a y  2 9 , 1 917 , 19h . 4m . 10s. t o  19h . 11m . 50s.).

T h is  is t h e  f in a l p o r t io n  o f  a  r e c o rd  w h ic h  b e g a n  a t  18h . 44m . T h e  s p h e re  w a s  

u se d  a s  t h e  e x p o s e d  c o n d u c to r .  T h e  p o te n t ia l  g r a d ie n t  h a d  b e e n  + 1 2 0 0  v o lts  

p e r  m e tr e  a t  18h . 46m . w h e n  th e  s p h e re  w a s  r a i s e d ; 980  a t  18h. 51m . a n d  —1400  a t  

18h. 5 6 m ., a t  w h ic h  t im e s  t h e  s p h e re  w~as m o m e n ta r i ly  lo w e re d . T h e  p e a k  sh o w n  in  th e  

f ig u re  a t  19h. 6m . r e p r e s e n ts  th e  e ffec t o f  a g a in  m o m e n ta r i ly  lo w e r in g  th e  sp h e re  a n d  

in d ic a te s  t h a t  th e  g r a d ie n t  w as  s t i l l  n e g a t iv e ,  b e in g  e q u a l to  —4 3 0  v o lts  p e r  m e tre . 

A t  19h. 11m . w h e n  th e  s p h e re  w as  f in a l ly  lo w e re d  th e  p o te n t ia l  g r a d ie n t  h a d  a g a in  

b eco m e  p o s itiv e , b e in g  n o w  +  20 v o l ts  p e r  m e tre .

T h ese  c o m p a ra tiv e ly  g r a d u a l  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  a c c o m p a n ie d  th e  p a ss a g e  

o f  to w e r in g  c u m u lu s  c lo u d s  a t  n o  g r e a t  d is ta n c e . S u p e r im p o se d  u p o n  th e m  a re  

s u d d e n  c h a n g e s  ( a m o u n tin g  a t  m o s t  to  150 v o lts  p e r  m e tre )  p ro d u c e d  in  th e  fie ld  b y  

f r e q u e n t  d isc h a rg e s  o f  m o re  d i s t a n t  th u n d e r -c lo u d s .  S o m e o f  th e s e  a re  p o s itiv e , so m e 

n e g a t iv e  ; t h e  d is c h a rg e s  o f  e i th e r  s ig n  a re  a l ik e  in  b e in g  fo llo w e d  b y  th e  c h a ra c 

te r is t ic  c u rv e  o f  r e c o v e ry  o f  th e  field .

F ig . 9 (M a y  29 , 1917 , I7 h . 58m . 45s. to  18h. 12m . 30s.).

T h is  is a n  e n la rg e m e n t  o f  a  p o r tio n  o f  a  re c o rd  w h ic h  e x te n d e d  fro m  17h. 56m . to

VOL. c c x x i . — A. N
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18b. 36m . ; th e  sp h e re  w as  ex p o sed . D u r in g  th e  p e r io d  c o v e re d  b y  th e  p o rt io n  o f  th e  

re c o rd  re p ro d u c e d  th e  sp h e re  w as  m o m e n ta r ily  lo w e re d  a t  18h. a n d  a t  18h. 5m  ; i t  w as 

a lso  lo w e re d  a t  18h. 10m . a n d  k e p t  in  i t s  case  t i l l  18h. 11m . w h e n  i t  w as  a g a in  ra ised . 

T h e  p o te n t ia l  g r a d ie n t  a t  th e  tim e s  o f  lo w e rin g  th e  sp h e re  a m o u n te d  to  + 9 0 , + 6 0  

a n d  + 4 0  v o lts  p e r  m e tre . I t  is p la in  f ro m  th e  re c o rd  t h a t  th e  g r a d ie n t  re m a in e d  

p o s itiv e  t h r o u g h o u t : th e  p r in c ip a l  s u d d e n  c h a n g e s  o f  g r a d ie n t  w ere  p o s itiv e , a n d  

a m o u n te d  to  a b o u t  150 v o lts  p e r  m e t r e ;  tw o , h o w e v e r, a t  a b o u t  18h. lm . a n d  

18h. 9m . 30s. w e re  n e g a t iv e  a n d  e q u a l to  a b o u t  60 v o l ts  p e r  m e tre . P o s it iv e  d isc h a rg e s  

e v id e n tly  a lso  o c c u rre d  d u r in g  b o th  th e  s h o r t  p e r io d s  fo r w h ich  th e  sp h e re  w as lo w ered .

T h e  c h a ra c te r is t ic  re c o v e ry  o f  th e  f ie ld  a f te r  b o th  p o s itiv e  a n d  n e g a tiv e  d isc h a rg e s  

is w ell sh o w n . T h e  tw o  p e a ls  o f  th u n d e r  re c o rd e d  p ro b a b ly  b e lo n g  n o t  to  th e  

d is c h a rg e s  im m e d ia te ly  p re c e d in g  th e m  b u t  to  th e  p re v io u s  d isch a rg es . T h e  

d isc h a rg e s  w ere  p ro b a b ly  a t  a  d is ta n c e  o f  20 k m . o r  m o re .

F ig . 10 (A u g u s t  15, 14h. 18m . 20s. to  14h. 30m . 15s.).

A t  14h. 18m . 30s., w h e n  th e  co v e r w as  rem o v e d , th e  p o te n t ia l  g r a d ie n t  w as n e g a 

t iv e  ( =  — 3 600  v o lts  p e r  m e tr e ) .  T h is  n e g a t iv e  p o te n t ia l  g r a d ie n t  h a d  in c re a se d  to  

a b o u t —5000  a t  14h. 19m . 6s. ; a t  th is  m o m e n t th e  n e g a t iv e  fie ld  w as  n e a r ly  

d e s tro y e d  b y  th e  p a ssa g e  o f  a  l ig h tn in g  flash  a t  a  d is ta n c e  o f  4 '1  k m ., th e  su d d e n  

c h a n g e  in  p o te n t ia l  g r a d ie n t  b e in g  + 4 8 0 0 . T h e  five su b s e q u e n t flash es a lso  p ro d u ce d  

p o s itiv e  c h a n g e s  in  th e  p o te n t ia l  g r a d ie n t  ; th e  b e g in n in g  a n d  e n d in g  o f  th e  th u n d e r  

is m a rk e d  on  th e  re c o rd  in  ea ch  case. T h e  m a g n itu d e s  o f  th e  s u d d e n  c h a n g e s  o f  

p o te n t ia l  g r a d ie n t  v a r y  f ro m  3900  ( th e  th i r d  sh o w n  in  th e  fig .) to  14 ,600  v o lts  p e r  

m e tre  ( th e  l a s t ) ; t h e  d is ta n c e s  o f  th e s e  tw o  d is c h a rg e s  w e re  p ra c t ic a lly  th e  sam e, 3 7  

a n d  3 '8  km .

T h e  s t r ik in g  f e a tu re  o f  th is  re c o rd  is th e  a b n o rm a l c h a ra c te r  o f  th e  c u rv e  o f  

re c o v e ry  o f  th e  field  a f t e r  th e  p a ss a g e  o f  e v e ry  d is c h a rg e  e x c e p t th e  l a s t ; in s te a d  o f  

th e  r a t e  o f  re c o v e ry  o f  th e  fie ld  b e in g  m o s t r a p id  im m e d ia te ly  a f te r  th e  d isc h a rg e , i t  

is a t  f i rs t ze ro  o r v e ry  sm a ll a n d  g r a d u a l ly  in c re ases  to  a  m a x im u m , fa llin g  off a g a in  

w ith  th e  in c re a s in g  fie ld  a s  in  th e  n o rm a l ty p e . T h e  la s t  d isc h a rg e  sh o w n  in  fig. 10 

as w ell as  a ll  th e  su b s e q u e n t d is c h a rg e s  o f  th e  re c o rd  o f  w h ich  th is  is a  p a r t  w e re  

fo llo w ed  b y  a  re c o v e ry  o f  t h e  fie ld  o f  th e  n o rm a l ty p e . T h e  re c o v e ry  c u rv e s  fo llo w in g  

th e  d isc h a rg e s  o f  th e  im m e d ia te ly  p re c e d in g  re c o rd  o f  th e  sam e  s to rm  w ere  also  

n o rm a l in  c h a ra c te r .

B a in  b e g a n  a b o u t 14h. 20m ., b ec am e  h e a v y  a b o u t  14h. 25m ., a n d  ceased  a b o u t 

14h. 31m . 30s.

T h e  p o te n t ia l  g r a d ie n t  w as  n e g a t iv e  th r o u g h o u t  th e  p e r io d  co v e re d  b y  fig. 10 u n t i l  

re v e rs e d  b y  th e  la s t  d is c h a rg e  sh o w n . A t  14h. 28m ., w h e n  th e  co v er w as 

m o m e n ta r i ly  rep la ced , th e  p o te n t ia l  g r a d ie n t  w as  -  4800  v o lts  p e r  m e tre . T h e  sm a ll 

h u m p  in  th e  c u rv e  a t  14h. 24m . 45s. is d u e  to  th e  s h ie ld in g  effect o f  a  h o rse  a n d  c a r t  

w h ich  p assed  w ith in  a  few  y a rd s  o f  th e  te s t-p la te .

I n  s p ite  o f  th e  n e g a tiv e  p o te n t ia l  g r a d ie n t ,  w h ic h  w o u ld  te n d  to  p ro d u ce  a n
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io n iz a t io n  c u r r e n t  f ro m  th e  g r o u n d  to  t h e  a tm o s p h e r e ,  t h e  t o t a l  c h a rg e  re c e iv e d  b y  

th e  t e s t - p l a t e  f ro m  th e  a tm o s p h e r e  b e tw e e n  14 h . 18m . 30s. a n d  14 h . 2 8 m . h a s  

b e e n  p o s it iv e  a n d  e q u a l to  t h e  c h a rg e  w h ic h  a  p o te n t i a l  g r a d ie n t  o f  1 7 ,0 0 0  v o lts  p e r  

m e tr e  w o u ld  h a v e  in d u c e d  o n  t h e  e a r th - c o n n e c te d  p la te .  T h e  c h a rg e  c a r r ie d  b y  t h e  

r a in  m u s t  th u s  h a v e  b e e n  p o s i t iv e  a n d  m u s t  h a v e  e x c e e d e d  to  t h e  a b o v e  e x t e n t  th e  

n e g a t iv e  c h a rg e  c a r r ie d  b y  t h e  io n iz a t io n  c u r r e n t .  T h e  g r e a t e r  p a r t  o f  th i s  c h a rg e d  

r a in  h a s  e v id e n t ly  fa lle n  b e tw e e n  14h . 26 m . a n d  14h . 28m .

F ig . 11 ( J u n e  12, 1 917 , 16h . 3 8 m . 40s. to  16h . 5 0 m .).

T h is  is  a  p o r t io n  o f  t h e  se co n d  re c o rd  t a k e n  on  a  s u l t r y  a f te rn o o n  w i th  to w e r in g  

c u m u lu s  in  a l l  d i re c tio n s .  T h e  f i r s t  re c o rd  r a n  fro m  15h. 5 5 m . to  16h . 19m . A  ca p  

w a s  se e n  to  fo rm  o n  t h e  s u m m it  o f  a  la rg e  c u m u lu s  c lo u d  in  t h e  E .N .E .  a t  15 h . 59m ., 

a n d  a n o th e r  o n  o n e  o f  t h e  lo w e r  h e a d s  o f  t h e  sa m e  c lo u d  n o w  in  th e  N .E . ,  a b o u t  

16b . 16m . T h e  p o te n t ia l  g r a d i e n t  th r o u g h o u t  th i s  f i r s t  r e c o rd  w a s  p o s it iv e  a n d  a b o u t  

50 v o l ts  p e r  m e tre . N o  th u n d e r  w a s  h e a r d  a n d  n o  s u d d e n  c h a n g e s  o f  t h e  f ie ld  a r e  

sh o w n  o n  t h e  re c o rd .

T h e  se co n d  re c o rd , o f  w h ic h  fig. 11 is a  p o r t io n  e n la r g e d ,  e x te n d e d  fro m  16h . 27m . 

to  17h . 4m . T h e  la rg e  c u m u lu s  c lo u d  w a s  N . b y  E . w i th  i t s  e d g e  a t  a n  e le v a t io n  o f  

a b o u t  60 d e g re e s  a t  16h . 30m . a n d  d u e  N . a b o u t  16 h . 50m . T h e  p o te n t i a l  g r a d ie n t  

d im in is h e d  fro m  + 4 4  v o lts  p e r  m e tr e  a t  16h . 30m . to  15 a t  16h . 35 m . a n d  th e n  

b ec a m e  n e g a t iv e ,  b e in g  —29 a t  16h . 4 0 m ., — 175 a t  1 6 h . 4 5 m . (a ll  t h e  a b o v e  b e in g  

o ccasio n s  o f  m o m e n ta ry  lo w e r in g  o f  t h e  sp h e re ) ,  a n d  —106 v o l ts  p e r  m e tr e  a t  

16h . 49m . w h e n  th e  s p h e re  w a s  f in a lly  lo w e re d . T h e  f ie ld  w a s  z e ro  a t  1 7 h . 1 4 m ., 

a n d  h a d  b ec o m e  p o s i t iv e  a t  17h . 1 6 m ., w h e n  th e  o b s e rv a t io n s  ceased .

A ll t h e  s u d d e n  c h a n g e s  o f  fie ld  o b se rv e d  w e re  p o s i t i v e ; tw o  o f  18 a n d  14 v o lts  p e r  

m e tre , b o th  d u e  to  f la sh e s  a t  a  d is ta n c e  o f  a b o u t  7 k m ., o c c u rre d  b e fo re  th e  f ie ld  h a d  

b eco m e  n e g a t iv e . T h e  o th e r  tw o  (e q u a l to  120 a n d  32 0  v o l ts  p e r  m e tr e  r e s p e c t iv e ly )  

a r e  sh o w n  in  th e  f i g u r e ; th e y  b o th  sh o w  c h a ra c te r i s t ic  r e c o v e ry  c u r v e s ; in  b o th  cases  

th e  p o te n t ia l  g r a d ie n t  w a s  r e v e r s e d , in  t h e  f i r s t  b y  a  d is c h a rg e  a t  a  d is ta n c e  o f  8*2, 

in  t h e  seco n d  b y  o n e  a t  a  d is ta n c e  o f  a b o u t  7 k m .

T h e  d is c h a rg e  a t  16 h . 45 m . 50s. is a n  in t e r e s t i n g  one . T h e  n e g a t iv e  p o te n t ia l  

g r a d ie n t  h a d  r e a c h e d  a  s te a d y  v a lu e — a b o u t  170 v o l ts  p e r  m e t r e — b e fo re  t h e  p a s sa g e  

o f  th e  d is c h a rg e . T h e  d is c h a rg e — a t  a  d is ta n c e  o f  a b o u t  7 k m .— c a u se d  th e  g r a d ie n t  

to  b eco m e  p o s it iv e  ( =  150 v o lts  p e r  m e t r e ) ; t h e  n e g a t iv e  fie ld  w as  a g a in  re -e s ta b lis h e d , 

p r a c t ic a l ly  e x p o n e n tia l ly ,  a  s te a d y  v a lu e  b e in g  f in a l ly  r e a c h e d  e q u a l to  a b o u t  

105 v o lts  p e r  m e tre . T h e  s p h e re  w a s  b r o u g h t  d o w n  a t  16h. 49m . N o  th u n d e r  w as 

h e a rd  a f te r  th i s  tim e .

I n  P la t e  5 a r e  e n la rg e m e n ts  o f  sm a ll p o r tio n s  o f  so m e o f  th e  tra c e s , sh o w in g  

d e ta i ls  in  th e  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  a s so c ia te d  w ith  l ig h tn in g  d isc h a rg e s . 

I n  each  case th e  t im e  in  se co n d s  is sh o w n , re c k o n e d  fro m  th e  m o m e n t a t  w h ich  th e  

d is c h a rg e , a s  in d ic a te d  b y  th e  re c o rd , b e g a n .

N  2
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T h e  p r in c ip a l  d is c h a rg e  o f  fig. 12 o c c u rre d  on  M a y  29, 1917, a t  a b o u t 

15h. 23m . 1 0 s .;  th e  p ea l o f  th u n d e r  w h ic h  fo llo w ed  b e g a n  2 1 '5s. l a te r  ( in d ic a tin g  a  

d is ta n c e  o f  a b o u t  7 k m .)  a n d  w as  a u d ib le  fo r  a b o u t  20 seconds. T h e  su d d e n  c h a n g e  

p ro d u c e d  in  th e  p o te n t ia l  g r a d ie n t  w as  n e g a t iv e  a n d  e x c e e d e d  1250  v o lts  p e r  m e tre . 

T h e  re c o rd  sh o w s th e  c h a ra c te r is t ic  c u rv e  o f  re c o v e ry  o f  th e  field , in te r r u p te d  a t  

lm . 50s. a f te r  th e  d is c h a rg e  b y  th e  lo w e r in g  o f  th e  sp h e re . T h e  p o s itiv e  field  d u e  

to  th e  c h a rg e  w h ic h  th e  flash  n e u tra l is e d  w as  n e a r ly  c o u n te rb a la n c e d  a t  th e  p lace  

o f  o b se rv a tio n  b y  a  n e g a t iv e  fie ld , so t h a t  th e  r e s u l t a n t  p o te n t ia l  g r a d ie n t  b e fo re  

th e  p a ssa g e  o f  th e  d is c h a rg e  w as  o n ly  a b o u t  + 3 6 0  v o lts  p e r  m e tre .

W h e n  th e  sp h e re  w as  f ir s t ra ise d , a t  15h. 19m . 30s., th e  p o te n t ia l  g r a d ie n t  w as 

p o s it iv e — a b o u t  150 v o lts  p e r  m e tr e — a n d  i t  in c re a se d  u p  to  th e  m o m e n t o f  th e  

p r in c ip a l  d isc h a rg e . T h e re  w e re , h o w e v e r , d u r in g  th i s  tim e , sm a ll su d d e n  c h a n g e s  

o f  p o te n tia l,  so m e p o s itiv e , o th e r s  n e g a t iv e , n o n e  e x c e e d in g  50 v o lts  p e r  m e tre  ; 

th e y  w ere  o b v io u sly  d u e  to  v e ry  d i s t a n t  d i s c h a r g e s ; no  th u n d e r  w as  reco rd ed . 

T h ro u g h o u t  th e  a f te rn o o n  th e r e  w e re  to w e r in g  c u m u lu s  c lo u d s in  a ll d ire c tio n s , r a in  

fa llin g  fro m  som e o f  th e m .

T h e  d isc h a rg e  o f  fig. 13 o c c u r re d  a b o u t  15h . 9m . 30s. on  A u g u s t  15, 1917 . T h e  

sp h e re  w as  lo w e re d  a t  15h . 1 0 m ., t h e  c h a ra c te r i s t ic  c u rv e  o f  re c o v e ry  o f  th e  field  

b e in g  th e re b y  in te r r u p te d .  T h e  p e a l o f  th u n d e r  b e g a n  w h ile  th e  sp h e re  w as  b e in g  

lo w ered , i.e., a b o u t  40 seco n d s a f te r  th e  d i s c h a r g e ; th e  b e g in n in g  is n o t  m a rk e d  

on  th e  reco rd , b u t  th e  d o u b le  d a r k  lin e  in d ic a te s  t h a t  th e  p e a l o f  th u n d e r  e n d e d  

a b o u t  55 seco n d s  a f t e r  th e  d isc h a rg e . T h e  p o te n t ia l  g r a d ie n t  im m e d ia te ly  b e fo re  

t h e  d is c h a rg e  h a d  a  n e g a t iv e  v a lu e  e x c e e d in g  1000  v o lts  p e r  m e tre  ; im m e d ia te ly  

a f te r  th e  d is c h a rg e  th e  p o te n t ia l  w as  p o s it iv e  a n d  e q u a l to  a b o u t  300  v o lts  p e r  

m e tre .

T h e  f i rs t d is c h a rg e  o f  fig. 14 o c c u rre d  a t  13h. 50m . on  J u n e  13, 1917, j u s t  a t  th e  

m o m e n t w h e n  th e  sp h e re  h a d  b e e n  ra is e d  to  i t s  e x p o sed  p o s itio n . T h e  p o te n t ia l  

g r a d ie n t  b e fo re  th e  d is c h a rg e  w a s  n e g a t iv e  ( =  — 690 v o lts  p e r  m e tre ) . T h e  

d isc h a rg e  w as  a  d o u b le  one, c a u s in g  a n  in c re ase  in  th e  n e g a t iv e  p o te n t ia l  g r a d ie n t  

o f m o re  th a n  980 v o lts  p e r  m e tr e , fo llo w ed  b y  a  su d d e n  c h a n g e  o f  th e  o p p o site  

s ig n , w h ich  b r o u g h t  th e  p o te n t ia l  g r a d ie n t  to  w i th in  260  v o lts  p e r  m e tre  o f  i t s  

o r ig in a l v a lu e , th e  t o t a l  d u r a t io n  o f  th e  d o u b le  d isc h a rg e  b e in g  a b o u t  o n e -f if th  o f  a  

second .

T w o o th e r  d o u b le  d is c h a rg e s  o f  a b o u t  th e  sa m e  to ta l  d u r a t io n  w e re  re c o rd e d  a b o u t 

22 seco n d s a n d  87 seco n d s la te r ,  th e  f i r s t  g iv in g  su d d e n  p o te n t ia l  c h a n g es  o f  + 7 0  a n d  

— 30, th e  second  o f  + 1 0 0  a n d  —115 v o l ts  p e r  m e tre . T h e  o th e r  d isc h a rg e s  sh o w n  

in  th e  f ig u re  a re  n o te w o r th y  a s  n o t  b e in g  fo llo w ed  b y  th e  u su a l re c o v e ry  cu rv e .

T h e  n e x t  th r e e  f ig u res  a re  f u r th e r  e x a m p le s  o f  d o u b le  d isc h a rg e  re c o rd s  o f  th e  sam e 

ty p e — i.e., o f  re c o rd s  sh o w in g  th e  o cc u rre n c e  w ith in  a  v e ry  s h o r t  in te rv a l  o f  tim e  

o f  tw o  s u d d e n  c h a n g e s  o f  p o te n t ia l  o f  o p p o s ite  s ig n . T h e y  d iffe r  am o n g  th e m se lv es  

m a in ly  in  th e  r e la t iv e  m a g n itu d e s  o f  th e  tw o  s u d d e n  c h a n g e s  : th e  f i rs t c h a n g e  o f
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g r a d ie n t  b e in g  t h e  g r e a t e r  in  fig . 15, t h e  tw o  b e in g  a p p r o x im a te ly  e q u a l in  fig. 16, a n d  

th e  seco n d  b e in g  th e  g r e a t e r  in  fig. 17 ; in  t h e  l a s t  c a se  t h e  in i t i a l  c h a n g e  is n e g a t iv e ,  

in  th e  tw o  o th e r s  p o s it iv e . T h e  d u r a t io n  o f  t h e  d o u b le  d is c h a rg e  is  a b o u t  o n e - f if th  

o f  a  se co n d  in  fig. 15 , tw o - f i f th s  o f  a  se co n d  in  fig . 16, a n d  tw o - f i f th s  o f  a  se co n d  in  

!?•

D o u b le  d is c h a rg e s  c o n s is t in g  o f  tw o  su c c e ss iv e  s u d d e n  c h a n g e s  o f  p o te n t ia l  

g r a d ie n t  o f  t h e  sa m e  s ig n  a r e  a lso  n o t  u n c o m m o n . A  s t r i k in g  e x a m p le  is t h a t  o f  

t h e  l a s t  d is c h a rg e  s h o w n  in  fig. 3, w h e re  a  s u d d e n  p o s it iv e  c h a n g e  o f  p o te n t ia l  

o f  8 4 0  v o lts  p e r  m e tr e  is  fo llo w e d  2*4 se c o n d s  l a t e r  b y  a  se co n d  c h a n g e  o f  t h e  sa m e  

s ig n  a m o u n t in g  to  8 7 0  v o l ts  p e r  m e tr e .  T h e  d is c h a r g e  a t  1 4 h . 12m . 50s. ( in  t h e  sa m e  

fig. 3 ) w a s  a lso  r e a l ly  a  d o u b le  o n e  o f  t h i s  ty p e ,  t h e  in te r v a l  b e tw e e n  t h e  tw o  

c o m p o n e n ts  o f  m a g n i tu d e s ,  22 0  a n d  130  v o l t s  p e r  m e tr e ,  b e in g  a b o u t  o n e - f if th  o f  a  

se co n d .

W h a t  h a v e  b e e n  c a lle d  a b o v e  d o u b le  d is c h a rg e s ,  i t  s h o u ld  b e  n o te d ,  a r e  n o t  

n e c e s s a r ily  d is c h a rg e s  a lo n g  th e  sa m e  t r a c k  o r  e v e n  fro m  th e  sa m e  th u n d e r - c lo u d  ; i t  

m a y  o f te n  b e  o b se rv e d  t h a t  l i g h tn in g  f la sh e s  f ro m  tw o  d if fe re n t  c e n tr e s  o c c u r  a lm o s t  

s im u lta n e o u s ly .

I n  t h e  l a s t  t h r e e  f ig u re s  o f  P l a t e  5 a r e  r e p ro d u c e d  e n la r g e m e n ts  o f  r e c o rd s  o f  

m u lt ip le  d is c h a rg e s , i.e., o f  re c o rd s  sh o w in g  a  r a p id  su c c ess io n  o f  c h a n g e s  o

g r a d ie n t  o f  o p p o s i te  s ig n . T h e s e  w e r e  a l l  o b ta in e d  d u r in g  t h e  sa m e  th u n d e r s to r m ,  

t h a t  o f  t h e  a f te rn o o n  o f  J u n e  16, 1917 . T h e  f i r s t  sh o w s  s u d d e n  c h a n g e s  o f  p o te n t ia l  

g r a d ie n t  o f  —9 6 0 0 , + 4 3 5 0  a n d  — 1 5 0 0  v o l ts  p e r  m e tr e ,  t h e  in te r v a l s  b e tw e e n  t h e  

r e v e r s a ls  b e in g  a b o u t  o n e - th i r d  o f  a  seco n d . T h e  se c o n d  sh o w s  s u d d e n  c h a n g e s  o f  

p o te n t ia l  g r a d ia n t  a m o u n t in g  to  —7 1 0 0 , + 1 7 0 0 ,  — 1700, + 3 0 0 ,  —1 9 0 0 , + 7 0 0 ,  —600 , 

+ 1 0 0 0 , t h e  t o t a l  t im e  o cc u p ie d  b y  t h e  e ig h t  r e v e r s a ls  b e in g  2 '1  se co n d s . I n  t h e  t h i r d  

th e  c h a n g e s  o f  p o te n t ia l  g r a d ie n t  a r e  —1 6 0 0 , + 9 0 0 ,  — 1 6 0 0 , + 1 2 0 0 ,  + 7 0 0 ,  —7 0 0  v o lts  

p e r  m e tre ,  t h e  t o t a l  d u r a t io n  b e in g  1*9 se co n d s.

