
P r o g r e s s i v e  L i g h t n i n g

I I I — T h e  F i n e  S t r u c t u r e  o f  R e t u r n  L i g h t n i n g  S t r o k e s

B y  D . J .  M a l a y ,* M.Sc ., Doct eur U d e  Pari s ,  

a n d  H . C o l l e y s , !  M .(S .A .) I .E .E .

(C om m unicated by S ir  Charles B o ys , F .R .S .— Received  11 M a y  1937)

[ P l a t e s  6 - 1 0 ]

1— I y t r o d t j c j t io y

I t  h a s  b e e n  e s ta b l is h e d  in  tw o  p re v io u s  p a p e r s  b y  S c h o n la n d , a n d  th e  

a u th o r s  (S c h o n la n d  a n d  C o llen s 1 9 3 4 ; S c h o n la n d , M a la n  a n d  C o llens 1 9 3 5 ) 

t h a t  th e  l ig h tn in g  f la sh  in v o lv e s  tw o  c o n s e c u tiv e  p ro c e sse s , a  d o w n w a rd  

m o v in g  le a d e r  a n d  a n  u p w a r d  m o v in g  m a in  o r  r e t u r n  p ro c e ss . T h e s e  tw o  

p ro c e s se s  a re  r e p e a te d  fo r  e a c h  s e p a r a te  s t r o k e  o f  th e  se r ie s  w h ic h  m a y  

m a k e  u p  a  c o m p le te  f la sh .

I n  th e s e  p a p e r s  i t  h a s  b e e n  sh o w n  t h a t  t h e  r e t u r n  s t ro k e  t r a v e ls  w i th  

a  v e lo c i ty  o f  th e  o rd e r  o f  2 x  109 c m ./se c .,  a n d  t h a t  th e  v e lo c i ty  d e c re a s e s  a s  

t h e  s t r o k e  t r a v e ls  u p w a rd s .  V a r ia t io n s  in  lu m in o s i ty  a n d  in  v e lo c ity  h a v e  

b e e n  fo u n d  to  o c c u r  a f t e r  th e  s t ro k e  h a s  p a s s e d  p o in ts  w h e re  th e  o r ig in a l  

l e a d e r  c h a n n e l  h a s  b ra n c h e d .

T h e  p r e s e n t  p a p e r  is c o n c e rn e d  w i th  a  d e ta i le d  s tu d y  o f  th e s e  v a r ia t io n s  

in  lu m in o s i ty  a n d  v e lo c ity , a n d  w i th  t h e i r  r e la t io n  to  th e  b ra n c h e s  o f  th e  

c h a n n e l.  I t  w ill b e  sh o w n  t h a t  th e  lu m in o s i ty - t im e  c u rv e  a t  a n y  p o in t  

a lo n g  th e  c h a n n e l  is n o t  a  s im p le  o n e  b u t  h a s  a n  im p o r t a n t  fine  s t r u c tu r e  

(M a lan , S c h o n la n d  a n d  C o llen s 1 9 3 5 ; M a la n  1 9 3 5 ). T h is  fine  s t r u c tu r e  

in d ic a te s  t h a t  a t  v a r io u s  t im e s  a f t e r  t h e  lu m in o s i ty  is f i r s t  p ro d u c e d  a t  a  

p o in t  b y  th e  u p w a rd -m o v in g  p ro c e ss , th e  lu m in o s i ty  r ise s  a n d  fa lls  a s  th e  

r e s u l t  o f  th e  d e v e lo p m e n t  o f  a d d i t io n a l  e n e rg y  in  th e  c h a n n e l.

T h u s  w e  a re  le d  to  p ic tu r e  th e  c h a n n e l  a s  th e  s e a t  o f  a  n u m b e r  o f  “ c o m ­

p o n e n t ”  r e tu r n  s tro k e s . I t  w ill b e  sh o w n  t h a t  th e  e v id e n c e  in d ic a te s  t h a t  

m o s t  o f  th e s e  c o m p o n e n ts  a re  c a l le d  in to  b e in g  b y  th e  b ra n c h e s  o n  th e  

c h a n n e l.

T h e  m a te r ia l  a v a i la b le  c o n s is ts  o f  B o y s ’ a n d  o th e r  c a m e ra  p h o to g ra p h s  

o f  120  l ig h tn in g  f la sh es .

* T h e  U n i v e r s i t y  o f  C a p e  T o w n .

t  T h e  V i c t o r i a  F a l l s  a n d  T r a n s v a a l  P o w e r  C o .,  J o h a n n e s b u r g .
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1 7 6 D .  J .  M a l a n  a n d  H .  C o l le n s

2— T h e  G e n e r a l  N a t u r e  o e  t h e  R e t u r n  S t r o k e

I n  o rd e r  to  s im p lify  th e  d isc u ssio n  o f  th e  e v id e n c e  a s  to  th e  fine s t ru c tu re , 

i t  is  d e s ira b le  to  c o n s id e r  f ir s t  a  g e n e ra l  p ic tu r e  o f  th e  lu m in o s i ty - tim e  

re la t io n  in  th e  r e tu r n  s t ro k e  c h a n n e l.  I n  th e  case  o f  th e  f ir s t  s t ro k e  o f  th e  

se r ies  w h ic h  c o n s t i tu te s  a  l ig h tn in g  f lash , th e  c h a n n e l is f a ir ly  h e a v ily  

b ra n c h e d . F ig . 1 is a  d ia g ra m m a tic  r e p r e s e n ta t io n  o f  su c h  a  s tro k e  in  a n  

id e a liz e d  v e r t ic a l  c h a n n e l, a s  i t  w o u ld  b e  r e c o rd e d  b y  a  c a m e ra  w ith  one 

le n s  m o v in g  p a s t  a  f ix ed  film  in  th e  d ire c tio n  in d ic a te d  b y  th e  a rrow .

T I M E

1 2  3 4.

F i g . 1

F o r  a n y  p o in t  o n  th e  c h a n n e l, a  h o r iz o n ta l  lin e  g ives  th e  t im e  in  th e  d ire c tio n  

o f  th e  a rro w , a n d  th e  in te n s i ty  in  te rm s  o f  th e  d e n s i ty  o f  th e  sh a d in g  in  

th e  figure . I h u s  a t  th e  b a s e  o f  th e  f lash  th e  lu m in o s i ty - t im e  c u rv e  in d ic a te s  

th e  e x is te n c e  o f  fo u r  su c ce ed in g  c o m p o n e n ts  in  lu m in o s i ty , w h ile  a t  th e  

to p  of th e  flash  th e s e  c o m p o n e n ts  a re  tw o  in  n u m b e r , th e  f ir s t b e in g  i ts e l f  

d o u b le .

I h e s e  c o m p o n e n ts  a re  d is t in g u is h e d  b y  s h a rp  in i t ia l  b o u n d a rie s ,  a, b,

 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
 



c, d, a n d  le s s  c le a r  f in a l b o u n d a r ie s  a t  w h ic h  th e i r  in te n s i ty  s u b s ta n t ia l ly  

d e c re a se s , ot, ($, y , 8.  T h e  t im e  in te r v a ls  act, , g i ve  th e re fo re  v a lu e

fo r  th e  e ffe c tiv e  d u r a t io n s  o f  c o m p o n e n ts  1 , 2 , 3 a n d  4 , w h ile  t h e  t im e  

in te r v a ls  db, be, cd  g iv e  t h e  t im e  s e p a r a t io n s  o f  th e  su c c e e d in g  c o m p o n e n ts . 

T h e  l e t t e r s  A ,  B , C, D , E  a r e  u s e d  to  m a r k  d e f in

c h a n n e l, w h ile  br 1, br2, br 3 d e n o te  su c c e ss iv e  b ra n c h e s .