I I I .  On the Prevailing Sign o f the Sudden Changes Produced in the Potentia

Gradient by Lightning Flashes.

T h e  s u d d e n  c h a n g e s  p ro d u c e d  in  t h e  p o te n t ia l  g r a d ie n t  a t  t h e  p la c e  o f  o b s e rv a t io n  

b y  th e  p a s sa g e  o f  l ig h tn in g  d is c h a rg e s  h a v e  b e e n  m o re  o f te n  p o s i tiv e  t h a n  n e g a t iv e ,  

i.e., t h e  g r e a t e r  n u m b e r  h a v e  c o n s is te d  in  a  s u d d e n  in c re a se  o f  a  p re v io u s ly  e x is t in g  

p o s it iv e  p o te n t ia l  g r a d ie n t  o r  a  d im in u tio n  o r  r e v e r s a l  o f  a  p re v io u s ly  e x is t in g  

n e g a t iv e  g r a d i e n t ; in  o th e r  w o rd s  th e y  m ig h t  b e  e x p la in e d  a s  b e in g  d u e  to  th e  

d is c h a rg e  o f  a  n e g a t iv e ly  c h a rg e d  c lo u d . D is c h a rg e s  p ro d u c in g  su c h  a  p o s it iv e  

c h a n g e  o f  p o te n t ia l  g r a d ie n t  a re  c a lle d  in  w h a t  fo llo w s p o s it iv e  d is c h a rg e s .

T h e  n u m b e r  o f  p o s it iv e  d is c h a rg e s  re c o rd e d  in  1917  w as  4 3 2 , o f  n e g a t iv e  d isc h a rg e s  

279 . I f  t h e  o b s e rv a tio n s  o f  1 914  a n d  1915  a re  in c lu d e d , th e  n u m b e rs  a r e  528 a n d  

336 , th e  r a t io  b e in g  1 '56 . O f  t h e  t e n  d a y s  o f  th u n d e r  o n  w h ich  re c o rd s  w e re  

o b ta in e d  in  1917, th e r e  w e re  n in e  o n  w h ic h  m o re  p o s i tiv e  th a n  n e g a t iv e  d is c h a rg e s
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w ere  re c o rd e d  ; on  th e  r e m a in in g  d a y , h o w e v e r  ( J u n e  16) a b o u t tw ic e  a s  m a n y  

n e g a t iv e  a s  p o s itiv e  d is c h a rg e s  w e re  re c o rd e d  (74  n e g a tiv e , 38 p o s itiv e ) . I t  is 

p e rh a p s  n a tu r a l  to  a s so c ia te  th e  ex cess  o f  p o s itiv e  o v e r  n e g a t iv e  d isc h a rg e s  w ith  t h e  

ex cess  o f  p o s i tiv e  e le c t r ic i ty  f o u n d  b y  Sim ps o n * a n d  o th e rs  to  b e  c a rr ie d  d o w n  in  

ra in , th e  g r e a te r  p a r t  o f  th e  c h a rg e  t r a n s f e r r e d  fro m  th e  a tm o s p h e re  to  th e  e a r th  b y  

th e  r a in  o f  th e  th u n d e r s to rm  b e in g  p e rh a p s  r e tu r n e d  in  l ig h tn in g  d isc h a rg es . (S ee  

h o w e v e r  S e c tio n s  X IX . a n d  X X .)

IV . Magnitude of the Changes Produced in the Electric Field by Lightning 

Discharges at Different Distances.

T h e  a p p ro x im a te  d is ta n c e  o f  e a c h  l ig h tn in g  flash  w h ic h  c a u se d  a  d is tu rb a n c e  on 

th e  p h o to g ra p h ic  t r a c e  w as, w h en  p o ssib le , d e te rm in e d  b y  o b se rv in g  th e  t im e  in te rv a l  

b e tw e e n  th e  d is c h a rg e  a n d  th e  th u n d e r  a s so c ia te d  w ith  it . T h e  b e g in n in g  o f  each

2 0 . 0 0 0

1 0 .00 0

10.000

D I S T A N C E  I N  K I L O M E T R E S

S im ps o n , ‘ P h il .  T r a n s . ,’ A , v o l .  2 0 9 , p . 3 7 9 , 1 9 0 9 .
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p e a l  o f  th u n d e r  h e a rd  w a s  m a rk e d  o n  t h e  t r a c e  b y  m o m e n ta r i ly  c u t t i n g  o ff t h e  l ig h t  

a s  d e s c r ib e d  in  S e c t io n  I . I t  w a s  b y  no  m e a n s  a lw a y s  p o ss ib le  to  b e  c e r t a in  w h ic h  

p e a l o f  t h u n d e r  r e c o rd e d  w a s  c a u s e d  b y  t h e  l ig h t n in g  d is c h a rg e  re s p o n s ib le  fo r  a  

g iv e n  s u d d e n  d is tu r b a n c e  o f  t h e  f i e l d ; w h e n  th e  s to r m  w a s  a  d i s t a n t  o n e  w ith  v e r y  

f r e q u e n t  l ig h tn in g  f la sh e s  t h e r e  m ig h t  b e  s e v e ra l  s u b s e q u e n t  d is c h a r g e s  b e tw e e n  th e  

p a s s a g e  o f  a  f lash  a n d  t h e  a r r iv a l  o f  t h e  so u n d  o f  i t s  th u n d e r .  T h e re  a p p e a r e d  to  b e  

no  a m b ig u i ty  in  th e  ca se  o f  a b o u t  120  d is c h a rg e s  r e c o rd e d  in  1917  ; t h e  a p p r o x im a te  

d is ta n c e  L  o f  e a c h  o f  th e s e  d is c h a rg e s  a n d  t h e  s ig n  a n d  m a g n i tu d e  o f  t h e  r e s u l t in g  

s u d d e n  c h a n g e  o f  f ie ld  F  a r e  sh o w n  in  fig. 2, w h ic h  in c lu d e s  a lso  t h e  e y e  o b s e rv a t io n s  

o f  1 914  a n d  1915 . W h e n  th e  r e c o rd s  sh o w  tw o  o r  m o re  s u d d e n  c h a n g e s  o f  f ie ld  

w i th in  a  f r a c t io n  o f  a  se co n d  i t  is t h e  l a r g e s t  o f  th e s e  w h ic h  is  r e c o rd e d  in  f ig . 2 ;  i t  

w as  c o n s id e re d  t h a t  i f  t h e  c o m p o n e n t d is c h a rg e s  o f  t h e  m u l t ip le  f lash  w e re  n o t  a l l  a t  

t h e  sa m e  d is ta n c e , th e  o n e  w h ic h  p ro d u c e d  t h e  l a r g e s t  e ffec t w a s  l ik e ly  to  b e  th e  

n e a re s t ,  a n d  th e r e f o r e  t h a t  o f  w h ic h  t h e  d is ta n c e  w a s  d e d u c e d  f ro m  th e  in te r v a l  

e la p s in g  b e tw e e n  t h e  d is c h a rg e  a n d  t h e  b e g in n in g  o f  t h e  th u n d e r .

V . Effects to be Expected from  Different Kinds o f Discharges at Different

Distances.

A  l ig h tn in g  flash  m a y  c o n s is t in  th e  p a s s a g e  o f  a  c h a rg e  Q  fro m  a  c e r ta in  r e g io n  A  

o f  t h e  a tm o s p h e re  to  e a r th ,  o r  f ro m  a  re g io n  A j to  a n o th e r  A 2 b o th  in  th e  

a tm o s p h e r e ; A1 a n d  A 2 m a y  b e  in  t h e  u p p e r  a n d  lo w e r  p a r t s  o f  th e  sa m e  th u n

c lo u d  w ith  t h e i r  c e n tr e s  n e a r  t h e  sa m e  v e r t ic a l  Jine, o r  t h e y  m a y  b e  a t  a  c o n s id e ra b le  

h o r iz o n ta l d is ta n c e  a p a r t .

L e t  a  c h a rg e  Q  d e r iv e d  fro m  a  c e r t a in  re g io n  A  o f  t h e  a tm o s p h e r e  p a s s  to  e a r th .  

T h e  c h a n g e  in  th e  e le c tr ic  f ie ld  m a y  b e  c o n s id e re d  a s  d u e  to  th e  re m o v a l o f  th e  c h a rg e  

Q  fro m  A  a n d  o f  a n  e q u a l a n d  o p p o s i te  c h a rg e  — Q  fro m  A' t h e  im a g e  o f  A . J u s t  a s  

fo r  m a n y  p u rp o se s  no  se n s ib le  e r r o r  is m a d e  b y  a s s u m in g  th e  m a g n e tis m  o f  a  b a r  

m a g n e t  to  b e  c o n c e n tr a te d  a t  tw o  d e f in ite  p o in ts ,  t h e  p o le s  o f  th e  m a g n e t ,  so in  th e  

p r e s e n t  case  th e  c h a rg e s  Q  a n d  — Q  m a y  b e  r e g a r d e d  a s  b e in g  c o n c e n tr a te d  a t  tw o  

p o in ts  p  a n d  p'. T h e s e  p o in ts  a re  s i t u a te d  a t  a  h e ig h t  H  a b o v e  a n d  a t  a n  e q u a l 

d e p th  b e lo w  th e  su r fa c e  o f  th e  g ro u n d , su c h  t h a t  2 Q H  =  2 = M , th e  e le c tr ic

m o m e n t o f  t h e  d is c h a rg e  q b e in g  t h e  c h a rg e  d e r iv e d  fro m  a  sm a ll e le m e n t  o f  

v o lu m e  a t  a  h e ig h t  h. I n  c a lc u la t in g  th e  c h a n g e  p ro d u c e d  in  t h e  e le c tr ic  fie ld  a t  

d i s t a n t  p o in ts  b y  th e  p a s sa g e  o f  th e  d is c h a rg e , no  se n s ib le  e r ro r  w ill  be  m a d e  b y  

m a k in g  th is  s u b s t i tu t io n ,  a n d  e v e n  a t  p o in ts  a t  no  g r e a t  d is ta n c e  f ro m  th e  a x is  pp \  th e  

e r ro r  w ill b e  sm a ll i f  th e r e  h a s  b e e n  a n y  a p p ro x im a tio n  to  a  s y m m e tr ic a l d is t r ib u t io n  

o f  th e  c h a rg e  in  a  s p h e re  s u r ro u n d in g  p.

*  I n  th e  p r e s e n t  p a p e r  2 qh,no t  qh a s  in  th e  p r e v i

d is c h a r g e  o f a  q u a n t i ty  q fro m  a  h e ig h t  h to  e a r th , th e  m o m e n t  w ith  w h ic h  w e  a re  c o n c e r n e d  b e in g  t h a t  

o f c h a r g e  qat  a h e ig h t  h to g e t h e r  w ith  th a t  o f  i t s  im a g e  a t  a h e ig h t  -
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T h e  v e r t ic a l  e le c tr ic  fo rce  a t  a  p o in t on  th e  g ro u n d  is  g iv e n  b y

2 Q H

1/1 +
H 2\ l

2Q

1 +  L +
H 2

b ec o m in g  a n d  w h e n  L  is la rg e  a n d  sm a ll re sp e c tiv e ly  c o m p ared  w ith  H  

w h e re  L  is th e  d is ta n c e  o f  th e  p o in t f ro m  th e  a x is  T h e  c u rv e  I  in  fig. 3 r e p re s e n ts

3 6 0 . 0 0 0

2 7 0 , 0 0 0

1 8 0 , 0 0 0

9 0 , 0 0 0

k i lo m e h c e s
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th e  p o te n t ia l  g r a d ie n t  a t  t h e  e a r t h ’s s u r fa c e  a t  d if f e re n t  d is ta n c e s  d u e  to  a  c h a rg e  Q  

su p p o se d  c o n c e n tr a te d  a t  a  p o in t  a t  a  h e ig h t  o f  2 k m . : i t  r e p r e s e n ts  th e  

c h a n g e  p ro d u c e d  in  t h e  p o te n t ia l  g r a d ie n t  b y  t h e  d is c h a rg e  o f  20 c o u lo m b s  fro m  a 

h e ig h t  o f  2 k m . to  e a r th .  T h e  c u rv e  I I .  r e p r e s e n ts  s im ila r ly  t h e  p o te n t ia l  g r a d ie n ts  

d u e  to  th e  sa m e  c h a rg e  a t  a  h e ig h t  o f  o n ly  1 k m . T h e  d iffe re n c e  b e tw e e n  th e  

o r d in a te s  o f  t h e  tw o  c u rv e s  ( c u rv e  I I I . ) ,  r e p r e s e n ts  t h e  c h a n g e  o f  p o te n t ia l  g r a d ie n t  

p ro d u c e d  b y  a  v e r t ic a l  d is c h a rg e  o f  t h e  q u a n t i t y  Q  fro m  a  h e i g h t  o f  2 k m . to  a  h e ig h t  

o f  1 k m . T h e  s ig n  o f  t h e  e ffe c t is r e v e r s e d  a t  a  c e r t a in  d is ta n c e ,  t h e  v e r t i c a l  e le c t r ic  

fo rc e  a t  t h e  su r fa c e  o f  t h e  g r o u n d  b e in g , fo r  a  g iv e n  c h a rg e  Q  a t  t h e  lo w e r  lev e l, 

g r e a t e r  t h a n  fo r  t h e  sa m e  c h a rg e  a t  t h e  h ig h e r  le v e l w h e n  t h e  d is ta n c e  is sm a ll, b u t  

le ss  w h e n  th e  d is ta n c e  is  g r e a t .

F o r  a  v e r t ic a l  d is c h a rg e  f ro m  a  h e ig h t  H 2 to  a  h e ig h t  H „  F , w h e n  L  is la rg e , 

b eco m es e q u a l to  2Q  ( H 2—H ^ / L 3, so  t h a t  F L 3 =  2 Q ( H 2—H j)  w h ic h  m a y  b e  d e f in e d  

a s  t h e  e le c t r ic  m o m e n t o f  su c h  a  d is c h a rg e . T h u s  w h e n  L  is la rg e  F L 3 is  e q u a l  to  

th e  e le c tr ic  m o m e n t o f  t h e  d is c h a rg e  w h e th e r  th i s  re a c h e s  t h e  e a r t h  o r  n o t.

T h e  e ffec ts  a t  d if fe re n t  d is ta n c e s  o f  v a r io u s  k in d s  o f  d o u b le  d is c h a rg e  a r e  a lso  

r e a d i ly  o b ta in e d  fro m  in s p e c tio n  o f  th e  tw o  in te r s e c t in g  c u rv e s  o f  fig. 3. F o r  e x a m p le , 

a  d is c h a rg e  f ro m  a  h e ig h t  o f  2 k m . to  a  h e ig h t  o f  1 k m ., fo llo w ed  b y  a n  e q u a l 

d is c h a rg e  f ro m  th e  lo w e r  le v e l to  e a r th ,  w o u ld  p ro d u c e  a t  t h e  s u r fa c e  o f  t h e  g r o u n d  

tw o  su cc ess iv e  s u d d e n  c h a n g e s  o f  p o te n t i a l  o f  t h e  sa m e  o r  o f  o p p o s i te  s ig n  a c c o rd in g  

a s  th e  d is ta n c e  e x c e e d e d  o r  fe ll  s h o r t  o f  th e  a b o v e  lim it.  A g a in  i f  w e  c o n s id e r  a  

th u n d e r - c lo u d  o f  w h ic h  t h e  u p p e r  a n d  lo w e r  p a r t s  a r e  o p p o s i te ly  c h a rg e d , a n d  su p p o se  

t h a t  a  d is c h a rg e  b e tw e e n  t h e  to p  o f  t h e  c lo u d  a n d  t h e  g r o u n d  is fo llo w ed  b y  o n e  

b e tw e e n  th e  g ro u n d  a n d  t h e  b o t to m  o f  t h e  c lo u d , t h e  tw o  su c c ess iv e  s u d d e n  c h a n g e s  

o f  p o te n t ia l  g r a d ie n t  w o u ld  b e  o f  o p p o s ite  s ig n , b u t  t h e i r  r e la t iv e  m a g n i tu d e  w o u ld  

d e p e n d  on  t h e  d is ta n c e  o f  t h e  p la c e  o f  o b s e rv a t io n  fro m  th e  d i s c h a r g e s ; a t  g r e a t  

d is ta n c e s  t h e  lo n g e r  d is c h a rg e , a t  sm a ll d is ta n c e s  t h e  s h o r te r  w o u ld  p ro d u c e  th e  

la r g e r  s u d d e n  c h a n g e  o f  p o te n t ia l  g r a d i e n t ; w h ile  a t  so m e in te rm e d ia te  d is ta n c e  th e  

tw o  e ffec ts  w o u ld  b e  o f  e q u a l m a g n i tu d e .  T h e  v a r io u s  ty p e s  o f  d o u b le  d is c h a rg e  

re c o rd s  sh o w n  in  P l a t e  5 m a y  p e rh a p s  b e  e x p la in e d  in  th i s  w a y ; a  g iv e n  ty p e  o f  

d o u b le  d is c h a rg e  g iv in g  a  c o n s id e ra b le  v a r i e ty  o f  e ffec ts  on  th e  t r a c e  a c c o rd in g  to  i t s  

d is ta n c e  f ro m  th e  r e c o rd in g  in s t r u m e n t .

I f  t h e  e ffec ts  o f  in d iv id u a l  d is c h a rg e s  co u ld  s im u lta n e o u s ly  b e  r e c o rd e d  a t  s e v e ra l 

s u i ta b le  d is t r ib u te d  s ta t io n s ,  w e  sh o u ld  b e  a b le  to  le a r n  m u c h  a b o u t  t h e  q u a n t i t i e s  o f  

e le c t r ic i ty  w h ich  p a ss  a n d  a b o u t  th e  in it ia l a n d  fin a l d is t r ib u t io n  o f  c h a rg e s . I t  is 

e sp e c ia lly  u s e fu l to  h a v e  m e a s u re m e n ts  o f  t h e  c h a n g e  o f  f ie ld  ( l )  a t  p o in ts  a t  a  

c o n s id e rab le  d is ta n c e  f ro m  a  d is c h a rg e , s in ce  t h e  e le c tr ic  m o m e n t 2 Q H  o r  

2Q  ( H 2—H j)  m a y  a t  o n ce  b e  d e d u c e d , a n d  a lso  (2) fo r p o in ts  n e a r ly  b e lo w  th e  c e n tre s  o f  

th e  re g io n s  d isc h a rg e d , w h e re , in  th e  case  o f  d is c h a rg e s  to  e a r th ,  F  a p p ro x im a te s  to  i t s  

m a x im u m  v a lu e  2 Q /H 2. K n o w in g  b o th  2 Q /H 2 a n d  2 Q H  w e o b ta in  b o th  Q  a n d  H .

W h e n  a  s in g le  s ta t io n  o n ly  is a v a ila b le  w e h a v e  to  b e  c o n te n t  w i th  a t t e m p t in g  to

VOL. c o x x i .  —  A. o
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le a rn  so m e th in g  a b o u t  th e  a v e ra g e  l ig h tn in g  d is c h a rg e  b y  a c c u m u la tin g  m e a su re m e n ts  

o f  th e  effec ts p ro d u c e d  b y  d isc h a rg e s  a t  v a r io u s  d is ta n c e s .

V I. Electric Moments o f the Discharges.

F o r  ea ch  d is c h a rg e  re c o rd e d  in  fig. 2, F L 3, th e  p ro d u c t  o f  th e  v e r tic a l e le c tr ic  fo rce  

a n d  th e  cu b e  o f  th e  d is ta n c e  o f  th e  d isc h a rg e , h a s  b een  c a lc u la te d . T h is  p ro d u c t,  

w h e n  th e  q u a n t i t ie s  a re  e x p re s se d  in  e le c t ro s ta t ic  C .G .S . u n its ,  m a y  b e  ta k e n  a s  g iv in g  

a  lo w er  lim it  fo r th e  e le c tr ic  m o m e n t 2 'Zqh =  2 Q H , o r

to  i t  w h e n  L  is la rg e  c o m p a re d  w ith  H .

T h e  m e a n  v a lu e  o f  F L 3 fo r th e  78 p o s itiv e  f lash es  fo r  w h ic h  L  co u ld  be d e te rm in e d  

in  th e  1917 re c o rd s  is 7*3 x 105 in  v o l ts  p e r  m e tr e  x k ilo m e tre s 3 ; fo r  th e  46 n e g a tiv e  

flash es  th e  m e a n  v a lu e  o b ta in e d  is id e n tic a l w i th  t h a t  fo u n d  fo r th e  p o s itiv e . W e  

m a y  ta k e  th i s  v a lu e  ( th e  e q u iv a le n t  o f  2*4 x 1016 E .S .U . x c e n tim e tre s , o r  a b o u t 

80 co u lo m b -k m .) a s  a  m in im u m  e s t im a te  o f  th e  a v e ra g e  e le c tr ic  m o m e n t o f  th e  

l ig h tn in g  d isc h a rg e s .

T h e  o b s e rv a tio n s  o f  1917 g iv e  v a lu e s  o f  F L 3 r a n g in g  b e tw e e n  l /2 0  a n d  5 tim e s  th e  

m e a n ; b u t  in  m o re  th a n  h a l f  t h e  d is c h a rg e s  fo r  w h ic h  th e  n ec e ssa ry  d a t a  a r e  

a v a ila b le  F L 3 lie s  b e tw e e n  o n e  h a l f  a n d  tw ic e  th is  m e a n  v a lu e . S om e o f  th e  ey e  

o b se rv a t io n s  m a d e  p re v io u s ly  to  1917 le a d  to  h ig h e r  v a lu e s , r e a c h in g  in  o n e  case  te n  

tim e s  th e  a b o v e  m ean .

I n  T a b le  I. a re  g iv e n  th e  m e a n  v a lu e s  o f  F L 3 fo r p o s itiv e  a n d  fo r n e g a t iv e  

d is c h a rg e s  a t  d is ta n c e s  ( l )  b e low  5 k m ., (2 ) b e tw e e n  5 a n d  10 k m ., a n d  (3) e x c e e d in g  

10 k m . T h e  n u m b e r  o f  o b se rv a t io n s  u se d  in  g e t t i n g  th e  m e an s  is in  ea ch  case  

in s e r te d  in  b ra c k e ts .  F L 3 is g iv e n  in  v o lts  p e r  m e tre  x k ilo m e tr e s 3 x 105.

Ta b l e  I.

1 9 1 7  o n ly  . .

1914-1

1 9 1 5  }. . . 

1 9 1 7  J

B e lo w  5 k m . 5 - 1 0  k m . A b o v e  10  k m .

P o s i t i v e . N e g a t iv e . P o s it iv e . N e g a t iv e . P o s it iv e . N e g a t iv e .

4 - 5  (1 7 )  

3 - 7  (3 7 )

3 •7 (8) 

3 - 7  (8 )

6 -  0  (3 2 )

7 -  4 ( 4 8 )

8 - 2  (2 9 )  

7 - 8  (3 3 )

1 1 - 8  (2 9 )  

1 4 - 6  (3 8 )

9 * 5  (8 )  

1 5 - 5  (1 5 )

T h e  m e an  v a lu e s  o f  F L 3 a re  n o t a p p re c ia b ly  d iffe re n t fo r p o s itiv e  a n d  n e g a tiv e  

d isc h a rg es .

F o r  d is c h a rg e s  a t  d is ta n c e s  b e tw e e n  10 a n d  15 k m ., th e  m e an  v a lu e  o f  F L 3 fo r th e  

24 p o s itiv e  d isc h a rg e s  o f  1917 is 10 '8  x 105 ; i f  th e  5 d isc h a rg es  o f  p rev io u s  y e a rs
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a re  in c lu d e d  th e  m e a n  is 1 1 ‘8 x 1 0 5 v o l ts  p e r  m e tr e  x k i lo m e tr e s 3. D a t a  fo r  n e g a t iv e  

d is c h a rg e s  b e tw e e n  10 a n d  15 k m . a r e  a lm o s t  la c k in g .

T h e s e  n u m b e rs  le a v e  l i t t l e  ro o m  fo r  d o u b t  a s  to  t h e  o r d e r  o f  m a g n i tu d e  o f  th e  

a v e ra g e  e le c tr ic  m o m e n ts  o f  t h e  d is c h a rg e s .  D is ta n c e s  b e lo w  5 k m . a r e  to o  sm a ll in  

c o m p a r iso n  w i th  t h e  p ro b a b le  l e n g th s  o f  th e  d is c h a rg e s  fo r  F L 3 to  se rv e  a s  a  m e a su re  

o f  th e  e le c t r ic  m o m e n t.  W e  m a y  a s su m e  t h a t  t h e  v a lu e  o f  F L 3 fo r  a  d is c h a rg e  a t  a  

d is ta n c e  o f  10 k m . o r  m o re  a p p r o x im a te s  to  i t s  e le c t r ic  m o m e n t.  T h e  m e a n  v a lu e  o f  

th e  e le c t r ic  m o m e n t fo r  b o th  p o s it iv e  a n d  n e g a t iv e  d is c h a rg e s  m a y  b e  t a k e n  a s  n o t  

d if fe r in g  m u c h  fro m  106 in  v o l ts  p e r  m e tr e  x k i lo m e tr e s 3 =  3 x 1016 E .S .U . x c e n t im e tr e s  

o r  a b o u t  100  c o u lo m b -k m .

H ig h e r  v a lu e s  fo r  th e  m e a n  e le c tr ic  m o m e n t a r e  o b ta in e d , a s  is e v id e n t  f ro m  T a b le  I . ,  

i f  th e  d a t a  f ro m  d is c h a rg e s  a t  g r e a t e r  d is ta n c e s  t h a n  15 k m . a r e  u se d . T h e  re c o rd s  

o f  d is c h a rg e s  a t  g r e a t  d is ta n c e s  m a y  p o ss ib ly  g iv e  d is p r o p o r t io n a te ly  la rg e  v a lu e s  fo r  

th e  m e a n  e le c t r ic  m o m e n t fo r  tw o  r e a s o n s :  ( l )  b e c a u s e  a t  th e s e  d is ta n c e s  d is c h a rg e s  

o f  sm a ll e le c tr ic  m o m e n t a r e  u n r e c o r d e d  o n  a c c o u n t  o f  th e  sm a ll m a g n i tu d e  o f  th e  

c h a rg e s  o f  p o te n t ia l  g r a d ie n t  p ro d u c e d  b y  th e m  ; a n d  (2 )  b e c a u s e  i t  is o n ly  a t  g r e a t  

d is ta n c e s  t h a t  d is c h a rg e s ,  w h ic h  d o  n o t  r e a c h  t h e  e a r t h  a n d  w h ic h  m a y  b e  o f  g r e a t  

v e r t ic a l  le n g th  a n d  h a v e  la rg e  e le c t r ic  m o m e n ts ,  p ro d u c e  e ffec ts  p r o p o r t io n a l  to  th e i r  

m o m e n ts .  T h e  s ig n  o f  th e  e ffec t o f  su c h  d is c h a rg e s  is in  f a c t  r e v e r s e d  a t  sm a ll 

d is ta n c e s , a n d  th e  m a g n i tu d e  o f  t h e  s u d d e n  c h a n g e  o f  p o te n t ia l  g r a d ie n t  p ro d u c e d  

b ec o m es  m o re  n e a r ly  p r o p o r t io n a l  to  th e  h e ig h t  o f  t h e  lo w er  e n d  o f  th e  d is c h a rg e  

th a n  to  i t s  v e r t ic a l  l e n g th  (fig . 3).

S o m e  a d d i t io n s  to  t h e  d a t a  o f  T a b le  I . w e re  f u rn is h e d  b y  t h e  s to r m  o f  J u n e  17, 

1917 , in  w h ic h  t h e  d is ta n c e  a n d  f r e q u e n c y  o f  t h e  f la sh e s  w e re  to o  g r e a t  to  a d m it  o f  

th e  d is ta n c e s  o f  th e  in d iv id u a l  d is c h a rg e s  b e in g  e s t im a te d .  T h e re  w as  in  th i s  case  

(see  p. 80) in d e p e n d e n t  e v id e n c e  a s  to  th e  a p p r o x im a te  d is ta n c e  o f  th e  s to r m  w h e n  

th e  t r a c e  c o n ta in in g  re c o rd s  o f  95 p o s it iv e  a n d  40  n e g a t iv e  d is c h a rg e s  w i th in  10 

m in u te s  w as  o b ta in e d . A ss u m in g  th e  d is ta n c e  o f  t h e  d is c h a rg e s  to  h a v e  b e e n  17 k m . 

w e o b ta in  fo r  th e  m e a n  v a lu e  o f  F L 3, in  v o l ts  p e r  m e tr e  x k i lo m e tr e s 3, 5*8 x 105 fo r  th e  

95 p o s i tiv e  d is c h a rg e s  a n d  3 ’9 x l 0 5 fo r  th e  40  n e g a t iv e ,  c o r re s p o n d in g  to  e le c tr ic  

m o m e n ts  2 Q H  o f  1*9 x l O 16 E .S .U . x c e n t im e tr e s  =  63 c o u lo m b -k m . a n d  1*3 x 1016 

E .S .U . x c e n t im e tr e s  =  43 c o u lo m b -k m . re s p e c t iv e ly . T h e  d is c h a rg e s  w e re  o b se rv e d  to  

b e  a p p ro x im a te ly  v e r t ic a l  a n d  to  p a ss  b e tw e e n  th e  b a se  o f  th e  c lo u d  a n d  t h e  e a r th .

V I I .  Quantity o f Electricity Discharged in an Average Lightning Flash.

W h e n  th e  e le c tr ic  m o m e n t o f  a  d is c h a rg e  is k n o w n , th e  o rd e r  o f  m a g n i tu d e  o f  th e  

q u a n t i ty  o f  e le c t r ic i ty  w h ic h  p asses  in  th e  d is c h a rg e  m a y  b e  r o u g h ly  e s t im a te d . W e  

m a y  a ssu m e  t h a t  th e  a v e ra g e  v e r t ic a l  l e n g th  o f  a n y  o rd in a r y  d is c h a rg e  is lik e ly  to  b e  

b e tw e e n  1 a n d  5 km . T h u s  i f  th e  a v e ra g e  e le c tr ic  m o m e n t 2 Q H  is 100 co u lo m b -k m ., 

w e m a y  e s t im a te  th e  a v e ra g e  q u a n t i ty  d is c h a rg e d  in  a  fla sh  a s  b e in g  b e tw e e n  10 

a n d  50 cou lom bs.

o  2
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W e  g e t  som e f u r th e r  in fo rm a tio n  a b o u t  th e  d isc h a rg e s  b y  c o n s id e r in g  th e  w a y  in  

w h ich  F  v a r ie s  w ith  L  (fig. 2). T h e  c h a rg e  w h ich  feed s  a  l ig h tn in g  flash  is e v id e n tly  

n o t  g e n e ra lly  d e r iv e d  fro m  a  w id e ly  e x te n d e d  h o r iz o n ta l sh e e t, as is sh o w n  b y  th e  

ra p id  fa ll in g  off in  F  a t  c o m p a ra tiv e ly  s h o r t  d is ta n c e s  f ro m  th e  d isc h a rg e .

T h e  c u rv e  sh o w n  in  fig. 2 r e p re s e n ts  th e  r e la t io n  w h ich  w o u ld  h o ld  b e tw e e n  F  

a n d  L  in  th e  case  o f  th e  d isc h a rg e  o f  20  co u lo m b s to  e a r th  f ro m  a  p o in t a t  a  h e ig h t  o f  

2 km . ; th e  c h a rg e  m a y  be c o n s id e red  to  h a v e  b e e n  d is t r ib u te d  sy m m e tr ic a l ly  w ith in  

a  sp h e re  a ro u n d  th is  p o in t. T h e  c u rv e  r e p re s e n ts  th e  m e a n  o f  th e  o b se rv a tio n s  fa ir ly  

w ell, e x c e p t in  th e  case  o f  d is c h a rg e s  a t  g r e a t  d is ta n c e s .

T h e  a v e ra g e  m a g n itu d e  o f  th e  su d d e n  c h a n g e  o f  fie ld  p ro d u ce d  b y  l ig h tn in g  

d isc h a rg e s  a t  a n y  d is ta n c e  m a y  h e  r o u g h ly  c a lc u la te d  b y  a s su m in g  t h a t  th e  a v e ra g e  

l ig h tn in g  flash  c o n s is ts  o f  a  d is c h a rg e  o f  20 co u lo m b s to  e a r th  from  a h e ig h t  o f  2 k m .

T h e  a v e ra g e  c h a n g e  p ro d u c e d  in  th e  p o te n t ia l  g r a d ie n t  b y  a  d is c h a rg e  a t  a  d is ta n c e  

o f  10 k m . is, i t  w ill b e  n o tic e d , o f  th e  o rd e r  o f  1000  v o lts  p e r  m e tre , a n d  fo r  

m o d e ra te  d is ta n c e s  b e y o n d  th is  i t  p ro b a b ly  fa lls  oft1 a p p ro x im a te ly  a c c o rd in g  to  th e  

in v e rse  cu b e  law . ( I t  sh o u ld  p e rh a p s  b e  p o in te d  o u t  t h a t  th e  c h a n g e  o f  fie ld  re fe r re d  

to  h e re  is m e re ly  th e  d iffe ren ce  b e tw e e n  th e  in i t ia l  a n d  f in a l v a lu e s , b e fo re  a n d  a f te r  

th e  p a ssag e  o f  a  s in g le  d isc h a rg e . A t  d i s t a n t  p o in ts  th e  a m p li tu d e  o f  th e  s h o r t  

p er io d  o sc illa tio n s  w ill g r e a t ly  e x c ee d  th e  d iffe ren ce  b e tw e e n  th e  in i t ia l  a n d  final 

m a g n itu d e s  o f  th e  field . S u ch  o sc illa tio n s— th e  o rd in a ry  “ a tm o sp h e ric s  ” o r 

“ s t r a y s ’’— a re  o f  to o  s h o r t  p e r io d  to  b e  re c o rd e d  b y  th e  m e th o d s  o f  th is  re se a rch ) .

D isc h a rg e s  m a y  b e  e x p e c te d  to  o ccu r ( l )  b e tw e e n  th e  g ro u n d  a n d  th e  lo w er  p a r t  o f  

a  th u n d e r-c lo u d  ; (2 ) b e tw e e n  th e  u p p e r  a n d  lo w er  p a r ts  o f  th e  c l o u d ; (3) b e tw e e n  

th e  u p p e r  p a r t  o f  th e  c lo u d  a n d  th e  g ro u n d  ; a n d  (4 ) u p w a rd s  f ro m  th e  to p  o f  th e  

cloud . G re a t  d if fe ren ces  in  th e  v e r tic a l le n g th s  a n d  in  th e  e le c tr ic  m o m e n ts  o f  

d is c h a rg e s  a re  th e re fo re  to  b e  e x p e c te d , a n d  th e  m a n n e r  in  w h ich  F  v a r ie s  w ith  L  in  

th e  d iffe re n t s to rm s  fu rn is h e s  som e e v id e n c e  o f  su ch  d iffe rences. W h e n ,  a s  in  th e  

re co rd s  o f  J u n e  12, 1917, F L 3 v a r ie s  l i t t l e  w ith  th e  d is ta n c e  a n d  is b es id es  r e la tiv e ly  

sm all, o ne  is te m p te d  to  co n c lu d e  t h a t  th e  v e r tic a l le n g th  o f  th e  d is c h a rg e s  w as  sm a ll, 

th a t ,  fo r e x a m p le , th e y  p a sse d  b e tw e e n  th e  g ro u n d  a n d  th e  b ase  o f  th e  c loud . W h e n  

on  th e  o th e r  h a n d , a s  on  A u g u s t  *-15, 1915 , o r  A u g u s t  15, 1917 , F L 3 c o n tin u e s  to  

in c re a se  w i th  in c re a s in g  d is ta n c e  a n d  re a c h e s  v e ry  h ig h  v a lu es , g r e a t  v e r t ic a l  le n g th s  

w o u ld  a p p e a r  to  b e  in d ic a te d  fo r  th e  d is c h a rg e s . P o ss ib ly  th e  d isc h a rg e s  o f  g r e a te s t  

v e r tic a l le n g th  m a y  be th o se  b e tw e e n  th e  to p  o f  a  th u n d e r -c lo u d  a n d  h ig h e r  lev e ls  o f  

th e  a tm o sp h e re .

I t  is u n f o r tu n a te  t h a t  no  re c o rd s  w e re  o b ta in e d  o f  th e  effec ts o f  d isc h a rg e s  f ro m  

clo u d s im m e d ia te ly  o v e rh e a d  ; su c h  o b se rv a tio n s  o f  th e  m a x im u m  v a lu e s  o f  F  w o u ld  

h a v e  g iv e n  u se fu l ev id en ce  b e a r in g  on  th e  h e ig h t  f ro m  w h ich  th e  d isc h a rg e s  cam e. 

A. d isc h a rg e  o f  20 cou lom bs fro m  a  h e ig h t  o f  2 k m . w o u ld  cau se  a t  th e  g ro u n d  a  

m a x im u m  c h a n g e  o f  p o te n t ia l  g r a d ie n t  o f  n e a r ly  100 ,000  v o lts  p e r  m e tre .

C o m p a ra t iv e ly  few  d e te rm in a t io n s  a p p e a r  to  h a v e  b een  m a d e  o f  th e  d im en sio n s  o f
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l ig h tn in g  f la s h e s .  A  few  a r e  q u o te d  b y  H a n n ,* t h e  l e n g th  o f  v e r t ic a l  f lash e s  to  

e a r t h  g e n e ra l ly  r a n g in g  f ro m  1 to  3 k m . I t  is o n ly  r a r e ly ,  in  t h e  p h o to g r a p h y  o f  

l ig h tn in g ,  t h a t  th e  d is ta n c e  o f  th e  f la sh  h a s  b e e n  re c o rd e d , so  t h a t  i t s  l e n g th  m a y  be  

d e d u c e d . F ig . 4 is a  r e p r o d u c t io n  o f  a  p h o to g r a p h  t a k e n  w ith  th i s  o b je c t in  v ie w

A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S . 9 3

F ig . 4 .

a n d  fo r  w h ic h  th e  n e c e s s a ry  d a t a  a r e  a v a i l a b l e ; i t  is, m o re o v e r , o f  i n t e r e s t  in  o th e r  

w ay s . I t  w as  t a k e n  o n  M a y  22 , 19ll3 , a t  a b o u t  2 2 h . 4 5 m ., th e  c a m e ra  p o in t in g  

n o r th .  T h e  in te r v a l  b e tw e e n  th e  l ig h tn in g  flash  a n d  t h e  m o m e n t w h e n  th e  th u n d e r  

b e g a n  to  b e  h e a rd  w as  35 seco n d s, c o r re s p o n d in g  to  a  d is ta n c e  o f  11*7 k m . T w o  

f la sh es  a r e  sh o w n  in  th e  p h o to g r a p h , b o th  p a s s in g  b e tw e e n  th e  c lo u d  a n d  th e  e a r t h ; 

th e y  m u s t  h a v e  b e e n  n e a r ly  s im u lta n e o u s , s in c e  th e  c a m e ra  le n s  w a s  c o v e re d  a s  so o n  

a s  a  flash  w as  o b se rv e d . O n e  d is c h a rg e  h a s  in i t ia l ly  p a ss e d  u p w a rd s  f ro m  th e  c lo u d  

a n d  re a c h e d  th e  g r o u n d  b y  a  c u rv e d  p a th  a t  a  h o r iz o n ta l  d is ta n c e  o f  n e a r ly  4 k m . 

f ro m  i t s  s t a r t i n g  p o in t . T h e  o th e r  h a s  t a k e n  a  n e a r ly  v e r t ic a l  co u rse  to  th e  g ro u n d , 

i t s  im a g e  is so m e w h a t f a in t  a n d  ill-d e f in e d  in  th e  p h o to g r a p h  : t h e  d is c h a rg e  w as 

p ro b a b ly  w i th in  a  h e a v y  ra in  sh o w e r, a  c o n s id e ra b le  th ic k n e s s  o f  w h ich  h a d  to  be  

t r a v e r s e d  b y  th e  l i g h t  o n  i t s  w a y  to  th e  ca m era . T h e  s t a r t i n g  p o in ts  o f  t h e  tw o  

d is c h a rg e s  in  th e  c lo u d  a re  c o m p a ra tiv e ly  close to g e th e r ,  s u g g e s t in g  (a s  in d e e d  does

* Ha n n , ‘ L e h r b u c h  d e r  M e te o r o lo g ie ,’ p . 6 3 2 , 1 9 0 1 .
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th e  p ic tu r e  a s  a  w h o le )  t h a t  a  c h a rg e  o f  e le c t r ic i ty  h a d  b ee n  c o n c e n tra te d  in  a 

c o m p a ra t iv e ly  sm a ll v o lu m e  in  th e  h e a d  o f  t h e  cloud , a n d  t h a t  th e  d isc h a rg e s  to o k  

p la ce  a p p ro x im a te ly  a lo n g  lin e s  o f  force.

T h e  m e a n  h e ig h t  o f  th e  u p p e r  e n d s  o f  th e  tw o  d is c h a rg e s— th e  h e ig h t  o f  th e  

c e n tr e  o f  th e  c h a rg e d  c lo u d -h e a d  a c c o rd in g  to  th is  v ie w — m u s t  h a v e  b ee n  j u s t  u n d e r  

2 k m ., i f  i t s  h o r iz o n ta l d is ta n c e  f ro m  th e  c a m e ra  is ta k e n  a s  11*7 km . T h e  d is ta n c e  

a n d  h e ig h t  m a y  in  f a c t  h a v e  b e e n  so m e w h a t g r e a te r ,  s in ce  th e  t r a c k  o f  t h e  lo n g  flash  

m a y  a t  som e p o in t  o f  i t s  c o u rse  h a v e  b e e n  n e a re r  th e  c a m e ra  th a n  th e  v e r tic a l flash , 

a n d  th e  d is ta n c e  d e d u c e d  fro m  th e  in te r v a l  b e tw e e n  th e  l ig h tn in g  a n d  th u n d e r  is 

t h a t  o f  th e  n e a re s t  p o in t  o f  th e  d is c h a rg e .

V I I I .  Electric Field o f a Thunder-cloud.

I t  is m u c h  m o re  d iffic u lt to  o b ta in  d ir e c t  in fo rm a tio n  a b o u t  th e  e le c tr ic  fie ld  o f  a  

th u n d e r -c lo u d  th a n  a b o u t  th e  su d d e n  c h a n g e s  p ro d u c e d  in  th e  field  b y  l ig h tn in g  

d isc h a rg es . T h e  o b se rv e d  fie ld  m a y  b e  th e  r e s u l t a n t  o f  t h e  fie ld s o f  se v e ra l t h u n d e r 

c lo u d s  su p e r im p o se d  u p o n  th e  n o rm a l e le c tr ic  fie ld  ; w h ile  a  s in g le  in s ta n ta n e o u s  

c h a n g e  in  th e  fie ld  w ill in  g e n e ra l be  d u e  to  th e  p a ssa g e  o f  o ne  l ig h tn in g  flash , o f  

w h ich  th e  a p p ro x im a te  d is ta n c e  m a y  f r e q u e n t ly  b e  d e te rm in e d . N o th in g  a p p ro a c h 

in g  a  d i r e c t  su rv e y  o f  th e  e le c tr ic  field  o f  a  th u n d e r -c lo u d  h a s  y e t  b e e n  a t t e m p te d  : 

so m e g e n e ra l co n c lu sio n s  m a y  b e  re a c h e d  b y  a  s tu d y  o f  th e  p h o to g ra p h ic  re c o rd s  o f  

th e  p o te n t ia l  g r a d ie n t  in  th u n d e rs to rm s .

I t  m ig h t  p e rh a p s  n a tu r a l ly  h a v e  b een  t h o u g h t  t h a t  th e  a c tu a l  field  d u e  to  a  

d i s t a n t  th u n d e r -c lo u d  w o u ld  g r e a t ly  e x c ee d  in  m a g n itu d e  th e  s u d d e n  c h a n g e s  d u e  to  

th e  l ig h tn in g  d is c h a rg e s  f ro m  i t ,  ea ch  flash  re m o v in g  fro m  th e  c lo u d  o n ly  a  sm a ll 

p a r t  o f  i t s  w h o le  c h a rg e . T h is  is d is p ro v e d  b y  th e  o b se rv a tio n s  ; o n ly  w h e n  th e re  

h a s  b een , in  a d d i t io n  to  t h e  m o re  d i s t a n t  th u n d e r -c lo u d , a  h e a v y  sh o w er-c lo u d  o v e r 

h e a d  o r  in  th e  im m e d ia te  n e ig h b o u rh o o d  o f  th e  p lace  o f  o b se rv a tio n , h a s  th e  a c tu a l  

p o te n t ia l  g r a d ie n t  g r e a t ly  e x c ee d ed  th e  in s ta n ta n e o u s  c h a n g e s ; th e  m a in  p a r t  o f  th e  

o b se rv ed  field  h a s  in  a ll  su c h  ca ses  o b v io u s ly  b e e n  d u e  to  th e  n e a re r  c lo u d  a n d  n o t  to  

th e  c o m p a ra tiv e ly  d i s t a n t  th u n d e r -c lo u d  w h ic h  w as  in  a c tio n  a t  th e  tim e . T h e  

p o te n t ia l  g r a d ie n t  d u e  to  a  d i s t a n t  th u n d e r-c lo u d  h a s  a p p a re n t ly  n e v e r  g r e a t ly  ex c ee d ed  

in  m a g n itu d e  th e  s u d d e n  c h a n g e s  p ro d u c e d  in  th e  fie ld  b y  th e  l ig h tn in g  d isc h a rg e s  

f ro m  th e  c loud . V e ry  f r e q u e n t ly  ea c h  d is c h a rg e  h a s  a p p ro x im a te ly  d e s tro y e d  o r  

ev en  re v e rs e d  th e  p re v io u s ly  e x is t in g  p o te n t ia l  g r a d ie n t ,  th e  field  h a s  th e n  been  

ra p id ly  r e g e n e ra te d ,  to  be  a g a in  n e a r ly  n e u tra l is e d  o r  re v e rse d  b y  t h e 'n e x t  d isc h a rg e . 

T h e  m a g n itu d e  o f  th e  v e r tic a l e le c tr ic  fo rce  a t  th e  g ro u n d  d u e  to  a  th u n d e r-c lo u d  a t  

a  g iv e n  d is ta n c e  is th u s  p ro b a b ly  o f  th e  sam e o rd e r  a s  h a s  b ee n  fo u n d  fo r th e  

c h a n g e  p ro d u c e d  b y  th e  a v e ra g e  l ig h tn in g  d isc h a rg e  a t  th e  sam e d is ta n c e .

P o te n t ia l  g r a d ie n ts  e x c e e d in g  3 0 ,00 0  v o lts  p e r  m e tre  ( ., o f  th e  s p a rk in g  

v a lu e )  h a v e  n o t  b e e n  r e c o r d e d : i t  is d o u b tf u l,  h o w ev e r, i f  a n y  o f  th e  reco rd s  w ere  

o b ta in e d  w h e n  th e  c e n tr e  o f  a  s to rm  w as n e a r ly  o v e rh e a d .
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T h e r e  c a n  b e  l i t t l e  d o u b t  t h a t  i t  is b y  th e  a g e n c y  o f  p r e c ip i ta t io n  t h a t  th e  

s e p a r a t io n  o f  p o s it iv e  a n d  n e g a t iv e  c h a rg e s  in  a  th u n d e r - c lo u d  a n d  c o n s e q u e n t  

p r o d u c t io n  o f  a n  e le c t r ic  fie ld  is  e ffe c te d , t h e  l a r g e r  r a in d r o p s  o r  h a i ls to n e s  c a r r y in g  

d o w n  a  c h a rg e  o f  o n e  s ig n  w h ile  t h e  c h a rg e  o f  o p p o s i te  s ig n  is a t t a c h e d  to  sm a ll 

d ro p s  o r c lo u d  p a r t ic le s  c a r r ie d  u p  in  t h e  a s c e n d in g  a i r  s t r e a m . I t  is n o t  p ro p o se d  to  

d isc u ss  h e re  h o w  th e  la r g e  a n d  sm a ll p a r t ic le s  m a y  a c q u ir e  c h a rg e s  o f  o p p o s ite  s ig n  : 

w h e th e r  fo r  e x a m p le  t h e  th u n d e r - c lo u d  is e s s e n t ia l ly  a  f r ic t io n a l  e le c t r ic a l  m a c h in e  

(d is ru p t io n  o f  d ro p s , w h ic h  S i m p s o n * r e g a r d s  a s  th e  im p o r ta n t  f a c to r ,  b e in g  in c lu d e d  

u n d e r  th i s  h e a d )  o r  a n  in f lu en c e  m a c h in e  a s  E l s t e r  a n d  G e i t e l  t  c o n te n d .

I t  is o b v io u s  t h a t  a n y  v ie w  t h a t  p la c e s  t h e  s e a t  o f  e le c t ro -m o tiv e  fo rce  o f  a  t h u n d e r 

s to r m  w i th in  t h e  th u n d e r - c lo u d  im p lie s  t h a t  t h e  c lo u d  is  e s s e n t ia l ly  b ip o la r , e q u a l  a n d  

o p p o s ite  c h a rg e s  b e in g  in  a n y  g iv e n  t im e  t r a n s f e r r e d  f ro m  w i th in  t h e  c lo u d  to  i t s  

u p p e r  a n d  lo w er  p o r tio n s .  T h e  a c tu a l  c h a rg e s  r e s id in g  a t  a n y  m o m e n t in  t h e  p o s it iv e  

a n d  n e g a t iv e  p o r t io n s  o f  t h e  c lo u d  w ill in  g e n e ra l  b e  q u i te  u n e q u a l ,  s in c e  th e  

c o n d itio n s  d e te r m in in g  th e  r a te s  o f  d is s ip a t io n  o f  th e  c h a rg e s  a t  t h e  to p  a n d  b o t to m  

o f  th e  c lo u d  w ill  b e  v e r y  d i f f e r e n t ; a n  im p o r ta n t  p a r t  o f  th e  lo ss  o f  c h a rg e  f ro m  th e  

lo w e r  p a r t  o f  th e  c lo u d  is o b v io u s ly  t h e  c h a r g e  c a r r ie d  d o w n  to  th e  g r o u n d  in  r a in 

d ro p s . T h e  lo w e r  c h a rg e  m a y  in d e e d  to  a  la r g e  e x t e n t  re s id e  o n  r a in -d ro p s  f a l l in g  

fro m  th e  c lo u d , a n d  m a y  th u s  e x t e n d  a l l  t h e  w a y  to  th e  g ro u n d . R a in  m a y  n o t  

h o w e v e r  r e a c h  th e  g ro u n d , o r  m a y  lo se  a  la rg e  p a r t  o r  t h e  w h o le  o f  i t s  c h a rg e  b e fo re  

r e a c h in g  i t  b y  p ro cesse s  to  b e  c o n s id e re d  la te r .