T h e  s lo p e  o f  t h e  l in e  A B C D E  fo r  t h e  le a d in g  e d g e  a  o f  th e  f ir s t  c

is d u e  to  t h e  le n s  m o v e m e n t  a n d  g iv e s  a  m e a s u re  o f  th e  v e lo c ity  o f  m o v e ­

m e n t  o f  t h e  f i r s t  a p p e a r a n c e  o f  lu m in o s i ty  in  t h e  u p w a rd -m o v in g  r e tu r n  

s t ro k e .  I t s  c u r v a tu r e  is a n  in d ic a t io n  o f  t h e  f a c t  t h a t  th e  v e lo c i ty  o f  e d g e  a  

d e c re a se s  a s  c o m p o n e n t  1 m o v e s  u p w a rd s .*

F ig . 1 f u r t h e r  in d ic a te s  b y  t h e  la c k  o f  c u r v a tu r e  in  t h e  le a d in g  e d g es  o f  

su c c e e d in g  c o m p o n e n ts  t h a t  t h e  m e a s u re m e n ts  to  b e  d isc u ss e d  sh o w  t h a t  

c o m p o n e n ts  o th e r  t h a n  t h e  f ir s t  t r a v e l  w i th  a  v e lo c i ty  so  h ig h  t h a t  i t  c a n n o t  

in  g e n e ra l  b e  m e a s u r e d  b y  u s . S o m e  o f  th e s e  c o m p o n e n ts , a s  th e  d ia g ra m  

sh o w s , a r e  a b le  t o  c a tc h  u p  w i th  t h e i r  p re d e c e ss o rs ,  c o m p o n e n t  2 a t  b r a n c h  

2 , c o m p o n e n t  3 a t  b r a n c h  3. ( I t  is  p ro b a b le  t h a t  a h  u n m a r k e d  c o m p o n e n t  

1 '  c a tc h e s  u p  a t  b r a n c h  1 .)

T h e  c o n n e x io n  b e tw e e n  t h e  c o m p o n e n ts  a n d  th e  b ra n c h e s  in  th e  c h a n n e l  

w ill b e  sh o w n  t o  b e  v e r y  c lo se . T h u s  c o m p o n e n t  2 s t a r t s  a t  th e  m o m e n t f  

w h e n  c o m p o n e n t  1 h a s  r e a c h e d  b r a n c h  2, a n d  c o m p o n e n t  3 w h e n  c o m ­

p o n e n t  1 h a s  r e a c h e d  b r a n c h  3 . E a c h  o f  th e s e  c o m p o n e n ts  t r a v e ls  so  f a s t  

t h a t  i t  e x te n d s  f ro m  th e  g r o u n d  to  t h e  b r a n c h  c o n c e rn e d  a  v e ry  s h o r t  t im e  

a f t e r  i t  h a s  f i r s t  b e e n  c a l le d  in to  e x is te n c e .

W h e n  c o m p o n e n t  1 r e a c h e s  B  ( b r a n c h  1 ) i t  t r a v e ls  o u tw a rd s  a lo n g  b r a n c h  

1 a n d  u p w a r d s  to w a r d s  C. B o th  t h e  p re c e d in g  c h a n n e l  l e n g th  A B  a n d  

b r a n c h  1 a r e  o b s e rv e d  to  b e  v e r y  in te n s e ly  i l lu m in a te d ,  b u t  a  d e f in ite  

d im in u t io n  in  i n te n s i t y  is o b s e rv e d  in  t h e  c h a n n e l  l e n g th  fro m  to  

(S c h o n la n d , M a la n  a n d  C o lle n s  1 9 3 5 , p .  6 1 8 ).

A t  t h e  i n s t a n t ■]* w h e n  c o m p o n e n t  1 r e a c h e s  t h e  se c o n d  b ra n c h in g  p o in t  C, 

c o m p o n e n t  2  is  o b s e rv e d  to  s t a r t  a t  A  a n d  to  c o v e r  th e  d is ta n c e  A C  

w i th o u t  a p p re c ia b le  d e la y .  T h is  c o m p o n e n t  in c re a s e s  th e  lu m in o s i ty  a lo n g  

th e  w h o le  l e n g th  A C ,  a n d  th i s  in c re a s e d  lu m in o s i ty  is e v id e n t  a lso  a lo n g  

t h e  b r a n c h  2 . A g a in , w e  o b s e rv e  t h a t  t h e  f u r th e r  d e v e lo p m e n t  o f  th e  

c h a n n e l  f ro m  C to  D pro c e e d s  w i th  d e c re a se d  in te n s i ty , a s  i f  

* O w i n g  t o  t h e  d i f f i c u l t y  o f  m a k i n g  a c c u r a t e  m e a s u r e m e n t s  o n  s h o r t  l e n g t h s  o f  

c h a n n e l  t r a v e r s e d  a t  h i g h  v e l o c i t i e s ,  t h i s  c h a n g e  i n  c u r v a t u r e  a f t e r  b r a n c h i n g  p o i n t s  

h a s  o n l y  b e e n  e s t a b l i s h e d  f o r  t h e  u p p e r m o s t  p o r t i o n s  o f  a  l i g h t n i n g  s t r o k e  w h e r e  t h e  

v e l o c i t y  h a s  b e e n  f o u n d  t o  b e  m u c h  lo w e r  t h a n  t h a t  n e a r  t h e  b a s e  o f  t h e  s t r o k e .

f  “ A t  t h e  m o m e n t ”  o r  “ i n s t a n t ”  a s  u s e d  i n  t h i s  c o n n e x i o n  i n  t h i s  p a p e r  s ig n i f ie s  

t h a t  t h e  e v e n t s  o c c u r  w i t h i n  1 0 / ts e c .  o f  o n e  a n o t h e r .
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1 7 8 D .  J .  M a l a n  a n d  H .  C o l le n s

be low  G w ere  ch ie f ly  in te r e s te d  in  th e  d e v e lo p m e n t o f  b r a n c h  2 . In d ee d , 

i f  b r a n c h  2 is  s h o r t  a n d  th e r e  is n o t  a  p ro m in e n t  b r a n c h  w h ic h  th e  u p w a rd  

m o v in g  fu se d  e ffo r t o f  c o m p o n e n ts  1 a n d  2 c a n  r e a c h  b e fo re  th e  co m p le tio n  

o f  b ra n c h  2 , c o m p o n e n t 2 c eases a n d  i ts  t im e  o f  d u r a t io n  bfi is  fo u n d  to  be 

th e  sa m e  a s  th e  t im e  fo r  th e  w h o le  o f  b r a n c h  2 to  b e  b la z e d . I n  case  su ch  

a  p ro m in e n t  b r a n c h  d o es  e x is t  v e ry  n e a r  to  a n d  a b o v e  C, t h e  s t r u c tu r e  o f 

c o m p o n e n t  2 b e co m e s m o re  c o m p lic a te d . S u c h  cases  a re  d e a l t  w i th  in  

d e ta i l  in  § 7.

T I M E

C lo u d  ^

— — —

G r o u n d  A M A — A - l = s :  A 
*  ~  b £

C o m p o n e n t  3 in  m a n y  cases o n ly  la s ts  u n t i l  b r a n c h  3 is c o m p le te d . I n  

o th e r  e x a m p le s  w e f in d , a s  in  fig. 1 , t h a t  i t  c o n tin u e s  u p w a rd s  a f te r  

b r a n c h  3 is c o m p le te d . T h is  o c cu rs  i f  b r a n c h  3 is n o t  e x c e p tio n a lly  lo n g  

a n d  is fa i r ly  n e a r  th e  b a se  o f  th e  c lo u d , a n d  su g g e s ts  t h a t  a f te r  th e  c o m ­

p le t io n  o f  b ra n c h  3 c o m p o n e n t 3 is  ch ie f ly  c o n c e rn e d  w i th  a  b r a n c h  o r  

s im ila r  ca ll u p o n  i ts  a c t iv i ty  h id d e n  in  th e  c lo u d .