C o n s id e r  a  c lo u d  in  w h ic h  t h e r e  is a n  u p w a r d  s t r e a m  o f  c h a rg e d  c lo u d  p a r t ic le s  o r  

sm a ll d ro p s  a n d  a  d o w n w a rd  s t r e a m  o f  o p p o s ite ly  c h a rg e d  la rg e  d ro p s  ; th e  t o t a l  v e r t ic a l  

e le c tr ic  c u r r e n t  is t h e  su m  o f  t h e  c u r r e n t s  c a r r ie d  b y  t h e  u p w a r d  a n d  d o w n w a rd  

s tr e a m s . I f  t h e  d e n s i ty  o f  e le c tr if ic a tio n  o f  t h e  tw o  s t r e a m s  w e re  th e  sa m e  a n d  

u n ifo rm  th r o u g h o u t  th e  g r e a t e r  p a r t  o f  th e  v e r t ic a l  th ic k n e s s  o f  th e  c lo u d , t h e n  th e  

w h o le  o f  th i s  p o r t io n  o f  t h e  c lo u d  w o u ld  b e  e le c t r ic a l ly  n e u t r a l .  A b o v e  a  c e r ta in  

lev e l h o w e v e r  th e  sm a ll d ro p s  a lo n e  w ill  r e m a in , a n d  a g a in  i t  is o n ly  t h e  la r g e  d ro p s  

w h ich  fa ll  b e lo w  th e  lo w e r  m a rg in  o f  t h e  c lo u d  ; e q u a l a n d  o p p o s ite  c h a rg e s  w ill  in 

th is  w a y  be l ib e r a te d  in  th e  u p p e r  a n d  lo w e r  p o r t io n s  o f  th e  c lo u d . T h e  a s s u m p tio n  

o f  u n ifo rm  d e n s i ty  o f  e le c tr i f ic a tio n  in  th e  tw o  s t r e a m s  is  o f  c o u rse  a n  e x t r e m e  a n d  

im p ro b a b le  o n e , a n d  th e  c o n c e n tr a t io n  o f  th e  c h a rg e s  in  th e  u p p e r  a n d  lo w e r  p a r t s  

o f  th e  c lo u d  a lo n e  is n o t  l ik e ly  to  be  so c o m p le te  a s  th i s  su p p o s i tio n  w o u ld  im p ly  ; 

i t  se rv e s , h o w ev e r, to  in d ic a te  th e  p o ss ib ility  o f  th e  p o s i t iv e  a n d  n e g a t iv e  c h a rg e s  o f  

a  c lo u d  b e in g  s e p a r a te d  b y  a  c o n s id e ra b le  v e r t ic a l  th ic k n e s s  o f  e le c t r ic a l ly  n e u t r a l  

cloud .

T h e  fa c to rs  w h ic h  d e te rm in e  th e  r a te s  o f  d is s ip a tio n  o f  t h e  u p p e r  a n d  lo w e r  

c h a rg e s  a n d  th e  m a g n i tu d e s  o f  t h e  m a x im u m  c h a rg e s  a r e  c o n s id e re d  in  a  l a t e r

* Simps o n , loc. cit.

t  El s t e r  a n d  Ge i t e l , ‘ W ie d . A n n . , ’ 2 5 , p . 1 1 6 , 1 8 8 5 ;  ‘ P h y s ik a l .  Z e i t s c h r ., ’ 1 4 , p . 1 2 8 7 , 1 9 1 3 ;  

Ge i t e l , ‘ P h y s ik a l .  Z e i t s c h ., ’ 1 7 , p . 4 5 5 ,  1 9 1 6 .
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se c tio n . T h e  e le c t r ic  fie ld  a t  th e  g ro u n d  d u e  to  a  c lo u d  o f  th is  k in d  w ill be  th e  

r e s u l t a n t  o f  th e  fie ld s o f  th e  u p p e r  a n d  lo w er  c h a rg e s .

In  th e  o rd in a ry  th u n d e r - c lo u d  o r  c u m u lo -n im b u s  c lo u d  w e a re  co n c e rn ed  w ith  

r a p id ly  a s c e n d in g  a i r  c u r r e n ts  o f  c o m p a ra tiv e ly  sm a ll h o r iz o n ta l d im en sio n s . T h e  

h e a d s  o f  su c h  c lo u d s  g e n e ra l ly  re a c h  to  h e ig h ts  o f  se v e ra l k i lo m e t r e s : a c co rd in g  

to  W e g e n e r * th e  to p  o f  a  th u n d e r - c lo u d  m a y  re a c h  a lm o s t to  th e  u p p e r  lim it o f  

th e  tro p o s p h e re  ( a b o u t  10 k m .). T h e  a v e ra g e  h e ig h t  o f  th e  b ases  is p ro b a b ly  a b o u t 

1 k m .

I f  w e su p p o se  a  c u m u lo -n im b u s  c lo u d  to  h a v e  c h a rg e s  Q 2 a n d  Qi o f  o p p o s ite  s ig n  

in  i t s  u p p e r  a n d  lo w e r  p o rt io n s , w e m a y , fo r th e  p u rp o se  o f  c a lc u la tin g  i ts  e le c tr ic  

fie ld  a t  a  d is ta n c e , t r e a t  th e s e  c h a rg e s  a s  i f  th e y  w e re  c o n c e n tr a te d  a t  d e f in ite  “  po les ” 

a t  h e ig h ts  H 2 a n d  H x. T h e  e ffec t o f  th e  c h a rg e s  in d u c e d  o n  th e  su rfa c e  o f  th e  

g ro u n d  is t h e  sa m e  a s  i f  th e y  w e re  re p la c e d  b y  c h a rg e s  e q u a l  a n d  o p p o s ite  to  

Q 2 a n d  Qj a n d  a t  d e p th s  H 2 a n d  H i b e lo w  th e  su rfa c e . T h e  p ro b le m  is th e n  th e  sam e 

a s  t h a t  o f  f in d in g  th e  m a g n e tic  fie ld  d u e  to  tw o  b a r  m a g n e ts  o f  le n g th s  2 H X a n d  2 H 2 

a n d  m o m e n ts  2 ( 3 , ^ ,  2Q 2H 2, p la c e d  so t h a t  th e i r  c e n tre s  co inc ide , t h e  a x e s  b e in g  

v e r t ic a l  a n d  th e i r  p o la r i t ie s  o p p o sed .

T h e  v e r t ic a l  e le c tr ic  fo rce  d u e  to  th e  c lo u d  a t  a  p o in t on th e  g ro u n d  a t  a  d is ta n c e  

L  fro m  th e  a x is  is

Im m e d ia te ly  below  th e  c lo u d , w h e re  L  =  0, th e  se co n d  te rm  ( re p re s e n t in g  th e  effec t 

o f  th e  lo w er  c h a rg e )  w ill b e  th e  g r e a te r  u n le s s  th e  r a t io  o f  Q 2 to  Q x e x c ee d s  H 22/ H x2, 

a n d  fo r  d i s t a n t  p o in ts  th e  f ir s t te rm  ( re p re s e n t in g  th e  v e r t ic a l  fo rce  d u e  to  th e  u p p e r  

c h a rg e )  w ill be  th e  g r e a te r  u rd ess  Q x/Q 2 ex c e ed s  H 2/ H x. T h u s  th e  su rfa c e  o f  th e  

g ro u n d  m a y  g e n e ra l ly  b e  d iv id e d  in to  tw o  a re a s , a n  in n e r  a n d  o u te r ,  in  w h ic h  th e  

e le c tr ic  fie ld  d u e  to  th e  c lo u d  h a s  o p p o site  s i g n s ; in  th e  c e n tr a l  a r e a  th e  effect o f  th e  

lo w er  p o le  o f  t h e  c lo u d  p re d o m in a te s  a n d  d e te rm in e s  th e  s ig n  o f  th e  p o te n t ia l  g r a d ie n t  

a n d  o f  th e  c h a rg e  on  th e  g ro u n d , w h ile  in  th e  o u te r  a re a  th e  e ffec t o f  th e  u p p e r  po le  

o f  th e  c lo u d  is th e  g r e a te r .

T h e  m a x im u m  in te n s i ty  o f  th e  r e s u l t a n t  field  a n y w h e re  n e a r  th e  c e n tr e  o f  th e  

in n e r  a r e a  w ill g e n e ra lly  g r e a t ly  e x c ee d  th e  m a x im u m  re a c h e d  in  th e  o u te r  a re a . T h e  

c u rv e  I I I . ,  fig. 3, r e p re s e n ts  th e  r e s u l t a n t  p o te n t ia l  g r a d ie n t  p ro d u c e d  a t  th e  g ro u n d  

b y  e q u a l a n d  o p p o s ite  c h a rg e s  o f  20  co u lo m b s a t  h e ig h ts  o f  1 a n d  2 km . T h e  in n e r  

a r e a  h a s  a  ra d iu s  o f  a p p ro x im a te ly  2 k m ., th e  m a x im u m  p o te n t ia l  g r a d ie n t  a t  th e  

c e n tre  a m o u n ts  to  2 7 0 ,00 0  v o lts  p e r  m e tre , w h ile  th e  m a x im u m  re a c h e d  b y  th e  

p o te n t ia l  g r a d ie n t  o f  o p p o site  s ig n  in  th e  o u te r  a re a  is less th a n  10 ,000  v o lts  p e r  

m e tre . G re a te r  d iffe ren ces in  h e ig h ts  o f  th e  tw o  po les a re  p ro b ab le  in  a c tu a l

* We g e n e r , ‘ T h e r m o d y n a m ik  d e r  A tm o sp h a r e ,’ p . 2 1 0 .
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th u n d e r s to r m s ,  a n d  th e  d iffe re n c e  in  t h e  in te n s i t ie s  o f  t h e  e le c t r ic  f ie ld s  in  th e  

in n e r  a n d  o u te r  a r e a s  is l ik e ly  to  b e  e v e n  g r e a t e r  t h a n  in  t h e  e x a m p le  g iv e n . A s 

r e p r e s e n te d  in  fig . 5 l in e s  o f  fo rc e  f ro m  th e  c e n t r a l  a r e a  e n d  o n  t h e  lo w e r  c h a rg e d  

p o r t io n  o f  t h e  c lo u d , th o s e  f ro m  th e  o u te r  a r e a  o n  t h e  u p p e r  c h a rg e , o th e r s  a g a in  

c o n n e c t  t h e  u p p e r  a n d  lo w e r  c h a rg e s .

T h u s  f a r  no  a c c o u n t  h a s  b e e n  t a k e n  o f  t h e  c o n d u c tin g  la y e r  in  t h e  h ig h e r  le v e ls  o f  

th e  a tm o s p h e re ,  to  t h e  e x is te n c e  o f  w h ic h  th e  p h e n o m e n a  o f  t e r r e s t r i a l  m a g n e tis m  

seem  to  p o in t .

T h e  n o rm a l  p o te n t ia l  g r a d ie n t  a t  t h e  s u r fa c e  o f  t h e  g r o u n d  in  c le a r  w e a th e r  is  o f  

t h e  o rd e r  o f  100 v o lts  p e r  m e tre ,  f a l l in g  o ff w i th  in c re a s in g  h e i g h t  a n d  b e c o m in g  

n e g lig ib le  a b o v e  10 k m . ; t h u s  t h e  p o te n t ia l  in  th e  c o n d u c t in g  la y e r  o v e r  re g io n s  o f  

* fine  w e a th e r  is n o t  l ik e ly  to  e x c e e d  a  v a lu e  o f  t h e  o r d e r  o f  1 ,0 0 0 ,0 0 0  v o lts . I f  w e  

a s su m e , in  a c c o rd a n c e  w i th  m o d e rn  th e o r ie s  o f  t e r r e s t r i a l  m a g n e tis m ,*  t h a t  th e  

c o n d u c t iv i ty  o f  th e  u p p e r  a tm o s p h e re  is h ig h  e n o u g h  to  p r e v e n t  a n y  la rg e  p o te n t ia l  

d if fe re n c es  w i th in  it , t h e n  e v e n  a b o v e  a  th u n d e r s to r m  th e  p o te n t ia l  in  t h e  c o n d u c tin g  

la y e r  m a y  n o t  g r e a t ly  e x c e e d  1 ,0 0 0 ,0 0 0  v o lts .  T h e  p o te n t ia l  in  t h e  h e a d  o f  a  

th u n d e r - c lo u d  p ro b a b ly  re a c h e s  v a lu e s  1000  t im e s  a s  g r e a t .

O n e  im p o r ta n t  e ffe c t o f  t h e  c o n d u c t iv i ty  o f  t h e  u p p e r  a tm o s p h e re  is to  c a u se  a  

p o r t io n  o f  t h e  lin e s  o f  fo rce  f ro m  th e  h e a d  o f  t h e  th u n d e r - c lo u d  to  e n d  in  th e  

c o n d u c tin g  la y e r . T h e  e ffec t w ill  b e  m o re  m a rk e d  t h a n  t h a t  w h ic h  w o u ld  b e  

p ro d u c e d  b y  a  so lid  c o n d u c tin g  s h e e t  s in c e  io n s  o f  o p p o s i te  s ig n  to  th e  c h a rg e  o n  th e  

h e a d  o f  t h e  c lo u d  w ill  b e  d r a g g e d  d o w n  o u t  o f  t h e  c o n d u c tin g  la y e r  to  fo rm  a n  

e x p a n s io n  o f  i t  e x te n d in g  d o w n w a rd s  to w a r d s  t h e  th u n d e r - c lo u d . T h e  c h a rg e  o n  

th e s e  io n s (w h ic h  c o n s t i tu t e s  t h e  in d u c e d  c h a rg e  o n  th i s  p r o tu b e r a n c e  fro m  th e  

c o n d u c tin g  la y e r )  w ill  p a r t i a l ly  n e u t r a l i s e  t h e  e le c tr ic  f ie ld  p ro d u c e d  a t  t h e  g ro u n d  

b y  th e  c h a rg e  in  t h e  h e a d  o f  th e  c l o u d ; in  o th e r  w o rd s  lin e s  o f  fo rce  f ro m  th e  h e a d  

o f  th e  c lo u d  w h ic h  w o u ld  o th e rw is e  h a v e  e n d e d  o n  th e  g ro u n d  a r e  n o w  d iv e r te d  

u p w a rd s  in to  th e  c o n d u c tin g  la y e r . !

T h e  c o n s id e ra t io n s  b r o u g h t  fo rw a rd  in  th i s  se c t io n  s u g g e s t  t h a t  th e  e le c tr ic  fie ld  

o f  a  c u m u lo -n im b u s  c lo u d  m a y  b e  r e g a r d e d  a s  d u e  to  c h a rg e s , g e n e ra l ly  u n e q u a l,  in  

t h e  u p p e r  a n d  lo w e r  p a r t s  o f  t h e  c lo u d  ( fa l l in g  r a in  b e in g  in c lu d e d  a s  p a r t  o f  th e  

c lo u d ) a n d  to  t h e  c h a rg e s  in d u c e d  b y  th e s e  on  t h e  g ro u n d  a n d  on  th e  c o n d u c tin g  

la y e r  o f  th e  u p p e r  a tm o s p h e re . T h u s  th e  lin e s  o f  fo rce  o f  th e  c lo u d  m a y  be  

d iv id e d  in to  fo u r  c lasses , c o n n e c tin g  (a) th e  g ro u n d  a n d  th e  lo w e r  c h a rg e  o f  th e  

c lo u d , (6) th e  lo w er  c h a rg e  a n d  th e  u p p e r  c h a rg e , (c) t h e  u p p e r  c h a rg e  a n d  th e

* Sc h u s t e r , ‘ P h il .  T r a n s . ,’ A , v o l .  2 0 8 , p . 1 6 3 , 1 9 0 7 ;  S. Ch a pma n , ‘ P h il .  T r a n s ., ’ A , v o l .  2 1 8 , p. 1, 

1 9 1 9 .

t  I n  th e  a b s e n c e  o f  a  p r e v io u s ly  e x i s t in g  c o n d u c t in g  la y e r  a  th u n d e r s to r m  w o u ld  i t s e l f  p r o d u c e  

io n iz a t io n  in  th e  u p p e r  a t m o s p h e r e ; t h is  is  r e a d ily  s e e n  to  fo l lo w  fr o m  th e  v a lu e s  fo u n d  fo r  th e  e le c tr ic  

m o m e n ts  o f  l ig h t n in g  f la sh e s .

V O L . C C X X J .— A . P
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g ro u n d , (d) t h e  u p p e r  c h a rg e  o f  th e  c lo u d  a n d  th e  c o n d u c tin g  la y e r  o f  th e  

a tm o sp h e re .

I f  u n ifo rm  s t r a t i f o r m  c o n d itio n s  o v e r  a  w id e  a re a  b e  a s su m e d , t h e  c o n d itio n s  a re  

s im p le r  th a n  in  th e  case  o f  th e  c u m u lo -n im b u s  c loud . T h e  fie ld  a t  t h e  g ro u n d  b elow  

su c h  a  c lo u d , i f  th e  e ffec ts  o f  th e  c o n d u c tin g  la y e r  h e  ig n o red , w o u ld  b e  th e  d iffe ren ce

F ic  5 .

b e tw e e n  th e  fie ld s d u e  to  th e  u p p e r  a n d  lo w er  c h a rg e s ,  a n d  i ts  s ig n  w o u ld  b e  t h a t  o f  

th e  fie ld  d u e  to  th e  la rg e r  c h a rg e . T h e  e ffec t o f  th e  c o n d u c tin g  la y e r , as  in  th e  case 

o f  th e  c u m u lo -n im b u s  c loud , is to  re d u c e  th e  p o te n t ia l  g r a d ie n t  p ro d u c e d  a t  t h e  

g ro u n d  b y  th e  u p p e r  c h a rg e  o f  th e  c lo u d  : f i r s t ly  b y  th e  a c tio n  o f  th e  o p p o s in g  field  

o f  th e  c h a rg e  in d u c e d  on  th e  c o n d u c tin g  la y e r  ab o v e  th e  c lo u d , a n d  se co n d ly  b y  th e  

a c tu a l  d im in u tio n  o f  th e  c lo u d  c h a rg e  b y  th e  io n iz a t io n  c u r r e n t  fro m  th e  c o n d u c tin g  

la y e r .

IX . Conditions Determining Discharge.

I n  o rd e r  t h a t  a  l ig h tn in g  d is c h a rg e  m a y  b eg in , i t  is c le a r  t h a t  th e  e le c tr ic  force 

m u s t  so m e w h e re  e x c ee d  th e  s p a rk in g  lim it ,  w h ic h  a m o u n ts  a t  th e  o rd in a ry  

a tm o sp h e r ic  p r e ss u re  to  a b o u t  100 e le c t ro - s ta t ic  u n i t s  o r  3 ,0 0 0 ,0 0 0  v o lts  p e r  m e t r e ;  i t  

is n o t  n e c e ssa ry  t h a t  th e  e le c tr ic  fo rce  a lo n g  th e  w h o le  le n g th  o f  th e  p a th  o f  d isc h a rg e  

sh o u ld  p re v io u s ly  h a v e  a p p ro a c h e d  th e  s p a rk in g  lim it. A s  L a r m o r  h a s  p o in te d  o u t ,# 

i f  w e su p p o se  t h a t  a n  in i t ia l  d is c h a rg e  o ccu rs  a lo n g  a  n a r ro w  lin e  o f  le n g th  

e q u a l to  th e  d is ta n c e  (p o ss ib ly  v e r y  sm a ll)  o v e r  w h ich  th e  s p a rk in g  v a lu e  o f  th e  

e le c tr ic  fo rce  w as  o r ig in a l ly  ex c ee d ed , a n d  t h a t  th is  a p p ro x im a te ly  eq u a lise s  th e  

p o te n t ia l  a lo n g  i ts  p a th ,  th e r e  w ill be c o n c e n tr a t io n  o f  c h a rg e  a n d  in te n se  local fields 

a t  th e  e n d s  o f  th is  l i n e ; th e  d is c h a rg e  w ill th u s  be  le n g th e n e d . T h e  c o n d itio n s  a re  

in  fa c t m o m e n ta r i ly  m u c h  th e  sam e  a s  i f  a  c o n d u c tin g  w ire  w ere  p laced  a lo n g  th e  

p a th  o f  th is  in i t ia l  d isc h a rg e . T h e  m a x im u m  v a lu e  o f  th e  e le c tr ic  fo rce  a t  th e  en d s 

o f  th e  c o n d u c tin g  t r a c k  o f  th e  in it ia l d is c h a rg e  w ill th u s  g r e a t ly  ex ceed  th e  c r itic a l

* S ir  J o s e ph  L a r m o r  a n d  J . S . B . La r m o r , ‘ R o y . S o c . P r o c . /  A , v o l .  9 0 , p . 3 1 2 , 1 9 1 4 .
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v a lu e  a n d  w ill c o n t in u e  to  d o  so a s  th e  t r a c k  le n g th e n s ,  so  t h a t  t h e  d is c h a rg e  m a y  

f in a lly  e x te n d  f a r  b e y o n d  t h e  b o u n d a r y  o f  t h e  r e g io n  in  w h ic h  th e  c r i t ic a l  e le c tr ic  

fo rce  w as  o r ig in a l ly  e x c e e d e d . C o n s id e r  a  s t r a t i f o r m  c lo u d  in  w h ic h  v e r t ic a l  s e p a ra t io n  

o f  p o s i t iv e  a n d  n e g a t iv e  e l e c t r i c i ty  is t a k i n g  p la c e  so t h a t  o p p o s i te  c h a rg e s  a r e  

a c c u m u la t in g  in  t h e  u p p e r  a n d  lo w e r  p o r t io n s  o f  t h e  c lo u d . L e t  u s  su p p o se  t h a t  

th e s e  c h a rg e s  r e m a in  a p p r o x im a te ly  e q u a l. T h e re  w il l  b e  a  v e r t ic a l  e le c t r ic  fo rce  

w i th in  t h e  c lo u d  r e a c h in g  a  m a x im u m  in  t h e  c e n t r a l  n e u t r a l  zo n e  o f  t h e  c l o u d ; th e  

v e r t ic a l  e le c t r ic  fo rc e  a t  t h e  g r o u n d  w ill b e  s m a ll a n d  t h e  c o n d i t io n s  fo r  d is c h a rg e  

w i ll  h e  f i r s t  r e a c h e d  w i th in  t h e  c lo u d . D is c h a rg e  w ill o c c u r  w h e n  t h e  m a x im u m  

v e r t ic a l  e le c t r ic  fo rce  w i th in  t h e  c lo u d  re a c h e s  i t s  c r i t ic a l  v a l u e ; t h i s  a m o u n t s  

to  a b o u t  3 0 ,0 0 0  v o l ts  p e r  c e n t im e t r e  ( =  100 e l e c t r o s ta t i c  u n i t s )  a t  a  p re s s u re  o f  o n e  

a tm o s p h e re  a n d  is p r o p o r t io n a l  to  t h e  p re s su re .

I t  is  p e rh a p s  d o u b tf u l  w h e th e r  t h e  v e r t ic a l  p o te n t ia l  g r a d ie n t  w i th in  a  c lo u d  h a s  

n e c e s s a r i ly  to  re a c h  t h e  a b o v e  v a lu e  o f  3 ,0 0 0 ,0 0 0  v o l t s  p e r  m e tr e ,  in  o r d e r  t h a t  a  

d is c h a rg e  m a y  b e g in , s in ce  a n  e le c t r ic  fo rc e  a m o u n t in g  to  o n e - th i r d  o f  t h i s  w o u ld  b e  

su f f ic ie n t to  b r in g  t h e  m a x im u m  e le c t r ic  fo rc e  a t  t h e  su r fa c e  o f  a  s u s p e n d e d  d ro p , 

a s su m e d  sp h e r ic a l , to  t h e  a b o v e  v a lu e . I t  m u s t  h o w e v e r  b e  re m e m b e re d  t h a t  th e  

c r i t ic a l  v a lu e  o f  t h e  e le c tr ic  fo rce  a t  a  c u rv e d  s u r fa c e  o f  a  c o n d u c to r  in c re a s e s  r a p id ly  

w i th  th e  c u r v a t u r e  a n d  t h a t  o n ly  d ro p s  o f  th e  l a r g e s t  s ize  w i ll  h a v e  a n y  m a rk e d
f

e ffec t in  a s s is t in g  d is c h a rg e .*

T h e  d is c h a rg e  m a y  e x te n d  c o n s id e ra b ly  b e y o n d  t h e  l im i ts  o f  th e  zo n e  in  w h ic h  t h e  

v e r t ic a l  e le c tr ic  fo rce  o r ig in a l ly  r e a c h e d  th e  c r i t ic a l  v a lu e . I t  is p o ss ib le  t h a t  i t  m ig h t  

e x te n d  e v e n  b e y o n d  th e  u p p e r  a n d  lo w e r  b o u n d a r ie s  o f  th e  c lo u d , fo r  t h e  e n d s  o f  a  

l in e a r  v e r t ic a l  d is c h a rg e  w o u ld , a s  i t  le n g th e n e d , b e  c o n t in u a l ly  p e n e t r a t i n g  in to  

re g io n s  o f  a  g r e a t e r  p o te n t ia l  d iffe re n ce  u n t i l  t h e y  re a c h e d  t h e  l im i ts  o f  t h e  c h a rg e d  

p o r tio n s  o f  t h e  c lo u d , so t h a t  t h e  d e n s i ty  o f  e le c t r i f ic a t io n  a n d  m a x im u m  e le c tr ic  

fo rce  a t  th e  e n d s  o f  th e  c o n d u c t in g  t r a c k ,  a n d  th e  c o n s e q u e n t te n d e n c y  to  f u r th e r  

l e n g th e n in g  o f  t h e  d is c h a rg e , w o u ld  b e  in c re a s in g  u p  to  th i s  p o in t.

T h e  e n d  o f  a n  in i t ia l  d is c h a rg e  w h ic h  h a s  p e n e t r a te d  in to  a  re g io n  w h e re  th e r e  is 

l i t t l e  e le c tr ic  force  to  g u id e  i t  w ill t e n d  to  b r a n c h  o r  to  e x p a n d  in to  a  b ru sh . T h e  

p o te n t ia l  m a y  th u s  f in a lly  b e  a p p ro x im a te ly  e q u a lis e d  t h r o u g h o u t  a  c o n s id e ra b le  

v o lu m e  a t  e a c h  e n d  o f  th e  d is c h a rg e , th e  e ffec tiv e  e le c tr ic  c a p a c i ty  o f  th e  e x p a n d e d  

e n d s  o f  th e  d is c h a rg e  a n d  th e  o r ig in a l d if fe re n ce  b e tw e e n  th e  p o te n t ia ls  o f  th e  re g io n s  

th u s  c o n n e c te d  w ill d e te r m in e  th e  q u a n t i ty  o f  e le c t r ic i ty  d is c h a rg e d  b y  th e  c o m p le te  

flash .

I f  th e  lo w er  c h a rg e  o f  th e  s t r a t i f o r m  c lo u d  re a c h e s  n e a r ly  o r  q u i te  to  th e  g ro u n d

*  T h e  e le c tr ic  fo r c e  a t  t h e  s u r fa c e  o f  a  c o n d u c t in g  s p h e r e  6 m m . in  d ia m e te r  h a s  to  rea ch  a b o u t  

2 6 0  E .S .U . (a  v a lu e  e q u a l  to  n e a r ly  th r e e  t im e s  t h e  s p a r k in g  l im it  fo r  a  u n ifo r m  f ie ld )  in  o r d e r  th a t  a  

sp a r k  m a y  p a ss . (Sc h u s t e r , ‘ P h il .  M a g . ,’ v o l .  2 9 , p . 1 8 2 , 1 8 9 0 .)  D r o p s  o f  th is  s iz e — w h ic h  is  l i t t l e  

s h o r t  o f th e  m a x im u m  a t ta in e d  b y  r a in  d r o p s — w ill  o n ly  s l ig h t ly  a s s is t  d is c h a r g e  in  an e le c tr ic  f ie ld  in  

w h ic h  t h e y  a re  su s p e n d e d , a n d  d r o p s  s m a lle r  th a n  3 • 5 m m . w il l  n o t  a s s is t  d is c h a r g e  a t  a l l .
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(a s  w ill g e n e ra l ly  b e  th e  case  w h e n  ra in  is fa llin g ) , o r  if* i t s  c h a rg e  is c o n s id e ra b ly  

sm a lle r  th a n  th e  u p p e r  c h a rg e , th e n  th e  in i t ia l  d is c h a rg e  is lik e ly  to  e x te n d  d o w n w ard s  

t il l  i t  re a c h e s  th e  g r o u n d ; i t  w ill fo rm  th e n  a  c o n d u c tin g  p a th  fo r t h e  m a in  

d is c h a rg e , w h ich  m a y  h e  r e g a rd e d  a s  re d u c in g  a p p ro x im a te ly  to  ze ro  t h e  w h o le  

d is c h a rg e  t r a c k  a n d  i ts  ra m if ica tio n s .

I f  t h e  p o te n t ia l  g r a d ie n t  a t  t h e  g ro u n d  rea c h e s  a  v a lu e  a m o u n tin g  to  a n y  

c o n s id e ra b le  f ra c tio n  o f  t h a t  in  th e  c lo u d , i f  fo r e x a m p le , th e  u p p e r  a n d  lo w er  c h a rg e s  

o f  a  s t r a t i f o r m  c lo u d  a re  v e ry  u n e q u a l,  th e n  th e  c r it ic a l v a lu e  o f  th e  e le c tr ic  fo rce  is 

lik e ly  to  b e  f i rs t re a c h e d , a n d  th e  in i t ia l  d is c h a rg e  to  b e g in , a t  th e  su rfa c e  o f  a  

p ro je c tin g  e a r th -c o n n e c te d  c o n d u c to r .

L e t  u s  n e x t  a s su m e — a n d  th i s  p e rh a p s  r e p re s e n ts  m o re  n e a r ly  th e  c o n d itio n s  w h ich  

h o ld  in  a n  o rd in a r y  th u n d e r - c lo u d — t h a t  th e  v e r t ic a l  s e p a ra tio n  o f  th e  c e n tr e s  o f  th e  

c h a rg e s  is a s  g r e a t  a s  th e  h o r iz o n ta l d im e n sio n s  o f  th e  c h a rg e d  p o rt io n s  o f  th e  cloud.

C o n s id e r  fo r  e x a m p le  a  c h a rg e  to  a c c u m u la te  in  th e  h e a d  o f  a  c u m u lo -n im b u s  c lo u d  

u n t i l  th e  c o n d it io n s  fo r  th e  p a s sa g e  o f  a  l ig h tn in g  d is c h a rg e  a re  reac h ed . T o  g e t  a n  

id e a  o f  th e  o rd e r  o f  m a g n i tu d e  o f  th e  q u a n t i t ie s  in v o lv e d  le t  u s  a s su m e  t h a t  th e  

c h a rg e  is d i s t r ib u te d  s y m m e tr ic a lly  a b o u t  i t s  c e n tre  w i th in  a  sp h e re  o f  r a d iu s  R , th e  

m a x im u m  e le c tr ic  fo rce  b e in g  a t  t h e  b o u n d a ry  o f  th e  sp h e re . I f  t h e  to t a l  c h a rg e  o f  

th e  sp h e re  is Q , th e  r a d ia l  e le c tr ic  fo rce  e x e r te d  a t  i t s  su rfa ce  b y  th e  c h a rg e  is Q /R 2 

a n d  is th e r e  a  m a x im u m . A  r a d ia l  d is c h a rg e  w ill th e re fo re  b e g in  a t  a  p o in t  on  th e  

b o u n d a ry  o f  th e  sp h e re  w h e n  F  e x c ee d s  th e  c r it ic a l v a lu e  a n d  w ill b e  c o n tin u e d  in w a rd s  

to w a rd s  th e  c e n tr e  a n d  o u tw a rd s  a p p ro x im a te ly  a lo n g  a  lin e  o f  force. T h e  c h a rg e  o f  

o p p o s ite  s ig n  in  th e  lo w er  p a r t  o f  t h e  c lo u d  w ill  in c re a se  th e  e le c tr ic  fo rce  below  a n d  

d im in ish  i t  ab o v e  th e  u p p e r  c h a r g e ; th e  e ffec t w ill h o w e v e r  b e  sm a ll i f  th e  lo w er  

c h a rg e  is  sm a ll o r  if  i t  is s i tu a te d  a t  a  h e ig h t  sm a ll c o m p a re d  w ith  t h a t  o f  th e  u p p e r  

c h a rg e  ; in  th e  l a t t e r  case  th e  e ffec t o f  th e  lo w er  c h a rg e  is la rg e ly  n e u tra l is e d  b y  th e  

fo rce  d u e  to  i t s  im ag e . O n  th e  o th e r  h a n d  on  a c c o u n t o f  th e  d im in ish e d  p re s su re  a t  

th e  g r e a te r  h e ig h t  a  sm a lle r  e le c tr ic  fo rce  is re q u ir e d  to  s t a r t  a  d isc h a rg e  from  th e  

u p p e r  th a n  fro m  th e  u n d e r  s id e  o f  th e  u p p e r  c h a rg e d  p o rtio n  o f  th e  cloud .

T h u s  d isc h a rg e s  m a y  b e  e x p e c te d  to  s t a r t  n o t  o n ly  d o w n w a rd s  b u t  a lso  u p w a rd s  

a n d  la te r a l ly  f ro m  th e  c h a rg e d  h e a d  o f  a  th u n d e r-c lo u d . T h e  p a th  o f  d isc h a rg e  is 

lik e ly  to  fo llo w  a p p ro x im a te ly  a  lin e  o f  fo rce  w h ic h  m a y  b e lo n g  to  a n y  o f  th e  c lasses 

o f  S e c t io n  V I I I .  D is c h a rg e s  su c h  a s  t h a t  o f  fig. 4, o r  ev e n  d is c h a rg e s  u p w a rd s  in to  a  

c lo u d less  sk y , su ch  as  h a v e  so m e tim e s b e e n  o b se rv ed , a r e  n o t  u n lik e ly  o ccu rren ces.

I f  a n  in i t ia l  d is c h a rg e  f ro m  th e  c h a rg e d  h e a d  o f  a  c lo u d  re a c h e s  th e  g ro u n d , th u s  

o p e n in g  u p  a  c o n d u c tin g  p a th  to  e a r th ,  a n  a p p ro a c h  to  co m p le te  d is c h a rg e  is p ro b ab le , 

so t h a t  th e  q u a n t i ty  o f  e le c t r ic i ty  w h ic h  p asse s  in  th e  l ig h tn in g  flash  m a y  be ta k e n  

as  a  m e a su re  o f  th e  c h a rg e  w h ich  h a d  a c c u m u la te d  in  th e  h e a d  o f  th e  c loud .

A  d isc h a rg e  o r ig in a t in g  in  th e  re g io n  s u r ro u n d in g  th e  lo w er po le o f  a  cu m u lo 

n im b u s  c lo u d  is m o re  lik e ly  to  b e g in  in  th e  lo w er  r a th e r  th a n  th e  u p p e r  b o u n d a ry  o f  

th e  c h a rg e d  r e g io n ; s in ce  th e  e le c tr ic  fo rce  below  w ill be  in c reased , a n d  t h a t  ab o v e

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S . 1 0 1

d im in is h e d  b y  t h e  a c t io n  o f  t h e  in d u c e d  c h a rg e , v i r t u a l l y  b y  t h e  im a g e  o f  th e  

lo w e r  c h a rg e . A n  e x t r e m e  ca se  is t h a t  in  w h ic h  t h e  lo w e r  c h a rg e , c a r r ie d  la rg e ly  b y  

r a in  b e lo w  th e  a c tu a l  c lo u d , e x te n d s  to  t h e  g ro u n d . H e r e  th e  m a x im u m  v a lu e  o f  th e  

e le c t r ic  fo rc e  w o u ld  b e  a t  t h e  s u r fa c e  o f  t h e  g r o u n d  ; a n d ,  i f  t h e  c h a rg e  b e  a s su m e d  to  

b e  d i s t r ib u t e d  u n if o rm ly  th r o u g h o u t  a  r e g io n  o f  w h ic h  t h e  v e r t ic a l  a n d  h o r iz o n ta l  

d im e n s io n s  a r e  a p p r o x im a te ly  th e  sa m e , t h e  m a x im u m  v e r t i c a l  e le c t r ic  fo rc e  w o u ld  

n o t  d iffe r  m u c h  fro m  2 Q /R 2, w h e re  I t  is  t h e  h e i g h t  o f  t h e  c e n t r e  o f  th e  lo w e r  c h a rg e . 

I n  th i s  ca se  t h e  fie ld  w i l l  b e  lo c a l ly  in te n s if ie d  a t  t h e  s u r fa c e s  o f  p r o je c t in g  p a r t s  o f  

e a r th - c o n n e c te d  c o n d u c to rs , a n d  d is c h a r g e s  ( n o t  n e c e s s a r i ly  d e v e lo p in g  in to  l ig h tn in g  

s t ro k e s )  w ill o c c u r  f ro m  su c h  p o in t s  lo n g  b e fo re  t h e  e l e c t r ic  fo rce  o v e r  f ia t  g r o u n d  

re a c h e s  th e  s p a r k in g  l im it .

X . Dimensions o f  the Regions Discharged by Lightning

I t  h a s  b e e n  sh o w n  t h a t  t h e  q u a n t i t y  o f  e le c t r i c i ty  w h ic h  p a s se s  in  a n  a v e ra g e  

l ig h tn in g  d i s c h a r g e — i f  th e  th u n d e r s to r m s  in v e s t ig a te d  m a y  b e  t a k e n  a s  ty p ic a l— is 

o f  t h e  o rd e r  o f  2 0  co u lo m b s . I n  t h i s  a n d  t h e  fo l lo w in g  se c tio n s , X . to  X Y I l . ,  a r e  

c o n s id e re d  so m e o f  t h e  c o n se q u e n c e s  w h ic h  fo llo w  i f  t h e  q u a n t i t y  d is c h a rg e d  b y  a  

l ig h tn in g  f la sh  is t a k e n  a s  2 0  co u lo m b s.

C o n s id e r  a  th u n d e r - c lo u d  o f  t h e  b ip o la r  ty p e  a n d  a s su m e  t h a t  a  d is c h a rg e  ta k e s  

p la c e  w h e n  t h e  e le c t r ic  fo rc e  a t  t h e  b o u n d a r y  o f  e i t h e r  t h e  u p p e r  o r  th e  lo w e r  c h a rg e  

re a c h e s  t h e  s p a r k in g  l im i t  F 0. T o  g e t  a n  id e a  o f  t h e  o r d e r  o f  m a g n i tu d e  o f  th e  

e ffec ts , l e t  u s  a s su m e  t h a t  t h e  c h a rg e  is  c o n ta in e d  w i th in  a  s p h e re  o f  r a d iu s  R , a t  a  

d is ta n c e  f ro m  th e  g r o u n d  a n d  fro m  o th e r  c h a rg e d  m a sses , a n d  t h a t  i t  is d i s t r ib u te d  

s y m m e tr ic a l ly  in  su c h  a  w a y  t h a t  th e  m a x im u m  r a d ia l  e le c t r ic  fo rce  is  a t  t h e  b o u n d a ry .  

A  d is c h a rg e  w i ll  o c c u r  w h e n  Q /R 2 =  F 0. T h u s , i f  Q  =  20 co u lo m b s  =  6 x  1 0 10 E .S .U . 

a n d  F 0 =  3 0 ,0 0 0  v o l t s  p e r  c e n t im e t r e  =  1 0 0  E .S .U . ( i t s  v a lu e  a t  g r o u n d  le v e l)  th e n  

R  =  250  m e tre s .  I f  F 0 =  50, i t s  v a lu e  a t  a  p re s s u re  o f  h a l f  a n  a tm o sp h e re ,  

R  =  350  m e tre s .  I f  a n  e q u a l a n d  o p p o s i te  c h a rg e  ( th e  o th e r  c lo u d -c h a rg e  o r  th e  

im a g e  o f  th e  f ir s t in  th e  g ro u n d )  w e re  s im ila r ly  d i s t r ib u te d  w i th in  a  s p h e re  o f  th e  

sa m e  r a d iu s  in  c o n ta c t  w i th  th e  f irs t, w e  s h o u ld  h a v e  a t  t h e  m o m e n t o f  d is c h a rg e  

2 Q /R 2 =  F 0 ; a n d  t h e  v a lu e s  fo u n d  fo r  R  w o u ld  he \ / 2 t im e s  a s  g r e a t  a s  in  th e  case  

c o n s id e red , i.e., 35 0  a n d  500  m e tre s  r e s p e c t iv e ly .

A  s im ila r  r e s u l t  is  o b ta in e d  if, in s te a d  o f  a s s u m in g  th e  c h a rg e  to  h a v e  b een  

d i s t r ib u te d  in  a  s p h e re , w e  su p p o se  th e  v e r t ic a l  th ic k n e s s  o f  th e  c h a rg e d  p o r t io n  o f  

th e  c lo u d  to  h a v e  b e e n  sm a ll c o m p a re d  w i th  i t s  h o r iz o n ta l d im e n sio n s . C o n s id e r  fo r  

e x a m p le  th e  case  in  w h ic h  th e r e  a re  f r e q u e n t  f la sh es  b e tw e e n  th e  e a r th  a n d  th e  b ase  

o f  th e  c loud . W e  m a y  p ic tu r e  th e  c h a rg e d  ra in  e s c a p in g  fro m  th e  b ase  o f  th e  c lo u d  

a s  fo rm in g  a  c h a rg e d  la y e r  w h ich  in c re a se s  in  th ic k n e s s  a t  a  r a t e  e q u a l to  th e  d o w n 

w a rd  v e lo c i ty  o f  th e  d ro p s . T h e  v e r t ic a l  e le c tr ic  fo rce  a t  t h e  u p p e r  a n d  lo w e r 

b o u n d a r ie s  o f  th e  c h a rg e d  la y e r , d u e  to  i t s  c h a rg e , w ill  a m o u n t  to  2  w h e re  is th e
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c h a rg e  p e r  u n i t  v o lu m e  a n d  d  is th e  v e r t ic a l  th ic k n e s s .  O n  th is  w ill be  su p e r im p o sed  

th e  e le c tr ic  fo rce  d u e  to  th e  u p p e r  c h a rg e  o f  th e  c lo u d  a n d  t h a t  d u e  to  th e  in d u c e d  

c h a rg e  on  t h e  g r o u n d ; th e  f ir s t o f  th e s e  w ill in c re a se  th e  e le c t r ic  fo rce  a t  th e  u p p e r  

su rfa c e  a n d  d im in ish  t h a t  a t  th e  lo w er  su rfa c e , w h i le  th e  seco n d  w ill in c re a se  th e  

e le c t r ic  force  a t  t h e  lo w er  a n d  d im in ish  t h a t  a t  th e  u p p e r  su rfa c e  o f  th e  c h a rg e d  la y e r . 

I f  w e  a s su m e  th e  e le c t r ic  fo rce  b e lo w  th e  lo w e r  c h a rg e  to  be  g r e a te r  th a n  ab o v e  i t —  

as  m a y  e a s i ly  be t h e  case  i f  t h e  v e r t ic a l  th ic k n e s s  o f  th e  c lo u d  (o f  c u m u lo -n im b u s ty p e )  

is g r e a t  in  co m p a riso n  w ith  th e  h e ig h t  o f  th e  lo w er  c h a rg e — its  m a g n itu d e  w i ll  be  

b e tw e e n  27 rpdan d  4 7  rpd.A f la sh  w ill o cc u r  w h e n  t h e  v e r t ic a l  e le c t r ic  f

th e  s p a rk in g  l im it ,  i.e., a b o u t  1 0 0  in  e le c t ro s ta t ic  m e a su re . I f  w e a s su m e  th e  b o u n d a ry  

o f  th e  lo w er  c h a rg e  to  b e  a  c irc le  o f  r a d iu s  r ,  a n d  th e  q u a n t i ty  d is c h a rg e d  to  be 

2 0  co u lo m b s =  6 x 1 0 10 E .S .U .,  r  is b e tw e e n  350  m e tre s  a n d  500 m e tre s , th e s e  b e in g  

th e  l im its  o b ta in e d  b y  p u t t i n g  F 0 =  2-irpd an d  F 0 =  re sp e

I t  h a s  th u s  f a r  b e e n  a s su m e d  t h a t  th e  h o r iz o n ta l d im en sio n s  o f  th e  c h a rg e d  p o rt io n s  

o f  th e  c lo u d  a re  le ss  t h a n  t h e  d is ta n c e  a p a r t  o f  th e i r  c e n tr e s , a n d  t h a t  th e  g r e a te r  

p a r t  o f  th e  w h o le  u p p e r  o r  lo w er  c h a rg e  o f  th e  c lo u d  is n e u tra l is e d  b y  each  

d isc h a rg e . L e t  u s  n o w  su p p o se  t h a t  th e r e  h a s  b e e n  a  u n ifo rm  s t r a t i f o r m  d is t r ib u t io n  

o f  c h a rg e s  o v e r a  w id e  a re a . T a k e  a s  a n  e x a m p le  th e  ca ses  in  w h ich  th e  u p p e r  

a n d  lo w er  c h a rg e s  o f  th e  c lo u d  a re  eq u a l, t h e  o th e r  e x tre m e  case  in  w h ich  one 

o f  t h e  c h a rg e s  is v e r y  sm a ll c o m p a re d  w i th  th e  o th e r  is n o t  e s s e n t ia l ly  d if fe re n t— th e  

c h a rg e  on th e  g ro u n d  ta k in g  th e  p la ce  o f  th e  seco n d  c lo u d -c h a rg e . T h e re  w ill be  a  

d is c h a rg e  w h e n  4x<r =  F 0, <x b e in g  th e  to t a l  c h a rg e  in  a  v e r t ic a l  co lu m n  o f  u n i t  a re a  

e x te n d in g  th r o u g h o u t  th e  w h o le  th ic k n e s s  o f  e i th e r  c h a rg e d  p o r tio n  o f  th e  c loud . I f  

2 0  co u lo m b s a re  d is c h a rg e d  in  a  l ig h tn in g  fla sh , a n d  th e  w h o le  th ic k n e s s  o f  a  l im i te d  

a r e a  o f  th e  c h a rg e d  p o r tio n  o f  th e  c lo u d  is d is c h a rg e d  b y  th e  flash , th e  a re a  A , 

d is c h a rg e d  is su c h  t h a t  A F 0/4 ir  =  2 0  x 3 x 1 0 9 ; i f  th e  a r e a  d is c h a rg e d  b e  a s su m e d  

c irc u la r , a n d  F 0 b e  t a k e n  a s  1 0 0 , th e  r a d iu s  o f  th e  a re a  d is c h a rg e d  m u s t  be  a p p ro x i

m a te ly  500 m e tre s .

X I. Maximum Potential A ttained before the Passage o f  a Lightning Flash.

T h e  p o te n t ia l  a t  th e  su rfa c e  o f  th e  sp h e re , co n s id e re d  in S ec tio n  X ., w ill im m e d ia te ly  

b e fo re  d isc h a rg e  b e  a p p ro x im a te ly  Q /R  =  F 0R ; o th e r  te rm s  b e in g  r e la t iv e ly  sm all 

m a y  be n e g le c te d  in  e s t im a t in g  th e  o rd e r  o f  m a g n itu d e  o f  th e  p o te n tia l.  T h e  

p o te n t ia l  a t  t h e  c e n tre  o f  th e  sp h e re  w ill ex ceed  t h a t  a t  th e  b o u n d a ry , th e  ex cess  

ly in g  b e tw e e n  ze ro  a n d  F 0R — th e s e  b e in g  th e  v a lu e s  in  th e  lim it in g  cases ( l )  in  

w h ich  th e  ra d ia l  e le c tr ic  fo rce  w ith in  th e  sp h e re  is zero , th e  c h a rg e  b e in g  con fined  to  

th e  b o u n d a ry , a n d  ( 2 ) in  w h ich  th e  r a d ia l  e le c tr ic  fo rce  w ith in  th e  sp h e re  reac h es  

e v e ry w h e re  th e  s p a rk in g  lim it. (T h e  case  o f  u n ifo rm  d is t r ib u t io n  o f  th e  c h a rg e  

w ith in  th e  sp h e re  is in te rm e d ia te ,  th e  ex cess  b e in g  ^ Q /R ) . T h e  p o te n t ia l  a t  th e  

c e n tr e  th u s  lie s  b e tw e e n  Q /R  =  F 0R  =  \ / Q F 0 a n d  tw ic e  th is  v a lu e .
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I f  Q  =  2 0  c o u lo m b s  =  6 x l 0 10 E .S .U . a n d  F 0 =  50 E .S .U . t h e  p o t e n t i a l  a t  t h e  

s u r f a c e  o f  t h e  s p h e r e  b e f o r e  d i s c h a r g e  m u s t  r e a c h  1*7 x 1 0 6 E .S .U . .=  5 x 1 0 8 v o l t s .

W e  m a y  t a k e  1 0 9 v o l t s  a s  g iv in g  t h e  o r d e r  o f  m a g n i tu d e  o f  t h e  p o te n t ia l  r e a c h e d  

in  a  th u n d e r - c lo u d  b e fo re  t h e  p a s s a g e  o f  a  d is c h a rg e  o f  2 0  co u lo m b s.

T h e  o r d e r  o f  m a g n i tu d e  o f  t h e  p o te n t i a l  r e q u i r e d  to  c a u s e  a  d is c h a rg e  re m a in s  th e  

sa m e  e v e n  i f  t h e  s p h e r ic a l  d is t r ib u t io n  o f  t h e  c h a rg e  is d e p a r t e d  f r o m : t h e  h o r iz o n ta l  

d im e n s io n s  m ig h t ,  fo r e x a m p le ,  c o n s id e ra b ly  e x c e e d  t h e  v e r t ic a l  so  lo n g  a s  th e y  d id  

n o t  m u c h  e x c e e d  t h e  h e ig h t  o f  t h e  c h a rg e  a b o v e  t h e  g r o u n d .

S u p p o se  n e x t  t h a t  t h e r e  is  a  s t r a t i f o r m  d i s t r ib u t io n  o f  c h a rg e s  o v e r  a  w id e  a r e a , so 

t h a t  th e  l in e s  o f  fo rc e  a r e  v e r t ic a l .  T h e  c o n d i t io n s  o f  d is c h a rg e  h a v e  a l r e a d y  b e e n  

d isc u ss e d  in  S e c t io n  IX .

I f  w e a s su m e  t h a t  t h e  m e a n  v e r t ic a l  e le c t r ic  fo rc e  a lo n g  th e  w h o le  l e n g th  o f  th e  

l in e  o f  d is c h a rg e  in i t ia l ly  a p p ro a c h e d  t h e  v a lu e  F 0 ( =  a b o u t  3 x 1 0 6 v o l t s  p e r  m e tr e )  

a n d  t h a t  th i s  l e n g th  is 2  k m ., t h e  p o te n t ia l  d iffe re n c e  b e tw e e n  t h e  le v e ls  c o n n e c te d  

b y  th e  d is c h a rg e  m u s t  h a v e  b e e n  a b o u t  6  x 1 0 9 v o lts . B u t ,  a s  w as  p o in te d  o u t  in  

S e c tio n  IX .,  t h e  d is c h a rg e  m a y  e x te n d  m u c h  b e y o n d  th e  re g io n s  in  w h ic h  t h e  v e r t ic a l  

e le c tr ic  fo rce  h a d  o r ig in a l ly  a t t a i n e d  t h e  s p a r k in g  l im it  F 0 ; t h e  d is c h a rg e  m ig h t ,  fo r  

e x a m p le , e x te n d  fro m  th e  r e g io n  o f  t h e  u p p e r  c h a rg e  o f  t h e  c lo u d  to  t h e  g ro u n d , 

a l th o u g h  th e  e le c tr ic  f ie ld  d id  n o t  o r ig in a l ly  e x t e n d  to  th e  g ro u n d . T h e  p o te n t ia l  

d if fe re n ce  r e q u ir e d  to  p ro d u c e  a  v e r t ic a l  l i g h tn in g  f la sh  2  k m . lo n g  f ro m  a  c lo u d  o f  

th i s  ty p e  m a y  th u s  b e  c o n s id e ra b ly  le ss  th a n  6  x 1 0 9 v o lts , b u t  i t  is n o t  l ik e ly  to  be  so 

sm a ll a s  1 0 9 v o lts .

X I I .  Mean Density o f the Charge in a Thunder-cloud im

I f  w e a s su m e  t h a t  a  c h a rg e  o f  2 0  co u lo m b s is c o n c e n t r a te d  w i th in  a  sp h e re  

500  m e tr e s  in  ra d iu s , t h e  c h a rg e  p e r  c u b ic  m e tr e  is a b o u t  1 2 0  E .S .U .

I n  t h e  ca se  o f  a  s t r a t i f o r m  d is t r ib u t io n  o f  c h a rg e s  w e h a v e  im m e d ia te ly  b e fo re  

d is c h a rg e  4 ira- =  F 0 (S e c tio n  X .). I f  u n ifo rm  d e n s i ty  b e  a s su m e d  fo r  t h e  c h a

th r o u g h o u t  a  la y e r  o f  th ic k n e s s  d, th e n  pd =  F 0/ 4 7 r =  a b o u t  8  E .S .U . I f  b e  ta k e n  

a s  e q u a l to  1  k m ., p =  8 x l 0 - 5  E .S .U . p e r  cu b ic  c e n t im e tr e  ( =  80 E .S .U . p e r  cu b ic  

m e tre ) . C o n c e n tra t io n  o f  th e  c h a rg e  w i th in  a  sm a lle r  th ic k n e s s  is p ro b a b le , w ith  a  

c o r re sp o n d in g  in c re a se  in  t h e  d e n s i ty  o f  th e  c h a rg e .