C o m p o n e n t 4 s t a r t s  a f te r  th e  f ir s t  c o m p o n e n t  h a s  re a c h e d  th e  c lo u d  a n d  

a ll th e  b ra n c h e s  h a v e  b e e n  c o m p le te d . I t  is th u s  c o n c e rn e d  w ith  a  p rocess  

ta k in g  p lac e  in  th e  c lo u d  itse lf .

T h e re  m a y  b e  a lso  a d d it io n a l  c o m p o n e n ts  a f te r  c o m p o n e n t 4 w h ic h  a re  

c o n n e c te d  w ith  p ro ce sses  o f  d isc h a rg e  in s id e  th e  c lo u d .

F ig . 2 i l lu s t r a te s  w h a t  is fo u n d  in  th e  case  o f  s u b s e q u e n t  s t ro k e s  w h ich
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c a r r y  n o  b r a n c h e s .  I n  s u c h  c a se s  c o m p o n e n ts  o th e r  t h a n  t h e  f i r s t  s t a r t  

a f t e r  t h e  f i r s t  c o m p o n e n t  h a s  rea c h e d , t h e  c lo u d  a n d  a re  c o m p a r a t iv e ly  

w e a k  in  in te n s i t y .

I n  c a s e s  w h e re  a  s u b s e q u e n t  s t r o k e — g e n e ra l ly  t h e  se c o n d  s t r o k e — d o e s  

c a r r y  a  b r a n c h ,  i t  is  o b s e r v e d  t h a t  a  c o m p o n e n t  w h ic h  is  c o n n e c te d  w i th  

t h e  i l lu m in a t io n  o f  t h i s  b r a n c h  e x is ts  in  t h e  s a m e  m a n n e r  a s  in  fig . 1 .

T h e  e v id e n c e  in  s u p p o r t  o f  t h i s  p i c tu r e  o f  t h e  f in e  s t r u c tu r e  is  g iv e n  in  

s u c c e e d in g  s e c t io n s .  I t  m u s t ,  h o w e v e r , b e  p o in te d  o u t  t h a t  t h e  p h o to ­

g r a p h ic  m e th o d  o f  a n a ly s in g  t h e  f in e  s t r u c tu r e  is  n o t  id e a l.  T h e  f i r s t  

le a d in g  e d g e  a  o f  c o m p o n e n t  1 is  c le a r ly  m a r k e d ,  b u t  t h e  le a d in g  e d g e s  

b, c, d, e tc . ,  o f  s u b s e q u e n t  c o m p o n e n ts  a r e  s o m e w h a t  d iffu se  a n d  d o  n o t  

l e n d  th e m s e lv e s  t o  m e a s u r e m e n t  t o  t h e  s a m e  d e g re e  o f  a c c u ra c y . F u r t h e r  

c o m p l ic a t io n s  a r i s e  o w in g  t o  t h e  t o r t u o s i t y  o f  t h e  a c tu a l  c h a n n e l ,  w h ic h  

g iv e s  r i s e  t o  d i f f ic u l ty  i n  t h e  o b s e r v a t io n  o f  t h e  c o m p o n e n ts  w h e n  th e  

m o m e n ta r y  d i r e c t io n  o f  t h e  c h a n n e l  is  n e a r ly  t h e  s a m e  a s  t h e  d i r e c t io n  o f  

r e l a t i v e  m o t io n  o f  t h e  le n s  a n d  t h e  f ilm . I n  m a n y  c a se s  o n ly  a  few  re l ia b le  

m e a s u r e m e n ts  o n  c o m p o n e n ts  o th e r  t h a n  t h e  f i r s t  a r e  p o ss ib le .

F o r  s im i la r  r e a s o n s ,  w h ile  a  g r e a t  m a n y  c a se s  p e r m i t  o f  r e a s o n a b ly  g o o d  

in v e s t ig a t io n  u p o n  t h e  o r ig in a l  n e g a t iv e s ,  i t  is  o n ly  r a r e ly  t h a t  a n  e x a m p le  

c a n  b e  f o u n d  w h ic h  w ill  sh o w  t h e  f in e  s t r u c tu r e  in  s a t i s f a c to r y  d e ta i l  fo r  

r e p r o d u c t io n .

Progressive Lightning 1 7 9

3—Me t h o d  o f  Me a s u r e m e n t

T h e  p r o c e d u r e  a d o p te d  f o r  d r a w in g  u p  t h e  t im e  t a b l e  fo r  t h e  le a d in g  

e d g e  a  o f  t h e  f i r s t  c o m p o n e n t  h a s  a l r e a d y  b e e n  d e s c r ib e d  (S c h o n la n d  a n d  

C o lle n s  1 9 3 4 , p .  6 5 5 ). A  c o n ta c t  p r i n t  is  u s e d  f o r  th e s e  m e a s u r e m e n ts ,  a  

f in e  l in e  b e in g  d r a w n  t o  jo in  c o r r e s p o n d in g  p o in ts  o n  t h e  tw o  im a g e s  o f  t h e  

s a m e  s t r o k e  f o r m e d  b y  t h e  tw o  B o y s  le n s e s . T h e  p r i n t  is  c u t  u p  a n d  t h e  

tw o  c o r r e s p o n d in g  im a g e s  a r e  m o u n te d  s id e  b y  s id e  so  t h a t  t h e  tw o  p o r t io n s  

o f  t h e  l in e  a r e  p a r a l le l ,  w i th  t h e  i n s ta n ta n e o u s  d i r e c t io n  o f  m o tio n  o f  t h e  

le n s e s  o u tw a r d ly  d i r e c te d .  B y  m e a s u r in g  t h e  d iffe re n c e  in  s e p a r a t io n  

b e tw e e n  p a i r s  o f  c o r r e s p o n d in g  p o in ts  o n  th e s e  im a g e s , t h e  t im e  o f  f o r ­

m a t io n  o f  t h e  l e a d in g  e d g e  a  c a n  b e  d e te r m in e d  fo r  a n y  p a r t  o f  t h e  s t ro k e .  

T h is  e d g e  is c o n s id e re d  t o  s t a r t  a t  t h e  b a s e  o f  t h e  s t r o k e  ( m a rk e d  A.) a t  

t h e  z e ro  o f  t im e .

A s  t h e  e d g e s  b, c, e tc . ,  o f  s u b s e q u e n t  c o m p o n e n ts  a re  n o t  s h a r p ly  d e f in e d , 

p r i n t s  h a v e  b e e n  f o u n d  u n s a t i s f a c to r y  a n d  t h e  o r ig in a l  n e g a t iv e s  h a v e  

b e e n  u s e d  in s te a d ,  m e a s u r e m e n ts  b e in g  m a d e  w i th  a  t r a n s p a r e n t  g la ss  

sc a le  g r a d u a t e d  in  t e n t h s  o f  a  m il l im e tr e .  T h e  t im e  s e p a r a t io n  o f  th e s 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
 



1 8 0 D .  J .  M a l a n  a n d  H .  C o l le n s

ed g es fro m  th e  le a d in g  ed g e  a  in  th e  d ire c tio n  o f  in s ta n ta n e o u s  m o tio n  o f 

th e  len s is m e a su re d  a t  d e f in ite  p o in ts  o n  th e  s t ro k e . T h e se  re a d in g s  are  

th e n  a d d e d  to  th e  t im e s  o f  fo rm a t io n  o f  th e  c o rre sp o n d in g  p o in ts  o n  th e  

le a d in g  ed g e  a. I n  th is  w a y  a  c o m p le te  t im e  ta b le  c a n  b e  d ra w n  u p  fo r  all 

th e  c o m p o n e n ts  o f  a  s tro k e .