T h e  m e a n  d e n s i ty  o f  th e  c h a rg e s  in  th u n d e r - c lo u d s  is th u s  lik e ly  to  re a c h  v a lu e s  o f  

th e  o rd e r  o f  100 E .S .U . p e r  cub ic  m e tre .

X I I I .  Charge Associated with 1 c.c. o f Water.

I f  th e  a m o u n t  o f  w a te r  in  th e  c h a rg e d  p o r tio n  o f  a  th u n d e r - c lo u d  w e re  n o  g r e a te r  

th a n  in  o rd in a ry  c lo u d s  ( a b o u t 4 g m . p e r  cu b ic  m e tre ) ,  t h e  a v e ra g e  c h a rg e  p e r  g ra m m e  

o f  w a te r  w o u ld  b e  a b o u t  25 E .S .U . ; th e  fo rce  e x e r te d  on  ea ch  g ra m m e  o f  w a te r  b y
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th e  e le c tr ic  fie ld  w h e re  i t  a p p ro a c h e d  th e  s p a rk in g  l im i t , 100 in  E .S . m e a su re , w o u ld  

a m o u n t  to  2500  d y n es , i.e., to  m o re  th a n  tw ic e  i t s  w e ig h t .  A s p o in te d  o u t  b y  

Sim ps o n ,# 10 E .S .U . is t h e  la r g e s t  c h a rg e  p e r  cu b ic  c e n t im e tr e  o f  w a te r  c o n s is te n t  

w i th  i t s  f a l l in g  in  a n  o p p o sin g  e le c t r ic  fie ld  o f  1 0 0  E .S .U . (on  one occas ion  ra in  a c tu a l ly  

w as fo u n d  b y  h im  to  c a r ry  a  c h a rg e  e x c e e d in g  1 0  E .S .U . p e r  cub ic  c e n tim e tre ) . 

I n  th e  sa m e  p a p e r  Simps o n  d ra w s  a t t e n t io n  to  th e  v e ry  c o n s id e ra b le  a c c u m u la tio n  

o f  w a te r  t h a t  m u s t  o cc u r  in  th u n d e r - c lo u d s  th r o u g h  la g g in g  o f  th e  la rg e r  d ro p s  

b e h in d  th e  u p ru s l i in g  a ir. T h u s  t h e  c h a rg e  p e r  cu b ic  c e n t im e tr e  o f  w a te r  does n o t  

n e c e s sa r ily  re a c h  th e  ab o v e  h ig h  v a lu es  : a n d  in d e e d  th e  e le c tr ic  fo rce  o p p o s in g  th e  

fa ll  o f  th e  la rg e  d ro p s  a s so c ia te d  w ith  th e  lo w er  po le  o f  th e  c lo u d  c a n n o t , as  a  ru le , 

ex ceed  th e i r  w e ig h t , s in ce  i t  is b y  th e  fa ll  o f  th e s e  d ro p s  t h a t  th e  field  is m a in ta in e d . 

B u t  th e r e  w ill b e  le ss  c o n c e n tr a t io n  o f  w a te r  on  th e  s m a lle r  d ro p s  a s so c ia te d  w ith  

th e  u p p e r  c h a rg e , a n d  d e n s it ie s  e x c e e d in g  1 0  E .S .U . p e r  cu b ic  c e n t im e tr e  in  th e  

u p p e r  p a r t  o f  th e  c lo u d  a re  n o t  u n lik e ly .

T h e  d ro p s  in  th e  h e a d  o f  a  th u n d e r - c lo u d  m a y  th u s  in  v i r tu e  o f  th e i r  m u tu a l  

re p u ls io n  h a v e  r a d ia l  v e lo c itie s  w h ich  n e a r  th e  b o u n d a ry  m a y  be c o m p a ra b le  w i th  th e  

te rm in a l  v e lo c ity  w h ich  th e  d ro p s  w o id d  a c q u ire  i f  fa ll in g  f re e ly  th r o u g h  th e  a ir . 

D ro p s  o f  1 0 - 3  cm . in  r a d iu s  w o u ld  h a v e  a  m a x im u m  ra d ia l v e lo c i ty  o f  a  few  c e n t i 

m e tre s  p e r  se c o n d : i f  th e  r a d iu s  w e re  a s  la rg e  a s  5 x l 0 ~ 3, th e  c h a rg e  p e r  cu b ic  

c e n t im e tr e  o f  w a te r  r e m a in in g  th e  sa m e , th e  r a d ia l  v e lo c ity  w o id d  be o f  th e  o rd e r  o f  

1  m e tre  p e r  seco n d . T h e  c h a ra c te r is t ic  b u lg in g  fo rm  o f  th e  h e a d s  o f  a  d e v e lo p in g  

c u m u lo -n im b u s  c lo u d  m a y  p o ss ib ly  lie p a r t ly  d u e  to  m u tu a l  re p u ls io n  o f  th e  c h a rg e d  

d ro p le ts .

X IV . Disruption o f  Drops the Electric Field.

I t  w as  sh o w n  b y  L o rd  R a y l e ig h  t  t h a t  a  c h a rg e d  sp h e r ic a l d ro p  m u s t  becom e 

u n s ta b le  i f  Q a e x c e ed s  1 6 x « 3T, w h e re  Q  is th e  c h a rg e , a th e  r a d iu s  o f  th e  d ro p  a n d  

T  th e  su rfa c e  te n s io n . I f  t h e  c h a rg e  p e r  cu b ic  c e n t im e tr e  o f  th e  w a te r  in  th e  c loud  

is p a n d  is e q u a lly  d is t r ib u te d  a m o n g  th e  d ro p s , so t h a t  Q  =  ^ x a 3/), th e n  th e  sp h e r ic a l 

fo rm  w ill b e  s ta b le  so lo n g  as  p2a? d o es n o t  ex c ee d  9 T /x , i.e., a b o u t  225 in th e  case  o f  

w a te r  d ro p s . T h e  lim it  fix ed  in  th is  w a y  fo r  th e  m a x im u m  c h a rg e  p e r  cub ic  c e n tim e tr e  

o f  w a te r ,  ev en  fo r  r a in -d ro p s  a s  la rg e  a s  J cm . in  r a d iu s  ( fo r w h ich  i t  a m o u n ts  to  

m o re  th a n  70 E .S .U .) ,  is to o  h ig h  to  be o f  im p o r ta n c e  in  th e  th u n d e r -c lo u d  p ro b lem .

O f  m u ch  g r e a t e r  im p o rta n c e  is th e  effec t, u p o n  th e  s ta b i l i ty  o f  th e  d ro p s , o f  th e  

e le c tr ic  fie ld  in  w h ic h  th e y  a re  su s p e n d e d , o r  in  o th e r  w o rd s  o f  th e  in d u c e d  c h a rg e s  on 

th e  tw o  h a lv e s  o f  e a c h  d ro p .

I f  i t  is a s  a  r e s u l t  o f  th e  e le c tr ic  fo rce  w ith in  o r  a t  th e  b o u n d a ry  o f  a  c loud  t h a t  

a  l ig h tn in g  H ash occurs , th e n  i t  becom es a n  in te r e s t in g  q u e s tio n  w h e th e r  u n d e r  

c e r ta in  c o n d itio n s  d is ru p tio n  o f  th e  d ro p s  m a y  n o t  o ccu r b efo re  th e  c o n d itio n s  fo r

* S im ps o n , loc. cit.

t  Ra y l e ig h , ‘ P h il .  M a g .,’ v o l . 14, p. 1 8 4 , 1 8 8 2 .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S . 1 0 5

d i s c h a r g e  a r e  r e a c h e d .  Ze l e n y ,# w h o  h a s  m a d e  a  v e r y  i n t e r e s t i n g  s e r i e s  o f  

i n v e s t i g a t i o n s  o n  t h e  s t a b i l i t y  o f  e l e c t r i f i e d  l i q u i d  s u r f a c e s ,  f o u n d  t h a t  in  a i r  a t  

a tm o s p h e r i c  p r e s s u r e  t h e  p o t e n t i a l  r e q u i r e d  t o  c a u s e  a  d i s c h a r g e  f r o m  t h e  s u r f a c e  o f  

a  d r o p  o f  w a t e r  a t  t h e  e n d  o f  a  c a p i l l a r y  t u b e  e x c e e d s ,  t h o u g h  o n l y  b y  a  f e w  p e r  

c e n t . ,  t h a t  r e q u i r e d  t o  p r o d u c e  i n s t a b i l i t y  a n d  d i s r u p t i o n  o f  t h e  d r o p s .  H e  p o i n t s  

o u t  t h a t  i t  w o u ld  fo l lo w  f r o m  h i s  e x p e r i m e n t s  t h a t  a  d i s c h a r g e  o f  m i n u t e  e l e c t r i f i e d  

d r o p s ,  c o n s t i t u t i n g  a n  u p w a r d  s h o w e r ,  w o u l d  t a k e  p la c e  f r o m  t h e  e d g e s  o f  t h e  w e t  

l e a v e s  o f  a  t r e e  in  a  t h u n d e r s t o r m ,  b e f o r e  t h e  e l e c t r i c  f o r c e  a t  t h e  s u r f a c e  o f  t h e  

t r e e  r e a c h e d  t h e  s p a r k i n g  l im i t s .

I t  se em s n o t  u n l ik e ly  t h a t  u n d e r  c e r t a in  c i rc u m s ta n c e s  a  s im i la r  p ro ce ss  m a y  o c c u r  

in  a  c lo u d , d r o p le ts  s u ffe r in g  d is r u p t io n  w h e re  t h e  fie ld  a p p ro a c h e s  t h e  s p a r k in g  l im it.  

C o n s id e r  a  d e v e lo p in g  c u m u lu s  h e a d  in  w h ic h  a  c h a rg e  is  a c c u m u la t in g ,  a n d  su p p o se  

t h a t  t h e  r a d ia l  e le c t r ic  fo rc e  n e a r  t h e  e d g e  o f  t h e  c lo u d -h e a d  re a c h e s  t h e  v a lu e  

r e q u i r e d  to  c a u se  d is r u p t io n  o f  t h e  d ro p s  b e fo re  i t  r e a c h e s  t h e  s p a r k in g  l im it.  T h e  

in d u c e d  c h a rg e s  o n  t h e  tw o  h a lv e s  o f  t h e  d ro p  w i l l  t h e n  b e  s e p a r a te d  a n d  w i l l  te n d  

to  t r a v e l  in  o p p o s i te  d ir e c t io n s  a lo n g  a  l in e  o f  fo rce .

T h e  m a g n i tu d e  o f  t h e  in d u c e d  c h a rg e  o n  ea ch  h a l f  o f  a  s p h e r ic a l  d ro p  o f  r a d iu s  a 

in  a  f ie ld  F  is 3 7 r a 2F / 4 7 r =  f -F a 2, a n d  w h e n  F  a p p ro a c h e s  th e  s p a r k in g  v a lu e  th is  

w ill g e n e ra l ly  g re a .t ly  e x c e e d  a n y  r e s u l t a n t  c h a rg e  o f  t h e  d ro p . T h e  c h a rg e  p e r  cu b ic  

c e n t im e tr e  o f  w a te r  fo r  e a c h  h a l f  o f  t h e  d ro p  =  f F 0ct2/ § 7r a 3 =  9 F 0/ 8 7 r « ; i f  F 0 =  1 0 0  

a n d  a =  1  m m . th e  c h a rg e  p e r  c u b ic  c e n t im e tr e  o f  w a te r  fo r  e a c h  h a l f  o f  t h e  d ro p  is 

36 0  E .S .U . T h u s  i f  t h e  o r ig in a l  d ro p  o f  1  m m . in  r a d iu s  w e re  d iv id e d  in to  tw o  

o p p o s ite ly  c h a rg e d  h a lv e s ,  t h e  fo rc e  a c t in g  o n  e a c h  o f  th e  n e w  d ro p s  w o u ld  in  a  fie ld  

o f  1 0 0  E .S .U . a m o u n t  to  36 t im e s  i t s  w e ig h t .

I f  th e  d ro p  is d r a w n  o u t  b y  th e  a c t io n  o f  t h e  f ie ld  in to  a n  e llip so id a l o r  c y l in d r ic a l 

fo rm  b e fo re  d is ru p t io n ,  th e  in d u c e d  c h a rg e s  w ill  b e  c o n s id e ra b ly  g r e a te r .  S e p a ra t io n  

o f  th e  c h a rg e s  b y  d iv is io n  o f  th e  d ro p  w ill  t h u s  g iv e  r is e  to  o p p o s ite ly  c h a rg e d  

p o r tio n s  e a c h  h a v in g  a  c h a rg e  m u c h  g r e a t e r  th a n  t h a t  o f  t h e  o r ig in a l d ro p . T h e  tw o  

p o r tio n s  w ill t e n d  to  t r a v e l  in  o p p o s ite  d i r e c t io n s  a lo n g  th e  lin e  o f  fo rce  w i th  v e lo c it ie s  

g r e a t ly  e x c e e d in g  t h e  o r ig in a l r a d ia l  v e lo c ity  o f  th e  d ro p  fro m  w h ic h  th e y  w e re  

d e r iv e d .

T h e  o u tw a rd  m o v in g  p ro d u c ts  o f  d is r u p t io n  o f  th e  d ro p s  in  t h e  h e a d  o f  a  c u m u lo 

n im b u s  c lo u d  m a y  p o ss ib ly  c o n s t i tu te  “  fa lse  c i r r u s / ’ T h e s e  p a r t ic le s  a re  m o re  l ik e ly  

to  f re e ze  t h a n  th o s e  c o n s t i tu t in g  t h e  o r ig in a l h e a d  o f  th e  c lo u d ;  ( l )  b e c au se  th e  

s t r e tc h in g  o f  th e  w a te r  d ro p  in to  a  f i la m e n t i t s e l f  c a u ses  co o lin g  ; ( 2 ) th e  c o n v e rs io n  

o f  a  w a te r  f i la m e n t in to  a n  ice c r y s ta l  is n o t  a c c o m p a n ied  b y  a  la rg e  in c re ase  o f  su rfa c e , 

a n d  o ne  of th e  m a in  o b s ta c le s  in  t h e  w a y  o f  th e  f re e z in g  o f  sm a ll d ro p s  is th u s  

r e m o v e d ; a n d  (3 ) th e  c h a rg e d  p a r t ic le s  a r e  s t i l l  f u r th e r  coo led  th ro u g h  b e in g  d r iv e n  

b y  th e  a c tio n  o f  th e  fie ld  in to  th e  co ld e r  a n d  d r ie r  a i r  o u ts id e  th e  o r ig in a l cloud .

Ic e  n e e d le s  fo rm e d  u n d e r  th e  ab o v e  c o n d itio n s  w o u ld  n o t  o id y  b e  c h a rg e d  b u t  a lso  

* Ze l e n y , ‘ P r o c . C a m b r id g e  P h i l .  S o c .,’ v o l .  1 8 , p . 7 1 , 1 9 1 4 .

V O L , C C X X I.— A . q
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e le c t r ic a l ly  p o la r ise d  ( th e  in d u c e d  c h a rg e s  o f  th e  o r ig in a l  c o n d u c tin g  f ila m e n t 

r e m a in in g  w h e n  th e  f ila m e n t f reezes) , a n d  w ill th u s  te n d  to  re m a in  w ith  th e i r  lo n g  

a x e s  p a ra l le l to  th e  d ir e c tio n  o f  th e  e le c tr ic  force. A  s tu d y  o f  th e  o p tic a l p h e n o m e n a  

o f  “ fa lse  c i r r u s ” w o u ld  be o f  in te r e s t  in  th is  co n n ex io n , a s  w o u ld  also  a n  e x p e rim e n ta l 

in v e s t ig a t io n  o f  th e  effec ts  o f  a n  e le c tr ic  field  on  su p e r-co o le d  d rops.

X V . Pressure W ithin a Charged Portio

T h e  p re s su re  w ith in  a  c h a rg e d  c lo u d — lik e  t h a t  w ith in  a  c h a rg e d  so ap  b u b b le — m u s t  

b e  less th a n  th e  p re s su re  o u ts id e . I f  th e  w h o le  c h a rg e  be su p p o se d  to  lie  n e a r  th e  

su rfa c e  o f  a  sp h e re  th e  a n a lo g y  w ith  th e  so ap  b u b b le  is co m p le te , a n d  th is  case m a y  

be c o n s id e re d  in  f in d in g  t h e  o rd e r  o f  m a g n i tu d e  o f  th e  effect. T h e  re d u c tio n  o f  

p re s su re  w i th in  th e  c loud  b y  th e  c h a rg e  is 27rcr2 =  F 2/ 8 7 r w h e re  cr is th e  c h a rg e  p e r 

u n i t  a re a  o f  th e  su rfa c e  o f  th e  s p h e re  a n d  F  is th e  r a d ia l  e le c tr ic  fo rce  im m e d ia te ly  

o u ts id e . J u s t  b e fo re  th e  p a ssa g e  o f  a  d is c h a rg e  F  =  F 0 =  a b o u t  1 0 0  in  e le c t ro s ta t ic  

m e a su re , so t h a t  F 2/ 8 7 r is a b o u t  400  d y n e s  p e r  sq u a re  c e n tim e tr e , a b o u t ° f  a n  

a tm o sp h e re .

I f  w e  c o n s id e r  th e  c h a rg e  to  be  d is t r ib u te d  u n ifo rm ly  in  a  h o r iz o n ta l la y e r  o f  

th ic k n e s s  w h ic h  is sm a ll c o m p ared  w ith  i t s  h o r iz o n ta l d im en sio n s , th e  d im in u tio n  o f  

p r e s su re  m id w a y  b e tw e e n  th e  to p  a n d  b o tto m  o f  th e  c h a rg e d  la y e r , d u e  to  m u tu a l  

rep u ls io n  o f  th e  c h a rg e d  d ro p s , is a g a in  F 02/ 8 7 r d y n e s  p e r  sq u a re  c e n tim e tr e .

X V I . Thunder Resulting from  Sudden Contraction due to Loss o f Charge.

T h u n d e r  is g e n e ra l ly  r e g a r d e d  a s  e n t i r e ly  d u e  to  th e  s u d d e n  e x p a n sio n  o f  th e  a i r  

a lo n g  th e  t r a c k  o f  a  l ig h tn in g  flash . I t  is e v id e n t  h o w ev e r t h a t  th e  su d d e n  

c o n tra c tio n  o f  a  la rg e  v o lu m e  o f  a i r  ( th e  c o n tra c tio n  c o rre s p o n d in g  to  a n  in c re ase  o f  

p re s su re  o f  som e t e n th s  o f  a  m il lim e tr e  o f  m e rc u ry )  m u s t  fu rn is h  a  b y  no m e an s 

n e g lig ib le  c o n tr ib u t io n  to  th e  th u n d e r  w h ich  fo llow s th e  d is c h a rg e .

X V I I .  Energy Dissipated in Lightning Discharges.

I f  w e ta k e  th e  e s tim a te s  a r r iv e d  a t  ab o v e  (V  =  1 0 9 v o lts , Q  =  2 0  cou lom bs) for 

th e  o rd e r  o f  m a g n itu d e  o f  th e  p o te n t ia l  in  th e  c h a rg e d  p o rtio n s  o f  a  th u n d e r-c lo u d  

im m e d ia te ly  b e fo re  th e  p a ssa g e  o f  a  flash , a n d  o f  th e  q u a n t i ty  d is c h a rg e d  in  th e  flash , 

w e  o b ta in  fo r  th e  o rd e r  o f  m a g n itu d e  o f  th e  e n e rg y  d is s ip a te d  in  a n  a v e ra g e  d isc h a rg e , 

J Q V  =  1 0 10 jo u le s  =  1 0 17 e rg s.

W e  m a y  a lso  a r r iv e  a t  a n  u p p e r  lim it  fo r th e  e n e rg y  i f  w e a s su m e  t h a t  th e  

d is t r ib u t io n  o f  th e  c h a rg e s  is s t r a t i fo rm  a n d  t h a t  th e  v e r tic a l  e le c tr ic  force is 

u n ifo rm  a n d  e q u a l to  F 0 th ro u g h o u t  th e  h e ig h t  H  th r o u g h  w h ich  th e  d isc h a rg e  

e x te n d s . F ro m  th e  v a lu e  fo u n d  fo r th e  a v e ra g e  e lec tr ic  m o m en t, 2 Q H , since V  m u s t
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n o w  b e  e q u a l  to  F 0H , w e  h a v e  fo r  t h e  e n e r g y  d is s ip a te d ,  J Q V  =  ^ Q F 0H , a b o u t  

1 0 11 jo u le s .

T h e  r a t e  a t  w h ic h  e le c t r ic a l  e n e rg y  w o u ld  b e  g o in g  to  w a s te  in  a  s to r m  in  w h ic h  

o n e  su c h  d is c h a rg e  o c c u rre d  in  e v e ry  1 0  s e co n d s  w o u ld  a m o u n t  to  1 0 16e r g s  p e r  se co n d  

o r  1 ,0 0 0 , 0 0 0  k i lo w a t ts .  I t  is o f  i n t e r e s t  to  c o m p a re  th is  w i th  th e  to t a l  p o w e r 

w h ic h  w o u ld  b e  a v a i la b le  i f  i t  w e re  p o ss ib le  t o  c a tc h  t h e  ra in fa l l  o f  a  th u n d e r - s h o w e r  

b e fo re  i t  fe ll a n d  u t i l is e  th e  w a te r  p o w e r th u s  s to re d . T h e  r a t e  o f  r a in f a l l  in  a  se v e re  

th u n d e r s to r m  m a y  re a c h  v a lu e s  a p p ro a c h in g  1 0  cm . p e r  h o u r . T h e  w a te r  p o w e r 

a v a i la b le  i f  i t  w e re  p o ss ib le  to  c a tc h  th e  r a in  a t  a  h e ig h t  o f  1  k m . w o u ld  a m o u n t  to  

3  x 1 0 15 e rg s  p e r  sq . k i lo m e tr e  p e r  seco n d . T h u s  a  r a in f a l l  o f  t h e  a b o v e  a m o u n t  o v e r  

a n  a r e a  o f  a b o u t  3 sq . k m . i f  in te r c e p te d  a t  a  h e ig h t  o f  1 k m . w o u ld  fu rn is h  su ff ic ie n t 

p o w e r  to  p ro d u c e  t h e  r e q u ir e d  e le c tr ic a l  e n e rg y . T h e  t o t a l  p o w e r  a v a i la b le  fo r  th e  

p ro d u c t io n  o f  l ig h tn in g  f la sh e s m a y  o b v io u s ly  g r e a t l y  e x c e e d  th e  a b o v e  e s t im a te  

b a sed  on  th e  ra in fa l l .

X V I I I .  Interpretation “  ” Curves.

I n  a  ty p ic a l  r e c o rd  o f  th e  c h a n g e s  o f  t h e  v e r t ic a l  e le c tr ic  fo rce  d u e  to  a  d i s t a n t  

t h u n d e r s to r m  e a c h  v e r t ic a l  p o r t io n  o f  t h e  t r a c e — r e p r e s e n t in g  th e  s u d d e n  c h a n g e  

p ro d u c e d  b y  a  d is c h a rg e — is fo llo w e d  b y  a  c h a ra c te r is t ic  “ r e c o v e r y ” c u rv e .  T h is  

m a y  b e  in t e r p r e t e d  a s  f o l lo w s :— T h e  c h a rg e  in  th e  h e a d  o r  b a se  o f  th e  t h u n d e r 

c lo u d — o r in  b o th — is s u d d e n ly  d e s t ro y e d  b y  t h e  p a s sa g e  o f  a  l ig h tn in g  f lash . T h e  

f ie ld  a t  o n ce  b e g in s  to  b e  r e - e s ta b l is h e d  a t  a  r a t e  r e p r e s e n te d  b y  th e  in i t ia l  s te e p n e s s  

o f  th e  c u rv e  im m e d ia te ly  a f te r  th e  d is c h a rg e . B u t  a s  th e  c h a rg e  in c re a se s , i t s  fie ld  

te n d s  to  d im in is h  th e  r a t e  o f  in c re a se  o f  th e  c h a rg e  in  tw o  w a y s :  ( l )  b y  h in d e r in g  

th e  s e p a ra t io n  o f  o p p o s ite ly  c h a rg e d  ra in -d ro p s  a n d  c lo u d  p a r t i c l e s ; a n d  ( 2 ) b y  

p ro d u c in g  a n  io n iz a t io n  c u r r e n t  w h ich  te n d s  to  n e u t r a l is e  th e  c h a rg e  a n d  in c re a se s  

w i th  th e  in c re a s in g  in te n s i ty  o f  th e  fie ld . U n le s s  th e  f ie ld  p re v io u s ly  re a c h e s  th e  

s p a rk in g  l im it ,  a  s te a d y  c o n d i t io n  w ill f in a lly  b e  a p p ro a c h e d  w h e n  t h e  tw o  o p p o s in g  

p ro cesses , w h ic h  te n d  re s p e c t iv e ly  to  in c re a se  a n d  d im in is h  t h e  fie ld , b a la n c e  o n e  

a n o th e r .

T h e  in i t ia l  r a t e  o f  in c re a se  o f  th e  fie ld  im m e d ia te ly  a f t e r  th e  p a s sa g e  o f  a  d i s t a n t  

d is c h a rg e  is th u s  a n  im p o r ta n t  q u a n t i ty .  I t  is p ro p o r t io n a l  to  th e  r a t e  a t  w h ic h  a  

c h a rg e  d e s tro y e d  b y  th e  f la sh  is r e g e n e r a te d  b y  th e  a c tio n  o f  th e  th u n d e r - c lo u d , 

i t  is p ro p o r t io n a l  to  th e  v e r t ic a l  e le c tr ic  c u r r e n t  w h ich  is c a r r ie d  th r o u g h  th e  t h u n d e r 

c lo u d  b y  th e  c o n v e c tio n  o f  c h a rg e d  m asses . I f  th e  d is ta n c e s  a n d  h e ig h t  o f  th e  c h a rg e  

d e s tro y e d  a re  k n o w n , th e  v e r t ic a l  e le c tr ic  c u r r e n t  m a y  a t  once  b e  d e d u c e d  fro m  th e  

in i t ia l  r a t e  o f  in c re a se  o f  th e  fie ld . I f  th is  in fo rm a t io n  is n o t  a v a i la b le  th e  r a t io  o f  

th e  c u r r e n t  to  th e  q u a n t i t y  w h ic h  p a sse d  in  th e  p re v io u s  d is c h a rg e  can  a lw a y s  be  

o b ta in e d  fro m  th e  reco rd .

Q 2
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1 0 8 M R . C. T . R,. W I L S O N : I N V E S T I G A T I O N S  O N  L I G H T N I N G  D I S C H A R G E S

T h e  v a lu e  o f  T , w h e re  F  is th e  in s ta n ta n e o u s  c h a n g e  re c o rd e d  a n d  dF/dt

t h e  in i t ia l  r a t e  o f  re c o v e ry  im m e d ia te ly  a f te r  th e  d isc h a rg e , h a s  b ee n  d e d u c ed  fro m  

th e  re c o v e ry  c u rv e s  in  th e  case  o f  34 d is c h a rg e s . W e  m a y  r e g a r d  T  as  th e  tim e  

w h ich  w o u ld  h a v e  b ee n  re q u ir e d  to  re -c h a rg e  th e  c lo u d  to  th e  s p a rk in g  l im it  h a d  

th e r e  b ee n  no  n e u tr a l is in g  p rocess  d u e  to  th e  a c tio n  o f  th e  e le c t r ic  fie ld  o f  th e  cloud . 

T h e  v a lu e s  o f  T  v a r y  b e tw e e n  1 '5  seco n d s  a n d  30 seconds, th e  m e a n  o f  64 m e a su re 

m e n ts  g iv in g  6 ‘9 s e c o n d s ; in  m o re  th a n  h a l f  th e  cases e x a m in e d  T  lies b e tw e e n  4  a n d  

1 0  seconds. T h ese  tim e s  a re  g e n e ra l ly  o n ly  a  sm a ll f ra c tio n  o f  th e  a c tu a l  in te rv a ls  

b e tw e e n  th e  f l a s h e s : on  J u n e  17, h o w ev e r, in  a  re c o rd  ( P la te  3, fig. 5 ) sh o w in g  m o re  

th a n  1 0 0  f la sh es  in  1 0  m in u te s — so t h a t  t h e  a v e ra g e  in te rv a l  b e tw e e n  th e  flash es  w as 

less  th a n  6  s e c o n d s— th e  a v e ra g e  v a lu e  o f  T  e x c e e d e d  h a l f  th is  in te rv a l.

S o m e o f  th e  re c o v e ry  cu rv es , as, fo r  e x a m p le , t h a t  o f  J u n e  1 2 , sh o w n  in  P la te  4 , 

fig. 1 1 , a p p ro x im a te  v e r y  c lo se ly  to  th e  e x p o n e n tia l fo rm , so t h a t  th e  c h a rg e  w h ich  

h a s  b ee n  r e g e n e ra te d  w h e n  a  tim e  t h a s  e la p se d  a f te r  th e  d is c h a rg e  m a y  be re p re s e n te d  

b y  Q  =  Q 0 ( l — e~H).Such a  c u rv e  s u g g e s ts  t h a t  th e  c h a rg e  o f  th e  th u n d e r -c lo u d  is 

b e in g  r e g e n e ra te d  a t  a  c o n s ta n t  r a te ,  a n d  t h a t  i t  is a t  th e  sa m e  tim e  b e in g  d is s ip a te d  

a t  a  r a t e  w h ich  is a t  a n y  m o m e n t p ro p o r tio n a l to  th e  c h a rg e . I t  m ig h t  a lso  h o w e v e r  

b e  in te r p r e te d  a s  r e p r e s e n t in g  th e  r e g e n e ra t io n  o f  th e  c h a rg e  b y  a  c o n s ta n t  E .M .F . 

in  th e  c lo u d , th e  c u r r e n t  th r o u g h  th e  c lo u d  b e in g  p ro p o rt io n a l to  th e  d iffe ren ce  

b e tw e e n  th i s  E .M .F . a n d  th e  o p p o sin g  p o te n t ia l  d if fe ren ce  p ro d u c e d  b y  t h e  c h a rg e s  

s e p a r a t e d ; th e r e  w o u ld  b e  no  c u r r e n t  w h e n  th e  c h a rg e s  re a c h e d  a  s te a d y  v a lu e . I f  

d is s ip a t io n  o f  th e  a c c u m u la te d  c h a rg e s  is ta k e n  in to  a c c o u n t th e  re c o v e ry  c u rv e  s ti ll  

re m a in s  o f  th e  sa m e  ty p e  ; i f  th e  d is s ip a tio n  is la rg e , or, in  o th e r  w o rd s , i f  th e  

in te rn a l  r e s is ta n c e  o f  th e  th u n d e r -c lo u d , r e g a r d e d  a s  a  g e n e ra to r  o f  c o n s ta n t  E .M .F ., 

is la rg e  c o m p a re d  w ith  t h a t  o f  th e  e x te r n a l  c irc u it , th e  c u r r e n t  th r o u g h  th e  c lo u d  is 

c o n s ta n t , a n d  w e h a v e  a g a in  th e  case  f i rs t co n s id e red .

T h e  r a te  o f  r e g e n e ra t io n  o f  c h a rg e  p e r  second , in  o th e r  w o rd s  th e  v e r t ic a l  c u r r e n t  

th r o u g h  th e  c lo u d , im m e d ia te ly  a f te r  a  d is c h a rg e  v a r ie s  b e tw e e n  §  a n d  ^  o f  th e  

c h a rg e  rem o v ed  b y  th e  flash , th e  m e a n  b e in g  a b o u t y. I f  w e a s su m e  a  d isc h a rg e  to  

co n v e y  a  q u a n t i ty  o f  th e  o rd e r  o f  2 0  cou lom bs, th e  m e a n  c u r r e n t  th r o u g h  th e  cloud , 

im m e d ia te ly  a f te r  a  d is c h a rg e , is o f  th e  o rd e r  o f  3  am p eres .

I t  is n o t  a t  a ll  im possib le  t h a t  th is  is a lso  th e  o rd e r  o f  m a g n itu d e  o f  th e  v e r tic a l 

c u r r e n t  th r o u g h  a  th u n d e r -c lo u d  a t  o th e r  tim e s  th a n  im m e d ia te ly  a f te r  a  l ig h tn in g  

d isc h a rg e , a n d  ev e n  w h en  a n  a p p ro x im a te ly  s te a d y  c o n d itio n  o f  th e  fie ld  h a s  been  

re ac h ed . C o n s id e r , fo r ex a m p le , th e  c h a rg e  in  th e  h e a d  o f  a  th u n d e r- c lo u d  w h ich  

re a c h e s  to  a  g r e a t  h e ig h t . T h e  c o n d u c tiv i ty  o f  th e  a tm o sp h e re  h a s  b ee n  fo u n d  b y  

Ge r d ie n  a n d  b y  W ie g a n d # to  in c re ase  ra p id ly  w ith  th e  h e ig h t ,  th e  fo rm e r  h a v in g  

fo u n d  a t  6  km . a  c o n d u c tiv i ty  m o re  th a n  2 0  t im e s  a s  g r e a t ,  a n d  th e  l a t t e r  a t  

8865  m e tre s  a  c o n d u c tiv i ty  a b o u t 40 tim e s  as  g r e a t  as  th e  n o rm al c o n d u c tiv i ty  n e a r

* W i e g a n d , ‘ D e u tsc h . P h y s ik . G e s e l ls c h a f t ,’ F e b r u a r y  2 9 , 1 9 1 4 .
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t h e  g ro u n d . A  c h a rg e d  b o d y  s u s p e n d e d  in  t h e  a tm o s p h e r e  u n d e r  t h e  c o n d itio n s  

fo u n d  b y  W ie g a n d  a t  8 865  m e tr e s  w o u ld  lo se  a b o u t  ^ 5  o f  i t s  c h a rg e  p e r  second . 

T h u s  a  c h a rg e  o f  2 0  c o u lo m b s  in  t h e  h e a d  o f  a  th u n d e r - c lo u d  a t  th is  h e ig h t  sh o u ld  

lo se  m o re  t h a n  1  c o u lo m b  p e r  s e c o n d : to  k e e p  th e  c h a rg e  c o n s ta n t  t h e  v e r t ic a l  

c u r r e n t  th r o u g h  th e  c lo u d  w o u ld  h a v e  to  e x c e e d  1  a m p e re .  T h e  p re s e n c e  o f  su c h  a  

la rg e  c h a rg e  w o u ld , i t  is t r u e ,  n o t  le a v e  t h e  c o n d u c t iv i ty  o f  t h e  s u r ro u n d in g  

a tm o s p h e re  u n a l t e r e d : i t  w o u ld  t e n d  to  in c re a s e  i t  b y  d r a g g in g  d o w n  io n s  f ro m  

u p p e r  la y e r s  o f  s t i l l  g r e a t e r  c o n d u c t iv i ty .

X IX . Electrical Currents Maintained in  the Atmosphere by Thunder-clouds arid

Shower-clouds.

C o n s id e r  a  c u m u lo -n im b u s  c lo u d  o f  t h e  ty p e  im a g in e d  in  S e c t io n  V I I I .  c o n ta in in g  

u p p e r  a n d  lo w e r  c h a rg e s — t h e  l a t t e r  b e in g  p a r t l y  o r , i t  m a y  b e , m a in ly  c a r r ie d  b y  th e  

r a in  b e lo w  th e  c lo u d . S u c h  a  c lo u d  m a y  b e  r e g a r d e d  a s  a n  e le c tr ic  g e n e r a to r —  

w h e th e r  e s s e n t ia l ly  o f  t h e  f r ic t io n a l  t y p e  o r  o f  t h e  in f lu e n c e  m a c h in e  ty p e  n e e d  n o t  

a t  p r e s e n t  b e  d is c u s s e d — c a p a b le  o f  m a in ta in in g  a  p o te n t ia l  d if fe re n c e  b e tw e e n  i t s  

p o le s  o f  t h e  o rd e r  o f  1 0 9 v o lts .

A s  p o in te d  o u t  in  S e c t io n  V I I I .  t h e  p o te n t ia ls  in  t h e  c o n d u c t in g  la y e r  o f  t h e  u p p e r  

a tm o s p h e re  is l ik e ly  to  b e  in s ig n if ic a n t  in  c o m p a riso n  w i th  t h a t  in  t h e  h e a d  o f  a  

th u n d e r - c lo u d , a n d  t h e  p o te n t ia l  d if fe re n c e  b e tw e e n  th e m  m a y  th u s  b e  o f  th e  o rd e r  

o f  1 0 9 v o lts .

T h e re  w ill  b e  a  flow  o f  e le c t r ic i ty  a lo n g  t h e  lin e s  o f  fo rc e  b e lo n g in g  to  t h e  v a r io u s  

g ro u p s  e n u m e r a te d  in  S e c t io n  V I I I .  a n d  in d ic a te d  in  fig. 5. T h e  u p p e r  p o le  w ill 

c o n t in u a l ly  b e  lo s in g  c h a rg e  b y  c u r r e n ts  f lo w in g  ( l )  to  th e  lo w e r  p o l e ; ( 2 ) to  th e  

e a r t h ’s su rfa c e  ( th is  p o r t io n  o f  t h e  c u r r e n t  r e a c h in g  th e  o u te r  zo n e  (S e c t io n  V I I I . )  

w h e re  th e  p o te n t ia l  g r a d ie n t  is u n l ik e ly  to  re a c h  h ig h  v a l u e s ) ; a n d  (3 ) to  th e  u p p e r  

a tm o sp h e re .

U n le ss  th e  f ie ld  in  th e  sh o w e r-c lo u d  a p p ro a c h e s  v e r y  n e a r  to  th e  s p a rk in g  lim it ,  th e  

c o n d u c t iv i ty  w i th in  t h e  c lo u d  is lik e ly  to  b e  sm a ll, s in c e  a n y  io n s  l ib e r a te d  soon  lo se  

th e i r  m o b il ity  b y  b ec o m in g  a t ta c h e d  to  c lo u d  p a r tic le s .  T h e  e le c tr ic a l r e s is ta n c e  

o f  th e 'a tm o s p h e r e  b e tw e e n  t h e  u p p e r  p o le  o f  th e  c lo u d  a n d  t h e  c o n d u c tin g  la y e r  o f  

th e  u p p e r  a tm o s p h e re  w ill  b e  m u c h  le ss  th a n  t h a t  b e tw e e n  t h e  u p p e r  p o le  a n d  th e  

e a r t h ’s s u r f a c e ; fo r  t h e  f re e  io n s  w ill b e  d r a g g e d  o u t  o f  th e  c o n d u c tin g  la y e r ,  a n d  

th e i r  m o b il ity  th r o u g h o u t  t h e  g r e a t e r  p a r t  o f  th e i r  co u rse  w ill g r e a t ly  e x c e ed  t h a t  

o f  t h e  ions in  th e  lo w e r  la y e r s  o f  th e  a tm o sp h e re .  A  la rg e  p a r t  o f  th e  c u r r e n t  f ro m  

th e  u p p e r  p o le  m u s t  th u s  g o  to  th e  u p p e r  a tm o sp h e re .

C o n s id e r  n o w  th e  lo w er  o p p o s i te ly  c h a rg e d  p o le  o f  t h e  c lo u d . P a r t  o f  th e  c h a rg e  

is c o n tin u a l ly  b e in g  n e u t ra l is e d  b y  th e  d i r e c t  r e tu r n  c u r r e n t  b e tw e e n  th e  po les, h u t  

th is ,  a s  h a s  a l r e a d y  b e e n  p o in te d  o u t,  is lik e ly  to  b e  sm all. T h e  g r e a te r  p a r t  o f  th e  

c h a rg e  lo s t  b y  th e  lo w er  p o le  w ill r e a c h  th e  g ro u n d . I f  n o  r a in  re a c h e s  th e  g ro u n d  

th e  loss o f  c h a rg e  w ill b e  d u e  to  ions m o v in g  u n d e r  th e  a c tio n  o f  th e  e le c tr ic  field
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o f  th e  cloud . I f  t h e  n o rm a l r a t e  o f  p ro d u c t io n  o f  ions in  th e  a i r  b e low  th e  c lo u d  h a d  

a lo n e  to  be ta k e n  in to  a c co u n t, th e  c u r r e n t  w o u ld  he  s m a l l ; b u t  w e h a v e  to  a d d  

th e  ions su p p lie d  b y  e v a p o ra tio n  o f  c h a rg e d  d ro p s  f a ll in g  fro m  th e  c lo u d  a n d  th o se  

(o f  o p p o site  s ig n )  d u e  to  p o in t d is c h a rg e s  f ro m  e a r th -c o n n e c te d  co n d u c to rs , such  

a s  th e  le av es  o f  t r e e s  o r  ev e n  th e  t ip s  o f  b la d e s  o f  g ra ss , u n d e r  th e  a c tio n  o f  th e  

in te n s e  e le c tr ic  fie ld  o f  th e  c e n tra l  a re a  below  th e  c loud . I f  t h e  r a in  rea c h e s  th e  

g ro u n d  th e  fo rm e r  o f  th e s e  so u rces  o f  io n iz a t io n  is a b s e n t,  b u t  th e r e  is a  f u r th e r  

so u rce  o f  io n iz a tio n  in  th e  s p la s h in g  o f  th e  r a in  on  th e  g ro u n d . I n  a d d i t io n  to  th e  

io n iza tio n  c u r r e n t  w e  h a v e  a lso  th e  c o n v e c tio n  c u r r e n t  c a rr ie d  to  th e  g ro u n d  b y  

c h a rg e d  ra in -d ro p s . T h e  to t a l  c u r r e n t  b e tw e e n  th e  lo w er  po le  o f  th e  c lo u d  a n d  th e  

g ro u n d  n o w  co n s is ts  o f  th e  c o n v e c tio n  c u r r e n t  c a rr ie d  b y  t h e  fa l lin g  c h a rg e d  d ro p s  

a n d  th e  c o n d u c tio n  c u r r e n t  c a r r ie d  m a in ly  b y  th e  u p w a rd  s t r e a m  o f  ions s e t  f re e  b y  

p o in t d is c h a rg e s  a n d  sp la sh in g  a t  t h e  su rfa c e  o f  th e  g ro u n d . T h e  r a t io  o f  th e  

c o n v e c tio n  c u r r e n t  to  th e  c o n d u c tio n  c u r r e n t  w ill be  less n e a r  th e  g ro u n d  th a n  

h ig h e r  u p , s in ce  th e  fa l lin g  d ro p s  w ill lose m o re  a n d  m o re  o f  th e i r  c h a rg e  a s  th e y  

p e n e t r a te  f a r th e r  in to  th e  s t r e a m  o f  u p w a rd  m o v in g  o p p o s ite ly  c h a rg e d  i o n s ; th e s e  

a g a in  a s  th e y  a r e  c a r r ie d  u p w a rd s  b y  th e  e le c tr ic  field  a re  c o n t in u a l ly  d im in ish e d  in  

n u m b e r  b y  u n io n  w ith  t h e  d ro p s . T h e  g r e a t e r  th e  su p p ly  o f  io n s f ro m  th e  g ro u n d  

th e  sm a lle r  w ill  be th e  c h a rg e  r e ta in e d  b y  th e  d ro p s  ; i f  t h e  c u r r e n t  c a rr ie d  b y  th e  

u p w a rd  s t r e a m  o f  io n s  is su ffic ien t, th e  d ro p s  m a y  lose th e  w h o le  o f  th e i r  c h a rg e  o r 

e v e n  h a v e  i t  r e v e r se d  b e fo re  th e y  re a c h  th e  g ro u n d . T h e  c h a rg e  c a rr ie d  to  th e  

g ro u n d  b y  r a in -d ro p s  is th u s  b y  no  m e a n s  n e c e ssa r ily  a  t r u e  m e a su re  o f  th e  v e r t ic a l  

c u r r e n t  in  a  si lo w er  : n o r  does th e  s ig n  o f  th e  c h a rg e  c a rr ie d  b y  th e  d ro p s  w h en  th e y  

re a c h  th e  g ro u n d  n e c e ssa r ily  in d ic a te  th e  s ig n  o f  th e  c u r r e n t  b e tw e e n  th e  g ro u n d  a n d  

th e  b ase  o f  t h e  c lo u d .

T h u s  a  la rg e  p a r t  o f  th e  c u r r e n t  f ro m  th e  u p p e r  po le o f  a  c u m u lo -n im b u s  c loud  

is lik e ly  to  re a c h  th e  c o n d u c tin g  la y e r s  o f  th e  u p p e r  a tm o sp h e re , w h ile  t h a t  fro m  

th e  o p p o s i te ly  c h a rg e d  lo w er  p o le  g o es  m a in ly  to  e a r th .  A  c u r r e n t  is th u s  

m a in ta in e d  fro m  th e  e a r th  th r o u g h  th e  c lo u d  to  th e  u p p e r  a tm o sp h e re  o r in  th e  

re v e rs e  d ire c tio n  a c c o rd in g  to  th e  s ig n  o f  t h e  p o la r i ty  o f  th e  c loud .

D is c h a rg e s  b e tw e e n  th e  g ro u n d  a n d  th e  lo w e r  p o le  o f  th e  cloud  a n d  b e tw e e n  th e  

u p p e r  po le  a n d  h ig h e r  p o r t io n s  o f  th e  a tm o s p h e re  c o n tr ib u te  to  th e  to ta l  c u r r e n t  

b e tw e e n  th e  g ro u n d  a n d  th e  u p p e r  a tm o s p h e re  ; d isc h a rg e s  b e tw e e n  th e  tw o  poles o r 

b e tw e e n  th e  u p p e r  po le  a n d  th e  g ro u n d  d im in ish  th e  e le c tr ic  field  w h ich  m a in ta in s  

th e  v e r tic a l c u r r e n t  w i th o u t  c o n t r ib u t in g  a n y th in g  to  th e  c u r re n t.

X X . Differences Between the Electrical Effects o f Shower-clouds of Positive and

Negative Polarity.

W e  m a y  d efin e  th e  p o la r ity  o f  a  sh o w er-c lo u d  as  b e in g  p o s itiv e  w h en  th e  u p p e r  

c h a rg e  is p o sitiv e , n e g a t iv e  w h e n  th e  u p p e r  c h a rg e  is n e g a tiv e ,  th e  c u r r e n t  th ro u g h  

i t  b e itig  u p w a rd  in  th e  fo rm e r  case, d o w n w a rd  in  th e  la t te r .
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A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S .
I l l

I t  w as  f ir s t p ro v e d  b y  S i m p s o n , # a n d  l ia s b e e n  c o n firm e d  b y  m a n y  o b se rv e rs , t h a t  

r a in  o n  r e a c h in g  th e  e a r t h ’s s u r fa c e  is m u c h  m o re  o f te n  p o s i t iv e ly  th a n  n e g a t iv e ly  

c h a rg e d . T h is ,  a s  w e  h a v e  se en , d o e s  n o t  n e c e s s a r i ly  im p ly  t h a t  sh o w e r-c lo u d s  a re  

a lw a y s  o r  e v e n  p r e v a i l in g ly  o f  n e g a t iv e  p o la r i ty .  I t  is th e re fo r e  o f  i n t e r e s t  to  

c o n s id e r  so m e o f  t h e  d if fe re n c e s  to  b e  e x p e c te d  b e tw e e n  t h e  e le c t r ic a l  e ffec ts  o f  c lo u d s  

o f  p o s i t iv e  a n d  o f  n e g a t iv e  p o la r i ty .

R e c e n t  e x p e r im e n t s  h a v e  s h o w n f  t h a t  th e  c a r r ie r  o f  n e g a t iv e  e l e c t r ic i ty  in  

h y d ro g e n , h e l iu m  a n d  n i t r o g e n  e v e n  a t  a tm o s p h e r ic  p r e s s u re  is t h e  f re e  e le c t ro n ,  a n d  

t h a t  i t s  m o b i l i ty  is so m e  h u n d r e d s  o f  t im e s  t h a t  o f  t h e  c a r r ie r  o f  p o s i t iv e  e le c t r ic i ty ,  

t h e  p o s i t iv e  ion . I n  o r d in a r y  a tm o s p h e r ic  a i r , a s  t h e  p r e s s u re  is re d u c e d , th e  

a v e ra g e  m o b i l i ty  o f  t h e  c a r r ie r s  o f  n e g a t iv e  e l e c t r ic i ty  in c re a s e s  r e la t iv e l y  to  t h a t  

o f  t h e  p o s i t iv e  i o n s ; q u i t e  a n  a p p re c ia b le  p ro p o r t io n  o f  t h e  n e g a t iv e  c a r r ie r s , 

c o n s is tin g ,  a c c o rd in g  to  W e l l is c h , | o f  f re e  e le c t ro n s  w h e n  t h e  p r e s s u re  is r e d u c e d  to  

8  cm . o f  m e rc u ry ,  t h e  p ro p o r t io n  in c re a s in g  r a p id ly  a s  th e  p r e s s u re  is f u r th e r  re d u c e d .

T h u s , w h i le  th e  c a r r ie r s  o f  p o s i t iv e  e l e c t r i c i ty  d r a g g e d  o u t  o f  th e  c o n d u c t in g  u p p e r  

a tm o s p h e re  b y  a  c lo u d  o f  n e g a t iv e  p o l a r i t y  c o n s is t  o f  o r d in a r y  io n s , t h e  n e g a t iv e  

c a r r ie r s  d r a g g e d  d o w n  b y  a  c lo u d  o f  p o s i t iv e  p o la r i ty  a re  o r ig in a l ly  to  a  la rg e  e x t e n t  

f re e  e le c tro n s , a n d  a  c o n s id e ra b le  p r o p o r t io n  a r e  l ik e ly  to  r e m a in  in  th i s  c o n d i t io n  t i l l  

q u i te  m o d e ra te  e le v a t io n s  a r e  re a c h e d . T h e  c o n d u c t iv i ty  o f  t h e  a i r  b e tw e e n  a  sh o w e r-  

c lo u d  a n d  th e  u p p e r  a tm o s p h e re  w ill t h u s  b e  c o n s id e ra b ly  g r e a t e r  i f  t h e  c lo u d  is 

o f  p o s i t iv e  th a n  i f  i t  is o f  n e g a t iv e  p o la r i ty .

L e t  u s  c o m p a re  tw o  sh o w e r -c lo u d s  w h ic h  d iffe r  o n ly  in  th e  s ig n  o f  th e i r  p o la r i ty  

a n d  c o n s id e r  th e  e ffec t o f  th e  g r e a t e r  c o n d u c t iv i ty  o f  th e  a tm o s p h e re  a b o v e  th e  c lo u d  o f  

p o s it iv e  p o la r i ty . L e t  u s  su p p o se  t h a t  t h e  tw o  c lo u d s  a c t  as  g e n e r a to r s  c a p a b le  o f  m a in 

ta in in g  e q u a l p o te n t ia l  d if fe re n c es  b e tw e e n  t h e i r  po les. L e t  V 2, — V x be  th e  p o te n t ia ls  

o f  th e  u p p e r  a n d  lo w e r  p o les o f  t h e  c lo u d  o f  p o s it iv e  p o la r i ty ,  a n d  — V 21, +  V d  th e  

p o te n t ia ls  o f  t h e  u p p e r  a n d  lo w er  p o les  o f  th e  c lo u d  o f  n e g a t iv e  p o la r i ty ,  l e t  V 2 —V x =  

V d - V , 1. T h e n  th e  c u r r e n t  f ro m  th e  g ro u n d  to  th e  u p p e r  a tm o s p h e re  m a in ta in e d  

b y  th e  c lo u d  o f  p o s it iv e  p o la r i ty  w ill  b e  g r e a t e r  th a n  t h a t  f ro m  th e  u p p e r  a tm o s p h e re  

to  th e  g ro u n d  m a in ta in e d  b y  th e  c lo u d  o f  n e g a t iv e  p o la r i ty ,  s in ce  th e  t o t a l  re s is ta n c e  

o f  th e  c i rc u i t  is le ss  in  th e  fo rm e r  case .

T h e  r a t io  Vj/V j is le ss  t h a n  V 2V V \\ th e  u p p e r  a n d  lo w er  p o te n t ia ls  b e in g  p ro p o rt io n a l 

to  th e  re s is ta n c e  o f  th e  p o r tio n s  o f  th e  c i r c u i t  a b o v e  th e  u p p e r  a n d  b e lo w  th e  lo w er  

po le  r e s p e c t iv e ly ^  T h u s  V d  is g r e a t e r  t h a n  V 2 a n d  Y x is g r e a t e r  th a n  Y f  ; in  o th e r  

w o rd s  th e  p o te n t ia l  (a n d  c h a rg e )  o f  b o th  th e  u p p e r  a n d  th e  lo w er  p o le  is g r e a te r  

w h e n  n e g a t iv e  t h a n  w h e n  p o s itiv e .