T h e  f irs t le a d in g  e d g e  o f  c o m p o n e n t 1 c a n  b e  m e a s u re d  to  a n  a c c u ra c y  

o f  a b o u t  3 jusec. I n  a  few  g o o d  cases th e  p o ss ib le  e r ro r  o f  m e a s u re m e n t for 

s u b s e q u e n t  c o m p o n e n t ed g es 6 , c, d, e tc . ,  is  5/isec., b u t  i t  m a y  r ise  to  20 

o r  e v e n  50/^sec. fo r  w e a k  c o m p o n e n ts  o f  h ig h  o rd e r  w h o se  ed g es  a re  u su a lly  

v e ry  in d is t in c t .

1 0 8 a

/i s e c .

F ig . 3

4— D i s t r i b u t i o n  o f  Co m p o n e n t s  i n  T i m e  a n d  D u r a t i o n

F ig . 3 show s th e  d is t r ib u t io n  in  t im e  a n d  th e  d u r a t io n  o f  th e  c o m p o n e n ts  

a t  th e  b a se  o f  fo u r te e n  b ra n c h e d  a n d  tw o  u n b ra n c h e d  s tro k e s , th e s e  la s t  

b e in g  n u m b e rs  97 6 a n d  75  c .The v e r t ic a l  lin e  a t  th e  e x tr

th e  zero  o f  tim e , w h ich  is a lso  th e  t im e  a t  w h ic h  th e  s tro k e  f irs t s t a r t s  a t
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1 81

th e  g ro u n d  (i.e. e d g e  a  a t  p o in t  A ,  u s in g  th e  te rm in o lo g y  o f  § 2 ). T h e  

figu res  a t  th e  le f t  a re  th e  se r ia l n u m b e rs  a l lo t te d  to  th e  s tro k e s  o n  th e  

re c o rd s . T h e  sm a ll r e c ta n g le s  s h a d e d  w ith  th in  h o r iz o n ta l  lin es  in d ic a te  

th e  t im e s  t a k e n  fo r  th e  s t ro k e  to  r e a c h  th e  c lo u d .

T h e  b la c k  s t r ip s  r e fe r  to  th e  c o m p o n e n ts  m a k in g  u p  th e  c o m p le te  

s t ro k e , th e  le n g th  o f  th e  s t r ip s  in d ic a t in g  th e i r  t im e s  o f  d u ra t io n .  T h e  

le f t -h a n d  e d g es  o f  th e  s t r ip s  g iv e  th e  t im e s  o f  c o m m e n c e m e n t a n d  th e  

r ig h t - h a n d  e d g es  th e  t im e s  o f  s to p p in g  o f  th e  c o m p o n e n ts .

T h e  d u r a t io n  o f  c o m p o n e n t 1 a t  t h e  b a se  o f  a  s t ro k e  is v e ry  sh o r t ,  a n d  

o w ing  to  th e  in te n s e  b la c k e n in g  a n d  c o n se q u e n t  h a la t io n  p ro d u c e d  o n  th e  

film  a t  th is  p o in t ,  a n  a c c u ra te  e s t im a te  o f  th e  d u r a t io n  is u s u a lly  im p o ssib le . 

I t  h a s  b e e n  e s t im a te d ,  h o w e v e r , t h a t  th e  u p p e r  l im it  o f  th e  d u r a t io n  o f  

c o m p o n e n t 1 is  o f  th e  o rd e r  o f  10 /^sec. T h is  l im it  is sh o w n  b y  th e  n a rro w  

b la c k  s t r ip s  a t  th e  e x tr e m e  le f t  o f  th e  d ia g ra m .

S tro k e s  76, 80 a n d  81 w e re  to o  n e a r  th e  c a m e ra  to  g e t  fu ll p ic tu re s  o f  

th e s e  s tro k e s , a n d  th e  t im e  th e y  to o k  to  r e a c h  th e  c lo u d  h a s  b e e n  e s t im a te d .

I t  c a n  b e  se e n  t h a t  fo r  t h e  case  o f  b ra n c h e d  s t ro k e s  th e  se co n d  a n d  so m e ­

t im e s  th e  t h i r d  c o m p o n e n ts  s t a r t  b e fo re  th e  s tro k e  h a s  re a c h e d  th e  c lo u d , 

w h e re a s  s t ro k e s  976  a n d  75 c w h ic h  a re  u n b r a n c h e d  h a v e  th e i r  se co n d  

c o m p o n e n ts  s t a r t i n g  a f t e r  th e  c lo u d  h a s  b e e n  re a c h e d .

S o m e  o f  t h e  se c o n d  c o m p o n e n ts  w h ich  a re  a p p a r e n t ly  o f  lo n g  d u r a t io n  

(s t ro k e s  69, 646 , 9 / )  m a y  b e  c o m p o s ite  (see § 8 ).

F ig . 4 is a  d i s t r ib u t io n  ta b le  sh o w in g  th e  t im e s  a t  w h ic h  th e  d if fe re n t 

c o m p o n e n ts  s e t  o u t  f ro m  th e  b a s e  o f  th e  d isc h a rg e . T h e  t im e  o f  th e  in i t ia l  

a p p e a ra n c e  o f  c o m p o n e n t 2 is se e n  to  v a r y  fro m  10 to  50/^sec. a f te r  th e  

s t a r t  o f  c o m p o n e n t  1, th e  m o s t  f r e q u e n t  v a lu e  b e in g  25/^sec.

T h e  t im e  o f  a p p e a ra n c e  o f  c o m p o n e n t 3 v a r ie s  f ro m  30 to  300/£sec., 

w h ile  t h a t  o f  c o m p o n e n t 4 v a r ie s  f ro m  100 to  500 //sec . in  e x tr e m e  cases.

F ig .  5 sh o w s  th e  r e la t io n  b e tw e e n  th e  d u ra t io n s  o f  c o m p o n e n ts  o f  th e  

sa m e  b r a n c h e d  s t ro k e .  T h e  c irc le s  in d ic a te  a s  o rd in a te s  th e  t im e s  o f  

d u r a t io n  in  m ic ro se c o n d s  o f  su c ce ss iv e  c o m p o n e n ts  s ta r t in g  w ith  c o m ­

p o n e n t  2 a t  t h e  le f t . C irc les jo in e d  b y  lin e s  in d ic a te  c o m p o n e n ts  b e lo n g in g  

to  th e  sa m e  s t ro k e  w h o se  se r ia l n u m b e r  is g iv e n  b y  th e  n u m b e r  a lo n g ­

side .

T h e  s lo p e  o f  th e  lin e s  sh o w  t h a t  th e  d u r a t io n  o f  a  c o m p o n e n t in c re a se s  

w ith  i ts  o rd e r , th e  t h i r d  la s t in g  lo n g e r  t h a n  th e  se co n d , th e  fo u r th  lo n g e r  

t h a n  th e  th i r d ,  e tc . T h e  o n ly  e x c e p tio n s  a re  s tro k e  69, w h e re  th e  se co n d  

c o m p o n e n t  la s ts  lo n g e r  t h a n  th e  th i r d ,  a n d  s t ro k e  76, w h e re  th e  fo u r th  

a n d  f if th  c o m p o n e n ts  a re  o f  th e  sa m e  d u r a t io n  a n d  th e  s ix th  s h o r te r  t h a n  

e i th e r  o f  th e s e . T h e  re a so n  fo r  th is  in c re a s e d  d u ra t io n  is t h a t  th e  p ro m in e n t

P r o g r e s s iv e  L ig h tn in g
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1 8 2 D .  J .  M a l a n  a n d  H .  C o l l e n s

(•09S rl) j u a u o d u i o o  j o

(•o a s r /)  j j b j s  j o  o r a i j ,
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b ra n c h e s  h ig h  u p  th e  t r a c k  a re  u s u a l ly  lo n g e r  a n d  d e v e lo p  m o re  s low ly  

th a n  th o s e  lo w e r d o w n .

T h e  m o s t  f r e q u e n t  v a lu e s  o f  th e  d u ra t io n s  a n d  th e  t im e s  o f  s ta r t in g  o f  

th e  c o m p o n e n ts  o f  b ra n c h e d  s tro k e s  a re  sh o w n  in  T a b le  I .

P r o g r e s s iv e  L ig h tn in g  1 8 3

C o m p o n e n t

T a b l e  I

D u r a t i o n

/ i s e c .

T i m e  o f  s t a r t  

/ t s e c .

1 < 1 0 0

2 2 0 2 5

3 5 0 7 0

4 1 0 0 ( 1 5 0 - 5 0 0 )

5— R e l a t i o n  o f  t h e  Co m p o n e n t s  t o  t h e i r  Co r r e s p o n d i n g  B r a n c h e s

(a) T im e  o f S tar tin g

I t  h a s  a l r e a d y  b e e n  p o in te d  o u t  in  th e  d isc u ss io n  o f  th e  g e n e ra l  case  

(§ 2 ) t h a t  th e  t im e  o f  s t a r t in g  o f  a  c o m p o n e n t  r e la te d  to  a  b ra n c h  is 

p r a c t ic a l ly  c o in c id e n t  w i th  th e  t im e  a t  w h ic h  th e  f ir s t  u p w a rd  flow  o f  

lu m in o s i ty  re a c h e s  a  b ra n c h in g  p o in t  in  th e  c h a n n e l o r ig in a lly  fo rm e d  b y  

th e  d o w n w a rd  m o v in g  le a d e r .

I n  fig. 6 , w h ic h  sh o w s th is  c o n n e x io n , th e  t im e  o f  s ta r t in g  o f  a  c o m p o n e n t 

a t  th e  b a se  is p lo t t e d  a g a in s t  th e  t im e  o f  b ra n c h in g  o f  i ts  r e la te d  b ra n c h . 

C ases o f  v e ry  p ro fu se  b ra n c h in g  h a v e  b e e n  o m it te d ,  a s  i t  is  p o ss ib le  t h a t  

in  su c h  c ases  a  c o m p o n e n t  m a y  b e  r e la te d  to  m o re  t h a n  o n e  b ra n c h  (§ 7 ) , 

m a k in g  i t  im p o s s ib le  to  d e te rm in e  w h ic h  b ra n c h  w a s ch ie f ly  re sp o n s ib le  

fo r  th e  c o m m e n c e m e n t o f  th e  c o m p o n e n t.  I f  th e  p o in ts  l a y  o n  th e  lin e  

d ra w n  a t  45° to  th e  a x e s , th e  d ia g ra m  w o u ld  in d ic a te  t h a t  th e  s ta r t in g  a t  

th e  b a se  a n d  th e  b ra n c h in g  w e re  s im u lta n e o u s .

A c tu a l ly  th e  p o in ts  t e n d  to  lie  s l ig h tly  a b o v e  th is  lin e , so t h a t  th e  t im e  

o f  s t a r t in g  o f  a  c o m p o n e n t  m u s t  b e  c o n s id e re d  to  la g  s l ig h tly  b e h in d  th e  

t im e  o f  c o m m e n c e m e n t o f  th e  b ra n c h in g  p ro c ess . T h e  o rd e r  o f  m a g n i tu d e  

o f  th is  la g  is 10~5 s e c ./k m . o f  c h a n n e l le n g th  fro m  th e  g ro u n d  to  th e  

b ra n c h . T h e  p o ss ib le  e r ro r  o f  m e a s u re m e n t  is s l ig h tly  a b o v e  10~5 s e c ./k m ., 

so t h a t  th e  a c tu a l  v a lu e  o f  th e  la g  m a y  b e  less b u t  is c e r ta in ly  n o t  m o re  

t h a n  th is  f ig u re .

(b) D urations o f Com ponents a nd  their Corresponding Branches

F ro m  th e  g e n e ra l  p ic tu r e  g iv e n  in  § 2 i t  w o u ld  b e  e x p e c te d  t h a t  a  c o m ­

p o n e n t  w o u ld  d e f in i te ly  fa ll o ff in  lu m in o s i ty  a s  so o n  as  i ts  c o rre sp o n d in g
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1 8 4 D .  J .  M a l a n  a n d  H .  C o l le n s

b ra n c h  w as c o m p le te d . T h is  h a s  b e en  e s ta b l is h e d  in  th e  case  o f  a  few  good 

p h o to g ra p h s . G e n era lly , h o w e v er , p rec ise  m e a s u re m e n t is im p o ssib le  on  

a c c o u n t o f  th e  b a d  d e fin itio n  o f  th e  edges j3y, 8, e tc

decreases. T h is  d e c rea se  is m u c h  m o re  g ra d u a l  t h a n  th e  in c re ase  in  

lu m in o s i ty  a t  th e  le a d in g  edges. I n  a d d it io n , b y  th e  t im e  th e  b ra n c h  is 

c o m p le ted , th e  in it ia l  u p w a rd  m o v in g  lu m in o s i ty  m a y  h a v e  p a sse d  o th e r  

s u b s e q u e n t b ra n c h e s  w h ich  in  t u r n  a lso  m a k e  a  d e m a n d  o n  th e  c h a n n e l 

a n d  p ro d u c e  fre sh  c o m p o n e n ts  [§ 7 (6 )].

T im e  o f  s t a r t  o f  b r a n c h  (f is e c .)

F i g . 6

6—V e l o c i t y  a n d  D i r e c t i o n  o f  Co m p o n e n t s  

(a) Components Associated w ith  Branches

I t  h a s  b ee n  m e n tio n e d  in  § 2 t h a t  c o m p o n e n ts  a s so c ia te d  w ith  b ra n c h e s  

h a v e  b e en  fo u n d  to  t a k e  a  v e ry  s h o r t  t im e  to  c o v e r  th e  d is ta n c e  b e tw ee n  

th e  g ro u n d  a n d  th e  b ra n c h in g  p o in t.  T h e  m a g n itu d e  o f  th e  tim e  in te rv a l  

w ill o f  co u rse  d e p e n d  on  th e  h e ig h t  o f  th e  b ra n c h  a b o v e  th e  g ro u n d . W h en  

th is  h e ig h t  is r e la tiv e ly  sm a ll th e  re la te d  c o m p o n e n t is u su a lly  in te n se  a n d  

i ts  le a d in g  edge  is fa ir ly  sh a rp , b u t  th e  t im e  in te rv a l  to  be  m e a su re d  is
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e x t r e m e ly  s h o r t .  O n  th e  o th e r  h a n d ,  w h e n  th e  b r a n c h  is h ig h  u p  th e  

c h a n n e l,  th e  lo n g e r  t im e  in te r v a l  s h o u ld  a llo w  o f  g r e a te r  a c c u ra c y  o f  

m e a s u re m e n t,  b u t  u n f o r tu n a te ly  th e  le a d in g  e d g e  in  th is  case  is fo u n d  to  

b e  m o re  d iffu se  t h a n  in  t h e  fo rm e r . F o r  th e s e  re a so n s  i t  is in  m o s t  cases 

e x tr e m e ly  d if f ic u lt to  m a k e  a n  e s t im a te  o f  th e  v e lo c ity , o r  e v e n  to  d e te r ­

m in e  th e  d i r e c t io n  o f  p ro g re s s io n  o f  a  c o m p o n e n t .  A ll t h a t  c a n  b e  sa id  a s 

to  th e  d i r e c t  e v id e n c e  o n  th i s  im p o r t a n t  q u e s t io n  is t h a t  th e  d ire c tio n  o f  

m o v e m e n t  is in d e te r m in a te  w i th  o u r  p r e s e n t  d a ta ,  fo r  th e  v e lo c ity  in  a ll  

m e a s u ra b le  c a se s d e f in i te ly  e x c e e d s  1 0 10 c m ./se c .,  a  v a lu e  w h ic h  is th e  

l im i t  o f  m e a s u r e m e n t  u n d e r  th e s e  c o n d it io n s .