* S im ps o n , loc. cit.

t  F r a n c k  a n d  Po h l , ‘ Y e r h a n d l. D e u t s c h .  P h y s ik .  G e s e l ls c h a f t , ’ 9 , p . 6 9 , 1 9 0 7 .

% We l l i s c h , ‘ P h il .  M a g .,’ v o l .  3 4 , p . 3 3 , 1 9 1 7 .

§ T h e  p o t e n t ia l  o f  th e  c o n d u c t in g  la y e r s  o f  th e  u p p e r  a tm o s p h e r e  is  a s s u m e d  t o  r e m a in  sm a ll  in  

c o m p a r iso n  w it h  th e  E .M .F . o f  th e  th u n d e r -c lo u d .
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T h e  p o te n t ia l  g r a d ie n t  (n e g a t iv e )  in  th e  c e n tr a l  a re a  b e lo w  th e  c lo u d  o f  p o s i t iv e  

p o la r i ty  w ill be g r e a te r  th a n  th e  p o s itiv e  p o te n t ia l  g r a d ie n t  in  th e  c o rre sp o n d in g  a re a  

b e lo w  th e  c lo u d  o f  n e g a tiv e  p o la r i ty ,  th e  c e n tr a l  p o s it iv e ly  c h a rg e d  a re a  b e low  th e  

c lo u d  o f  p o s itiv e  p o la r i ty  b e in g  a lso  la rg e r  th a n  th e  n e g a t iv e ly  c h a rg e d  a re a  be low  

th e  c lo u d  o f  n e g a tiv e  p o la r i ty . A g a in ,  th e  p o s itiv e  p o te n t ia l  g r a d ie n t  a t  th e  g ro u n d  

in  th e  o u te r  zone w ill be  less (on  a c c o u n t  o f  th e  sm a lle r  c h a rg e  on  t h e  u p p e r  po le) in  

th e  case  o f  t h e  c lo u d  o f  p o s itiv e  p o la r i ty  th a n  th e  n e g a tiv e  p o te n t ia l  g r a d ie n t  in  th e  

c o rre sp o n d in g  re g io n  d u e  to  th e  c lo u d  o f  n e g a tiv e  p o la r ity . T h u s  in  ea ch  a re a  

n e g a t iv e  p o te n t ia l  g ra d ie n ts  t e n d  to  b e  g r e a te r  th a n  p o sitiv e .

T h e  e le c t r ic  fie ld  in  th e  c e n t r a l  a r e a  b e lo w  th e  lo w er  po le  b e in g  s tro n g e r  in  th e  case  

o f  th e  c lo u d  o f  p o s itiv e  p o la r i ty ,  th e  c u r r e n t  c a r r ie d  b y  th e  s tr e a m  o f  p o s itiv e  ions 

fro m  th e  g ro u n d  w ill b e  in c re a se d , a n d  th e re fo re  a lso  th e  te n d e n c y  to  n e u tra l i s a t io n  

o r r e v e r s a l  o f  th e  n e g a tiv e  c h a rg e  on  th e  fa l l in g  ra in -d ro p s .

I f  l ig h tn in g  d is c h a rg e s  occur, th e y  a re  m o re  l ik e ly  to  p a ss  b e tw e e n  th e  g ro u n d  a n d  

e i th e r  th e  u p p e r  o r  th e  lo w er  po le  i f  th is  is n e g a tiv e  th a n  i f  i t  is p o sitiv e , since  th e  

c h a rg e  o f  th e  p o le  is g r e a te r  w h e n  n e g a tiv e . T h u s  d is c h a rg e s  c a r ry in g  p o s itiv e  

e le c t r ic i ty  f ro m  th e  e a r th  to  th e  a tm o sp h e re  w ill b e  m o re  f r e q u e n t  t h a n  n e g a tiv e  

d isch arg es . D is c h a rg e s  w ill t e n d  to  o ccu r  e sp e c ia lly  b e tw e e n  th e  g ro u n d  a n d  th e  

u p p e r, n e g a tiv e , po les o f  c lo u d s o f  n e g a t iv e  p o la r i ty  a n d  th e  low er, n e g a tiv e , po les o f  

c lo u d s o f  p o s itiv e  p o la r ity .  I n  th e  l a t t e r  case  th e  d isc h a rg e s  a re  a n  a d d itio n a l sou rce  

o f  loss o r r e v e rs a l o f  th e  n e g a t iv e  c h a rg e  on  fa l lin g  ra in -d ro p s .

E s s e n t ia l ly  s im ila r  r e s u l t s  a r e  re a c h e d  if, in s te a d  o f  a s su m in g  th e  sam e p o te n t ia l  

d if fe ren ce  to  b e  m a in ta in e d  b e tw e e n  th e  po les, w h e th e r  th e  c lou d s a re  o f  p o s itiv e  o r  

o f  n e g a t iv e  p o la r i ty , w e  a s su m e  t h a t  th e  sam e v e r t ic a l  c u r r e n t  is m a in ta in e d  in  

b o th  cases.

T h u s, i f  w e a s su m e  t h a t  sh o w er-c lo u d s m a y  h a v e  p o la r i ty  o f  e i th e r  s ig n , th e  

d iffe ren ces  in  th e  m o b ilitie s  o f  th e  p o s itiv e  a n d  n e g a t iv e  c a rr ie rs  o f  e le c tr ic ity  in  th e  

h ig h e r  p o r t io n s  o f  th e  a tm o sp h e re  w ill a c c o u n t fo r  th e  p re p o n d e ra n c e  in  sh o w ers  : 

( l )  o f  n e g a t iv e  p o te n t ia l  g r a d ie n ts  ; ( 2 ) o f  u p w a rd  o r p o s itiv e  l ig h tn in g  d isc h a rg es  ; 

a n d  (3) o f  p o s it iv e ly  c h a rg e d  ra in . I t  a lso  a ffo rd s  (4) a  possib le  e x p la n a t io n  o f  th e  

n o rm a l p o s itiv e  p o te n t ia l  g r a d ie n t  o f  f in e -w e a th e r  reg io n s .

X X I . The Normal Potential Gradient and Air-earth Current o f Fine Weather.

A  th u n d e r -c lo u d  o r sh o w er-c lo u d  is th e  s e a t  o f  a n  e le c tro m o tiv e  fo rce  w h ich  m u s t  

cau se  a  c u r r e n t  to  flow  th r o u g h  th e  c lo u d  b e tw e e n  th e  e a r t h ’s su rfa c e  a n d  th e  u p p e r  

a tm o sp h e re . I n  th e  case o f  th u n d e r -c lo u d s  th e  re co rd s  o f  th e  c h a n g e s  p ro d u ce d  in  

th e  e le c tr ic  fie ld  b y  th e  p a ssa g e  o f  l ig h tn in g  f lash es  g iv e  u s  m e an s  o f  fo rm in g  som e 

e s t im a te  o f  th e  m a g n itu d e  o f  su ch  c u r re n ts , a n d  i t  w o u ld  a p p e a r  f ro m  th e m  t h a t  th e  

c u r r e n t  th r o u g h  a  few  sq u a re  k ilo m e tre s  o f  th e  su rfa c e  o f  th e  g ro u n d  below  a  

th u n d e r -c lo u d  m a y  a m o u n t to  som e am p eres . I n  sh o w er-c lo u d s  in  w h ich  th e
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A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S .
1 1 3

p o te n t ia l s  fa ll  s h o r t  o f  w h a t  a r e  r e q u i r e d  to  p ro d u c e  l ig h tn in g  d is c h a rg e s ,  th e r e  is no  

r e a s o n  to  su p p o se  t h a t  t h e  v e r t ic a l  c u r r e n t s  a r e  o f  a n  a l to g e th e r  d if fe re n t  o rd e r  o f  

m a g n i tu d e .  I f  a n y  c o n s id e ra b le  p ro p o r t io n  o f  sh o w e r -c lo u d s  a r e  o f  p o s i tiv e  p o la r i ty  

t h e  u p p e r  a tm o s p h e r e  w ill re c e iv e  a n  e x c e ss  o f  p o s i t iv e  e l e c t r ic i ty  w h ic h  m a y  p o ss ib ly  

b e  su ff ic ie n t to  m a in ta in  t h e  p o s it iv e  p o te n t ia l  o f  t h e  c o n d u c t in g  la y e r s  a n d  to  s u p p ly  

t h e  n o rm a l d o w n w a rd  c u r r e n t  o f  t h e  f in e -w e a th e r  re g io n s . T h e  t o t a l  c u r r e n t  w h ic h  

m u s t  b e  s u p p l ie d  fo r  th is  p u rp o s e  is, a s  S i m p s o n * h a s  p o in te d  o u t ,  o f  t h e  o rd e r  o f  

1 0 0 0  a m p e re s  fo r t h e  w h o le  e a r th .

I t  is n o t  n e c e s s a ry  to  su p p o se  t h a t  o n ly  is o la te d  c lo u d s  o f  t h e  c u m u lo -n im b u s  ty p e  

c o n t r ib u te  to  t h e  c u r r e n t  b e tw e e n  t h e  g r o u n d  a n d  t h e  u p p e r  a tm o s p h e re . I f  w e 

c o n s id e r  a  c lo u d  fro m  w h ic h  h e a v y  r a in  is f a l l in g  a n d  a s su m e  t h a t  t h e  c o n d itio n s  a re  

u n ifo rm  o v e r  a  la rg e  a re a , t h e  ca se  is  in  f a c t  s o m e w h a t  s im p le r  t h a n  t h a t  o f  th e  

c u m u lo -n im b u s  c lo u d  ; t h e  g e n e ra l  r e s u l t s  a r e  t h e  sa m e .

W e  m a y  su p p o se  t h a t  a  s t e a d y  c o n d i t io n  is r e a c h e d  in  w h ic h  t h e  v e r t ic a l  e le c t r ic  

f ie ld  w i th in  t h e  c lo u d  (a n d  t h u s  t h e  p o te n t ia l  d if fe re n ce  b e tw e e n  i t s  u p p e r  a n d  lo w e r  

su rfa c e s )  h a s  a  v a lu e  w h ic h  d e p e n d s  on  t h e  r a t e  o f  r a in f a l l  a n d  o th e r  f a c t o r s ; i t  is 

a s su m e d  to  b e  in d e p e n d e n t  o f  t h e  s ig n  o f  t h e  p o la r i ty .  E v e n  i f  th i s  p o te n t ia l  

d iffe re n ce  is o n ly  o r  o f  t h a t  r e a c h e d  in  th u n d e r - c lo u d s  th e  e ffec ts  m a y  b e  

i m p o r t a n t : t h e  E .M .F . w h ic h  t e n d s  to  d r iv e  a  c u r r e n t  b e tw e e n  t h e  g ro u n d  a n d  th e  

u p p e r  a tm o s p h e re  is s t i l l  f ro m  1 0  to  1 0 0  t im e s  t h e  n o rm a l  p o te n t ia l  o f  th e  u p p e r  

a tm o s p h e re  a b o v e  f in e -w e a th e r  re g io n s .

T h e  d iffe re n ce  b e tw e e n  t h e  m o b i l i t ie s  o f  t h e  p o s i t iv e  a n d  n e g a t iv e  c a r r ie r s  d r a g g e d  

o u t  o f  t h e  c o n d u c tin g  u p p e r  a tm o s p h e re  w i ll  a g a in  c a u se  c lo u d s  o f  p o s i t iv e  p o la r i ty  

to  d iffe r f ro m  th o s e  o f  n e g a t iv e  p o la r i ty  in  ( l )  t h e  g r e a t e r  m a g n i tu d e  o f  t h e  v e r t ic a l  

c u r r e n t  (p o s i tiv e  fo r  th e  c lo u d  o f  p o s i tiv e  p o l a r i t y ) ; ( 2 ) t h e  sm a l le r  m a g n i tu d e  o f  t h e  

p o te n t ia l  (p o s i t iv e )  a t  t h e  u p p e r  su r fa c e  a n d  g r e a t e r  m a g n i tu d e  o f  th e  p o te n t ia l  

( n e g a t iv e )  a t  t h e  lo w er  su rfa c e  o f  th e  c lo u d  ; a n d  t h u s  (3 )  t h e  g r e a t e r  in te n s i ty  o f  t h e  

p o te n t ia l  g r a d ie n t  ( n e g a t iv e  fo r  t h e  c lo u d  o f  p o s i tiv e  p o la r i ty )  b e lo w  th e  c lo u d , th is  

a g a in  te n d in g  to  ca u se  a  la r g e r  p a r t  o f  t h e  v e r t ic a l  c u r r e n t  b e lo w  th e  c lo u d  to  be  

c a r r ie d  b y  io n s  l ib e ra te d  a t  t h e  g ro u n d  a n d  th u s  to  p ro d u c e  a  m o re  c o m p le te  

d ischarge* o f  th e  (n e g a t iv e ly - c h a rg e d )  r a in .

X X I I .  Influence o f the Nature o f the Earth's Surface below a Thunder-cloud

or Shower-cloud.

T h e  d is s ip a tio n  o f  t h e  lo w er  c h a rg e  o f  a  th u n d e r - c lo u d  o r  o th e r  ra in -c lo u d  b y  th e  

u p w a rd  s t r e a m  o f  io n s  l ib e ra te d  b y  p o in t  d is c h a rg e s  o r  b y  sp la sh in g  a t  t h e  e a r t h ’s 

su rfa c e  m u s t  d e p e n d  la rg e ly  o n  t h e  n a t u r e  o f  t h a t  su rfa c e , o n  w h e th e r  fo r e x a m p le  i t  

c o n s is ts  o f  d e s e r t ,  sn o w fie ld , g ra s s la n d ,  fo re s t, la k e  o r sea  ; a n d  a g a in  th e  e ffec t o f  th e  

n a tu r e  o f  th e  c o v e rin g  o f  t h e  e a r t h ’s su rfa c e  m a y  d e p e n d  o n  t h e  s ig n  o f  th e  e le c tr ic  

fie ld .

* S imps o n , ‘ N a t u r e , ’ D e c e m b e r  12, 1 9 1 2 .

V O L . C C X X I ,--- A . R
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1 1 4 MR . C . T . R . W I L S O N :  I N V E S T I G A T I O N S  O N  L I G H T N I N G  D I S C H A R G E S

P o in t  d is c h a rg e s  w ill o ccu r m o s t f r e q u e n t ly  a n d  g iv e  r ise  to  th e  la rg e s t  c u r r e n ts  

o v e r  fo re s ts  a n d  la n d s  c o v e re d  w i th  v e g e ta t io n  ; a lso  on m o u n ta in  su m m its  a n d  r id g e s , 

o w in g  to  th e  in c re a se d  in te n s i ty  o f  t h e  e le c tr ic  fie ld  th r o u g h  p r o x im ity  to  th e  c h a rg e d  

c loud . I o n iz a t io n  b y  sp la sh in g  o f  r a in  on  th e  g ro u n d  a n d  th e  r e la t iv e  n u m b e r  o f  

p o s i t iv e  a n d  n e g a t iv e  ions l ib e ra te d  th e r e b y  is l ik e ly  to  b e  v e ry  d if fe re n t  o v e r  th e  

v a r io u s  su rfa ce s . O f  sp ec ia l i n t e r e s t  is th e  q u e s t io n  o f  th e  a m o u n t  a n d  n a tu r e  

o f  th e  io n iz a tio n  a t  th e  su rfa c e  o f  th e  o cean  u n d e r  h e a v y  ra in fa l l .

O v e r  a n  a re a  in  w h ich  th e  su rfa c e  io n iz a t io n  w as  la rg e  w e sh o u ld  e x p e c t a n  

in c re a se d  v e r t ic a l  c u r r e n t ,  a  d im in u tio n  o f  th e  c h a rg e  c a rr ie d  to  th e  g ro u n d  b y  ra in , a  

d im in u tio n  in  th e  in te n s i ty  o f  th e  e le c tr ic  field  o f  th e  c loud , a n d  in  co n se q u e n c e  a  

d im in u tio n  in  th e  te n d e n c y  fo r l ig h tn in g  d is c h a rg e s  to  o ccu r.

T h e  h o ld in g  u p  o f  c h a rg e d  r a in -d ro p s  b y  t h e  e le c tr ic  fie ld  a n d  th e  d im in u tio n  o f  th e  

field  b y  th e  d is s ip a tio n  o f  c lo u d  c h a rg e s  b y  fo re s ts  a n d  o th e r  so u rce s  o f  su rfa c e  

io n iz a tio n  a re  p e rh a p s  n o t  n e g lig ib le  fa c to rs  in  th e  loca l d is t r ib u t io n  o f  ra in fa ll . 

M r. L . F . Ric h a r d s o n ,* d e s c r ib in g  som e o f  th e  p h e n o m e n a  o b se rv e d  d u r in g  th e  

p a ssa g e  o f  a  lin e  sq u a ll  in  F ra n c e , on  S e p te m b e r  6 , 1917 , r e m a rk s  “ th e  c lo u d  w as  

n o tic e a b ly  d a r k e r  o v e r  th e  F o re s t  o f  A rg o n n e  t h a n  o v e r  th e  g ra ss la n d s  o f  

C h a m p a g n e .”

X X I I I .  Secondary Thunder-clouds.

I t  h a s  th u s  f a r  b e e n  a s su m e d  t h a t  t h e  so u rce  o f  E .M .F . is w i th in  th e  c loud  in  

w h ic h  th e  l ig h tn in g  d is c h a rg e s  a n d  o th e r  e le c tr ic a l e ffec ts  a r e  m a n ife s te d . I t  is e a sy  

h o w e v e r  to  im a g in e  c o n d itio n s  in  w h ich  a  c u m u lo -n im b u s  c lo u d , w h ic h  a c ts  a s  

e le c tr ic  g e n e ra to r ,  m a y  s u p p ly  e le c tr ic a l  e n e rg y  to  q u ie sc e n t c lo u d s a n d  p ro d u c e  in  

th e m  in te n s e  e le c tr ic a l  fie ld s a n d  e v e n  l ig h tn in g  d isc h a rg e s .

C o n s id e r fo r e x a m p le  a  h o r iz o n ta l s t r a t i f o r m  c lo u d  w h ich  in te rs e c ts  lin e s  o f  fo rce  

c o n n e c tin g  th e  po les o f  a  c u m u lo -n im b u s  c l o u d ; th e  s t r a t i f o r m  c lo u d  m ig h t  b e  a 

la te r a l  e x te n s io n  o f  th e  sh o w e r-c lo u d . T h e  e le c tr ic a l c o n d u c tiv i ty  w ith in  th e  

s t r a t i f o r m  c lo u d  w ill, th r o u g h  c a p tu re  o f  th e  io n s  b y  c lo u d  p a r tic le s , be  v e ry  sm a ll 

co m p ared  w ith  t h a t  o f  th e  f re e  a i r  ab o v e  o r  b e lo w  th e  cloud . T h e  c u r r e n t  f ro m  th e  

po les o f  th e  p r im a ry  th u n d e r - c lo u d  w ill cau se  a n  a c c u m u la tio n  o f  c h a rg e s  o f  o p p o s ite  

s ig n  a t  th e  u p p e r  a n d  lo w er  su rfa c e s  o f  th e  s t r a t i f o r m  cloud . T h is  a c c u m u la tio n  o f  

c h a rg e  w ill c o n tin u e — u n le ss  th e  fie ld  w i th in  th e  c loud  p rev io u s ly  re a c h e s  th e  s p a rk in g  

l im it— u n t i l  a  s te a d y  c o n d itio n  is re a c h e d , w h e n  th e  v e r t ic a l  field  w ith in  th e  c lo u d  is 

su ffic ien t to  m a in ta in  a  c u r r e n t  e q u a l to  t h a t  w h ic h  e n te r s  i t s  u p p e r  a n d  lo w er 

su rfaces . T h e  p o te n t ia l  d if fe ren ce  f in a lly  e x is t in g  b e tw e e n  th e  u p p e r  a n d  lo w er 

su rfa c es  o f  th e  s t r a t i f o r m  c lo u d  m ig h t  a m o u n t  to  a  co n s id e rab le  f ra c t io n  o f  t h a t  

b e tw e e n  th e  to p  a n d  b o tto m  o f  th e  sh o w er-c lo u d , th e  r a t io  b e in g  t h a t  o f  th e  re s is ta n c e  

o f  t h a t  p o r tio n  o f  a  tu b e  o f  flow  w h ic h  lies w ith in  th e  c loud  to  th e  re s is ta n c e

* R ic h a r d s o n , ‘ Q u a rt. J o u r n . R o y . M e te o r . S o c .,’ 4 5 , p . 1 1 2 , 1 9 1 9 .
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A N D  O N  T H E  E L E C T R I C  F I E L D  O F  T H U N D E R S T O R M S . 1 1 5

o f  t h e  w h o le  tu b e .# I f  t h e  th ic k n e s s  o f  th e  s t r a t i f o r m  c lo u d  w e re  sm a ll, in te n s e  

f ie ld s  m ig h t  r e s u l t  w i th in  t h e  c lo u d  a n d  d is c h a rg e s  m ig h t  e v e n  o c c u r ; e a c h  f la sh  

w o u ld  d is c h a rg e  o n ly  a  s m a ll a r e a  o f  t h e  c lo u d , o f  d im e n s io n s  c o m p a ra b le  w i th  th e  

th ic k n e s s  o f  t h e  c lo u d .

T h e  c h a r a c te r is t ic  s t r i a t e d  a n d  m a m m a t i fo rm  a p p e a ra n c e s  f r e q u e n t ly  o b se rv e d  on  

t h e  lo w e r  s u r fa c e s  o f  s t r a t i f o r m  c lo u d s  a s s o c ia te d  w i th  th u n d e r s to r m s  m a y  b e  d u e  to  

in te n s e  e le c t r ic  f ie ld s  p ro d u c e d  a s  a b o v e  s u g g e s te d ,  t h e  e le c t r ic a l  a t t r a c t i o n  b e tw e e n  

t h e  u p p e r  a n d  lowTe r  c h a rg e s  g iv in g  r is e  to  c o n v e c t io n  c u r r e n ts .

I f  t h e  io n iz a t io n  a b o v e  a n d  b e lo w  a  s t r a t i f o r m  c lo u d  in  t h e  f ie ld  o f  a  p r im a r y  

th u n d e r - c lo u d  is u n e q u a l , t h e  c lo u d  w ill a c q u i r e  u n e q u a l  u p p e r  a n d  lo w e r  c h a rg e s  a n d  

t h u s  c a r r y  a  r e s u l t a n t  c h a rg e . F o r  e x a m p le , a  s t r a t i f o r m  c lo u d  a b o v e  a  c u m u lo 

n im b u s  c lo u d  w ill in te r c e p t  t h e  flow  o f  io n s  f ro m  th e  u p p e r  a tm o s p h e r e  a n d  b eco m e  

c h a rg e d  w i th  e l e c t r ic i ty  o f  o p p o s ite  s ig n  to  t h a t  o f  t h e  u p p e r  p o le  o f  t h e  sh o w e r-c lo u d , 

a  s te a d y  c o n d i t io n  n o t  b e in g  re a c h e d  u n t i l  a  p o te n t i a l  d iffe re n c e  b e tw e e n  t h e  t h u n d e r 

c lo u d  a n d  t h e  u p p e r  a tm o s p h e re  is c o n c e n t r a te d  a lm o s t  e n t i r e ly  in  t h e  r e g io n  b e lo w  

th e  s t r a t i f o r m  clo u d . L ig h tn in g  d is c h a rg e s  b e tw e e n  t h e  s t r a t i f o r m  c lo u d  a n d  th e  

h e a d  o f  t h e  p r im a r y  th u n d e r - c lo u d  b e lo w  w ill b e  l ik e ly  to  o ccu r.

I n  th e  a b s e n c e  o f  a n y  s u c h  c lo u d  a b o v e  th e  p r im a r y  th u n d e r - c lo u d ,  th e  g r e a t  

d im in u t io n  o f  th e  m o b i l i ty  o f  io n s  o r  e le c t ro n s  d r a g g e d  o u t  o f  t h e  c o n d u c tin g  la y e r s  

a s  t h e y  p e n e t r a t e  in to  t h e  d e n s e r  r e g io n s  o f  t h e  a tm o s p h e r e  w ill h a v e  a  v e r y  s im i la r  

e f f e c t ; t h e  c o n c e n tr a t io n  o f  c h a rg e  w ill  b e  g r e a t e s t  w h e re  th e  c h a n g e  o f  c o n d u c t iv i ty  

w i th  t h e  h e ig h t  is m o s t  r a p id .  W e  m a y  in  f a c t ,  a s  s u g g e s te d  in  S e c tio n  V I I I . ,  

c o n s id e r  t h a t  t h e  c o n d it io n s  a re  m u c h  th e  sa m e  a s  i f  a  c o n d u c tin g  p ro tu b e ra n c e  w e re  

d r a w n  o u t  f ro m  th e  c o n d u c tin g  la y e r  to w a r d s  th e  s u m m it  o f  t h e  th u n d e r -c lo u d . I t  

d o es  n o t  seem  u n l ik e ly  t h a t  d is c h a rg e s  m a y  so m e tim e s  o c c u r  b e tw e e n  th i s  p r o tu b e ra n c e  

a n d  t h e  to p  o f  th e  th u n d e r - c lo u d . I n  a  p re v io u s  p a p e r  so m e  e v id e n c e  w as  o b ta in e d  

s u g g e s t in g  th e  o c c u rre n c e  o f  d is c h a rg e s  o f  v e r y  g r e a t  v e r t ic a l  l e n g th  ; p o ss ib ly  th e s e  

m a y  h a v e  b e e n  o f  th e  ty p e  w e h a v e  b e e n  c o n s id e r in g . *

*  T h is  a c t io n  o f  a  la y e r  o f  c lo u d , in  p a r t ic u la r  o f  a  g r o u n d  fo g , in  in c r e a s in g  t h e  v e r t i c a l  e le c tr ic  f ie ld  

w it h in  i t  h a s  lo n g  b e e n  r e c o g n is e d  in  th e  c a se  o f  t h e  p o t e n t ia l  g r a d ie n t  o f  f in e  w e a th e r . El s t e r  a n d  

Ge i t e l , ‘ M e te o r . Z e it s c h r ., ’ 1 7 , p . 2 3 0 , 1 9 0 0 ;  Ge i t e l , ‘ P h y s ik a l .  Z e i t s c h r ., ’ 1 7 , p . 4 5 5 , 1 9 1 6 .
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