F o r  c o m p o n e n ts  n o t  a s s o c ia te d  w i th  b ra n c h e s  t h e  v e lo c ity , a s  is sh o w n  

in  t h e  n e x t  se c t io n , is so m e tim e s  low  e n o u g h  to  b e  d e te rm in e d .

(b) C om ponents not A ssoc ia ted  w ith  B ranches

T h e s e  c o m p o n e n ts  a lw a y s  r e a c h  th e  w h o le  w a y  fro m  th e  g ro u n d  to  th e  

c lo u d  a n d  a re  a s s o c ia te d  b o th  w i th  b r a n c h e d  a n d  w ith  u n b r a n c h e d  s t ro k e s .  

T h e y  c o n s t i tu te  t h e  l a t e r  c o m p o n e n ts  o f  b r a n c h e d  s t ro k e s  a n d  th e  o n ly  

s u b s e q u e n t  c o m p o n e n ts  o f  u n b r a n c h e d  s tro k e s .

A n  a n a ly s is  o f  n in e  c ase s w h e re  a  d e f in i te  c o n c lu s io n  c a n  b e  d ra w n  a s  to  

t h e i r  d i r e c t io n  sh o w s  t h a t  tw o  p ro g re s s e d  u p w a rd s  fro m  th e  g ro u n d  a n d  

se v e n  d o w n w a rd s  fro m  th e  c lo u d .

M a n y  o f  th e s e  c o m p o n e n ts  h a v e  v e ry  h ig h  v e lo c itie s  e i th e r  u p w a rd s  o r  

d o w n w a rd s  e x c e e d in g  1 0 10 c m ./se c . O th e rs  a g a in  w h ic h  h a v e  lo w e r 

v e lo c it ie s  a re  o b s e rv e d  to  p ro g re s s  d o w n w a rd s  o n ly . F o u r  su c h  “ c lo u d ” 

c o m p o n e n ts  w h ic h  w e re  d e f in i te ly  p ro g re s s in g  d o w n w a rd s  h a d  v e lo c it ie s  

o f  4 -109, 2 -109, 4 * 7 .109 a n d  2 - 7 .109 c m ./se c . r e s p e c tiv e ly .

P r o g r e s s iv e  L i g h t n i n g  1 8 5

7— D i s c u s s i o n  o f  S p e c i f i c  Ca s e s

P r i n t s  o f  so m e  o f  th e  o r ig in a l  p h o to g r a p h s  a re  g iv e n  in  figs. 7, 13, 15, 16, 

a n d  17 (P la te s  5 -9 ) . T h e y  a re  e x p la in e d  b y  m e a n s  o f  d ia g ra m s  (figs. 8 -1 2 ,1 4 , 

18 a n d  19) w h ic h  i l lu s t r a te  t h e  d if fe re n t  c o m p o n e n ts . T h e  t im e  s e p a ra t io n s  

o f  t h e  c o m p o n e n ts  a re  n o t  d r a w n  to  sc a le  o n  th e  d ia g ra m s , a s  th e y  w o u ld  

t h e n  b e  to o  n e a r  e a c h  o th e r  to  d e p ic t  c le a r ly  w h a t  c a n  b e  se en  o n  th e  

c o rre s p o n d in g  p h o to g ra p h s .

D e fin ite  p o in ts  a lo n g  th e  c h a n n e l  a re  a g a in  m a r k e d  b y  th e  le t te r s  

A , B , C, e tc . A  f ig u re  n e x t  to  o n e  o f  th e s e  l e t te r s  a t  th e  f ir s t  le a d in g  ed g e  

d e n o te s  th e  t im e  in  m ic ro se c o n d s  a t  w h ic h  th e  r e tu r n  s t ro k e  f ir s t re a c h e s  

t h a t  p o in t .  T h e  z e ro  o f  t im e  is a g a in  th e  t im e  o f  s t a r t in g  o f  th e  s tro k e  a t  

th e  g ro u n d . A  f ig u re  a t  a  p o in t  n e x t  to  a  b r a n c h  in d ic a te s  th e  t im e  th e
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1 8 6 D .  J .  M a l a n  a n d  H .  C o l l e n s

lu m in o s i ty  f irs t rea c h e s  t h a t  p o in t.  T h ic k  a rro w s  sh o w  th e  d ire c tio n  of 

in s ta n ta n e o u s  m o tio n  o f  th e  len s o f  th e  B o y s  c a m e ra .

T ab les  a re  a lso  g iv e n  o f  th e  t im e  in  m ic ro se c o n d s  w h e n  th e  edges 6 , /?; 

c,y; d , 8,  e tc ., re a c h  th e  p o in ts  A,  B,  C,  e tc .

(i) Stroke 70.

(a) Strokes w ith  Single Branches

Ta bl e  I I  ( f i g s .  7  a n d  8 )

( T im e  in  m ic r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A )

C o m p . 2 C o m p .  3

P o i n t  o n C o m p . 1
A

S ' '

- -- -- -- A

t r a c k a b
h

c
7

A 0 2 0 4 4 1 2 0 2 2 0

B 3 2 0 4 0 — —

C 5 17 4 7 1 1 5 —

D 10 17 4 6 — —

E 17 - — — — —

F 16 ( P  2 8 ) — 1 1 6 —

0 2 6 — — 1 1 0 —

H 2 8 — — — —

T ab le  I I  show s t h a t  c o m p o n e n t 2 s t a r t s  a t  A  (fig. 8 ) s h o r t ly  a f te r  co m ­

p o n e n t  1 rea c h e s  th e  b ra n c h in g  p o in t  a b o v e  E . C o m p o n e n t 2 is in te re s te d  

in  th e  b ra n c h  u n t i l  i t  is c o m p le te d  a t  a  l i t t le  o v e r  23 /tsec . B y  th is  tim e  

th e  f irs t c o m p o n e n t h a s  r e a c h e d  th e  c lo u d  a n d  so m e  h id d e n  b ra n c h in g  

p ro cess  is p ro b a b ly  re sp o n s ib le  fo r  th e  f a c t  t h a t  c o m p o n e n t 2 p ro g resses  

u p w a rd s  to  th e  c lo u d  as  sh o w n  b y  th e  sh a d e d  s t r ip  a t  P  (fig. 8 ) w h ich  s ta r ts  

a t  28/^sec.

C o m p o n e n t 3 is in te r e s te d  in  th e  c lo u d  o n ly  a n d  s t a r t s  a t  a b o u t  90/isec. 

a f te r  c o m p o n e n t 1 h a s  re a c h e d  th e  c lo u d .

(ii) Stroke  646.

Ta b l e  I I I  ( f i g s .  7  a n d  9 )

( T im e  in  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A )

C o m p . 2

P o i n t  o n C o m p . 1 A

t r a c k a b }
A 0 15 7 4

B 5 — _ _

C 16 — 68
D 22 — 6 0
E 32 _ _ _ _

C o m p . 3

c

3 1 0

7

3 8 4

2 7 2
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1 8 7P r o g r e s s iv e  L ig h tn in g

B -  — -

F i g . 8

3
F ig . 9
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1 8 8 D .  J .  M a l a n  a n d  H .  C o l l e n s

#

H e re  c o m p o n e n t  2 a g a in  s t a r t s  w h e n  th e  f ir s t  u p w a rd  flow  o f  lu m in o s i ty  

re a c h e s  th e  b ra n c h in g  p o in t  a t  G (fig. 9), n a m e ly  16/^sec. a f te r  c o m p o n e n t 1 

h a s  s t a r te d  a t  th e  g ro u n d . I t  c a tc h e s  u p  c o m p o n e n t  1 a t  d  a n d  la s ts  till  

74/^sec., i.e . 30/^sec. a f te r  c o m p o n e n t 1 h a s  re a c h e d  th e  c lo u d .

C o m p o n e n t 3 is in te r e s te d  in  th e  c lo u d  o n ly  a n d  d e f in ite ly  m o v es  d o w n ­

w a rd s  ( in d ic a te d  b y  th e  d o t te d  a rro w  in  fig. 9) w i th  a  v e lo c ity  o f  4-7 x 109 

cm ./se c . B ra n c h  C  is v e ry  f a in t  o n  th e  p r in t  a n d  h a s  b e e n  in d ic a te d  b y  a  

se ries  o f  w h ite  d o ts .

(i) Stroke  65.

(6 ) H eavily  Branched Strokes  

T a b l e  IV  (figs. 7 a n d  1 0 )

( T im e  i n  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A )

P o i n t  o n  

t r a c k  

A  

B  

C  

E  

F  

G  

H

C o m p .  2

C o m p .  1 ,------ *------ s

a b j3

0  9 13

2 — 13 

4  —  —

11 —  16

1 2  —  —

18  —  —

2 6  —  —

C o m p .  3

c

3 0

2 6

2 9

r

6 5

6 3

71

9 2

C o m p .  4

\

d

4 1 0 5 6 0

3 7 4 —

3 4 8 —

[3 2 6 ] —

Fig . 10
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F la s h  65  c o n s is ts  o f  a  s in g le  h e a v i ly  b r a n c h e d  s tro k e . C o m p o n e n t 2 

s t a r t s  a t  t h e  g r o u n d  w h e n  c o m p o n e n t  1 r e a c h e s  t h e  b ra n c h in g  p o in t  a t  D , 

v iz . a t  a b o u t  9 /tsec . a f t e r  t h e  s t r o k e  h a s  s t a r t e d  a t  t h e  g ro u n d . A b o v e  D  

c o m p o n e n t  2  is  a ls o  i n te r e s te d  in  t h e  b r a n c h  a b o v e  B  a s  i l lu s t r a te d  in  th e  

d ia g ra m . C o m p o n e n t  3 s t a r t s  a t  a b o u t  3 0 /tse c ., i .e . w h e n  c o m p o n e n t  1 

h a s  r e a c h e d  t h e  c lo u d .
«

I n  c o m p o n e n t  4 t h e  lu m in o s i ty  t r a v e ls  d o w n w a rd s  ( in d ic a te d  b y  th e  

d o t t e d  a r ro w )  w i th  a  v e lo c i ty  o f  4  x  1 0 9 c m ./se c .

T h e  n e x t  fe w  i l lu s t r a t io n s  (figs. 1 1 -1 4 )  sh o w  h o w  m o re  t h a n  o n e  c o m ­

p o n e n t  c a n  c o n t r ib u te  to  t h e  c o m p le t io n  o f  a  b ra n c h .

(ii) S tro ke  93.

Ta b l e  V  ( f i g s .  7  a n d  1 1 )

( T i m e  i n  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A)

Progressive Lightning 1 8 9

C o m p .  2

P o i n t  o n  

t r a c k

A  

B  

C 

D  

E  

F  

H  

L

C o m p .  3  C o m p .  4

/ ■\
c

r d 8

2 5 0 3 2 0 5 2 0 6 0 0

2 6 0 — — —

2 5 3 z

C o m p .  1  ,- - - - - - ■ ... s

a b / ?

0  4 1  [ 7 4 ]

7  —  _

9  4 0  —

2 0  —  —

2 7  4 9  —

3 3  —  9 2

4 7  —  —

6 0  —  —

C o m p o n e n t  1 is  p r o b a b ly  d o u b le , i t s  se c o n d  p a r t  b e in g  in i t i a t e d  b y  t h e  

b r a n c h  a t  C, b u t  o w in g  to  t h e  in te n s e  b la c k e n in g  o n  th e  f ilm  i t s  tw o  p a r t s  

c a n n o t  b e  d is t in g u is h e d .

I t  w ill b e  se e n  f ro m  fig . 11 t h a t  t h e  c o m p o n e n t  m a r k e d  2 is  f i r s t  c a lle d  

i n to  b e in g  b y  t h e  b r a n c h  a t  G. B e fo re  t h e  l a t t e r  is  c o m p le te d

h a s  r e a c h e d  t h e  b r a n c h e s  a t  H  a n d  a t  K  w h ic h  a re  n o t  v e r y  f a r  b e y o n d  

T h e s e  b r a n c h e s  t h e n  s t a r t  d e v e lo p in g  s lo w ly  a s  sh o w n  b y  th e  “ d r a g ”  o n  

t h e  m o v in g  le n s  r e c o r d  (fig. 11). T h e  m a in  c h a n n e l  is  in  th e  f ir s t  p la c e  

c h ie f ly  o c c u p ie d  in  t h e  c o m p le t io n  o f  b r a n c h  G. W h e n  th i s  is e ffe c te d , t h e  

c h a n n e l  d i r e c ts  i t s  a t t e n t i o n  to  b r a n c h  H  so  t h a t  c o m p o n e n t  2 d o e s  n o t  

lo se  i t s  lu m in o s i ty  a t  th i s  s ta g e .  T h e  s a m e  p ro c e s s  is a g a in  r e p e a te d  fo r  th e  

b r a n c h  a t  K  a f t e r  t h e  c o m p le t io n  o f  t h e  o n e  a t  H .  I n  t h e  m e a n t im e  th e  

s t r o k e  h a s  . r e a c h e d  t h e  c lo u d , w h e re  a  h id d e n  b ra n c h in g  o r  o th e r  p ro c e ss  

( a t  80/^sec.) m a k e s  y e t  a n o th e r  d e m a n d  o n  th e  c h a n n e l  b e lo w  a n d  c a u se s  

c o m p o n e n t  2 t o  p ro g re s s  r i g h t  u p  in to  th e  c lo u d  b e fo re  th e  lo n g  b r a n c h  K
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1 9 0 D .  J .  M a l a n  a n d  H .  C o l l e n s

is fu lly  c o m p le te d . T h is  is sh o w n  in  fig. 11 b y  th e  s h a d e d  b a n d  a b o v e  K  

im m e d ia te ly  to  th e  r ig h t  o f  c o m p o n e n t 1 .

-—

D  2 0

y k A  -—-

F i g . 11

D

T h e  re s u l t  is  t h a t  c o m p o n e n t 2 l a s ts  m u c h  lo n g e r  t h a n  th e  25/^sec. 

r e q u ire d  fo r  th e  c o m p le t io n  o f  th e  b ra n c h  fro m  I t  is in  f a c t  r e la te d  to  

th e  th re e  b ra n c h e s  G, H , K ,  a n d  to  a n  a d d it io n a l  b ra n c h in g  p ro ce ss  in  th e  

c lo u d  a n d  h a s  a  t o ta l  d u r a t io n  o f  th e  o rd e r  o f  50/^sec. C o m p o n e n ts  3 a n d  4 

a re  in te re s te d  in  th e  c lo u d  o n ly .

(iii) Stroke 15a.

S tro k e  15a is th e  f irs t h e a v ily  b ra n c h e d  s tro k e  o f  a  se r ies  o f  se v en  s tro k e s . 

C o m p o n en t 2 s t a r t s  w h e n  c o m p o n e n t 1 r e a c h e s  th e  b ra n c h in g  p o in t  a t  D  

a t  15/^sec. (fig. 12 ). B e fo re  b ra n c h  D  is c o m p le te d , c o m p o n e n t 1 h a s  

re a c h e d  th e  tw o  b ra n c h in g  p o in ts  a t  F  a n d

s t a r t  d ev e lo p in g  slow ly . A s so o n  as  b ra n c h  D  is c o m p le te d , th e  low er 

b ra n c h  a t  F  (br4) rec e iv e s  th e  fu ll a t t e n t io n  o f  th e  c h a n n e l to  g ro u n d
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P o i n t  o n  

t r a c k

Ta b l e  V I  ( f i g s .  7  a n d  1 2 )

Progressive Lightning 1 9 1

( T i m e  i n  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  . 4 . )

C o m p .  2 C o m p .  3 C o m p .  4

C o m p .  1
g A

f . 1 * \

a b f t c r d 8

0

2

1 6 [ 3 6 ] 6 0 8 0 1 3 5 1 5 7

7 - - - - - - - -  - - - - - - - -

6 0

—

1 2 5

—

1 5 - - - - - - - -  - - - - - - - - — 8 9 — 1 5 5

2 1

z  z 6 8 __ 1 4 0 __

3 2 —  — — — — 1 5 2

- - - - - - - . —  — 6 4 9 5 — —

4 3 —  — 5 8 — 1 3 3 1 5 3

6 1

6 4
- _ _ _ _ _ _ _ _ _ _ _ — 1 6 4

% 3 ? f | 5 0

F i g . 1 2
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1 9 2 D .  J .  M a l a n  a n d  H .  C o l l e n s

is  c o m p le te d  to  i t s  t ip .  B y  th is  t im e  (42/^sec.) t h e  n e x t  b r a n c h  {br 5) h a s  

p ro g re s s e d  a n  a p p re c ia b le  d is ta n c e ,  t h e  b r a n c h  a b o v e  {br 6 ) h a s  b e e n  

fu l ly  c o m p le te d  a n d  th e  m a in  c h a n n e l  lu m in o s i ty  h a s  r e a c h e d  th e  p o in t  

B ra n c h  5 n o w  b e in g  f a r  a d v a n c e d  d o e s  n o t  se em  to  b e  a b le  to  m a k e  a  

h e a v y  d e m a n d  o n  th e  c h a n n e l  a n d  s lo w ly  a d v a n c e s  (sh o w n  b y  th e  “ d r a g ” ) 

w h ile  c o m p o n e n t  2 d e c re a se s  in  in te n s i ty .  I n  t h e  m e a n t im e , h o w e v e r , th e  

p o in t  H  is  r e a c h e d  w h e re  t h e  l a s t  v is ib le  b r a n c h  c a u se s  t h e  in i t i a t io n  o f  

c o m p o n e n t  3 w h ic h  t h e n  a lso  h e lp s  in  t h e  f in a l c o m p le t io n  o f  b r a n c h  5 a s  

is c le a r ly  sh o w n  in  fig. 1 2 .

C o m p o n e n t 4 is  c o n c e rn e d  w i th  e v e n ts  t a k in g  p la c e  in  t h e  c lo u d .

(iv) Stroke  91 a.
Ta b l e  V I I  (figs. 13 a n d  14)

( T i m e  i n  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A )

P o i n t C o m p .  2

o n C o m p .  1 - - - - s

t r a c k a b

A 0 1 1 1 5

B 1 8 1 2

C 1 1 —
—

D 1 7 — —

E 1 8 — —

F 2 6 — —

G 4 7 — —

H 4 8 —
—

K [ 9 8 ] — —

C o m p .  3  C o m p .  4

1 __ ______ A*----   ̂ f \

c  y  d d

4 4  7 5  —  —

3 9 1 0 7

1 0 0

8 5

1 6 6

1 5 7

8'

2 2 0

F ig . 13, P l a te  6 , sh o w s  th e  o r ig in a l  p h o to g r a p h  ( in se t)  a n d  a n  e n la rg e ­

m e n t  o f  t h e  b a s e  o f  s t r o k e  91 a .  (F la s h  91 c o n s is te d  o f  a  s in g le  s t ro k e  to  

g ro u n d .)

C o m p o n e n t 2 is  in i t i a t e d  b y  th e  b r a n c h  a t  G. W h ile  th i s  b r a n c h  is b e in g  

c o m p le te d , t h e  lu m in o s i ty  p ro g re s se s  f a in t ly  h ig h e r  u p  th e  c h a n n e l  a n d  

a lo n g  th e  lo n g e r  b r a n c h  R  im m e d ia te ly  a b o v e  C. A

th e  b r a n c h  G is  b la z e d , t h e  b r a n c h  R  d e v e lo p s  m o re  e n e rg e tic a l ly , in c re a s in g  

i t s  lu m in o s i ty  a n d  t h a t  o f  t h e  m a in  c h a n n e l  b e tw e e n  G  a n d  R .  T h is  is  

sh o w n  b y  th e  s h a d in g  in  fig. 14 a n d  o n  th e  p h o to g r a p h  in  fig . 13 w h e re  

th e  le a d in g  e d g e  o f  t h e  c h a n n e l  o f  t h e  f i r s t  c o m p o n e n t  b e tw e e n  C  a n d  R  is  

p ic k e d  o u t  w i th  th r e e  w h i te  d o ts  a n d  t h a t  o f  t h e  se c o n d  c o m p o n e n t  w ith  

th r e e  b la c k  d o ts .

C o m p o n e n t  3 is c a lle d  in to  b e in g  b y  th e  lo n g  b r a n c h  a b o v e  F  a n d  is a lso  

re s p o n s ib le  fo r  b la z in g  th e  s h o r t  b r ig h t  b r a n c h  a t  G  im m e d ia te ly  b e y o n d  

i t .
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fM alan a n d  C o lle n s P ro c . R o y .  S o c ., A ,  vo l. 1 6 2 , P la te  5

F i g . 7

(Facing p.  1 9 2 )
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M a ta n  a n d  C ollens P roc. R o y . S o c ., A ,  vol. 1 6 2 , Plate  6
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M a la n  a n d  C ollens Proc. R o y . Soc., A ,  vol. 162 , P la te  7

F i g . 15
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M a la n  a n d  C ollens
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a lan  a n d P ro c. Roy . S o c ., A ,  vol. 1 6 2 , P la te  9
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i P r o g r e s s iv e  L ig h tn in g 1 9 3

C o m p o n e n t 4 is d o u b le , i t s  d u a l  n a tu r e  o n ly  b e in g  d is t in g u is h a b le  a b o v e  

F .  I t  a id s  in  th e  f in a l c o m p le tio n  o f  th e  b ra n c h  a t  I t  a lso  h a s  a  f a in t  

c o n t in u a t io n  u n t i l  t h e  t im e  m a rk e d  b y  8' (fig. 14).

~ f f  17  D

%  11 t

r>5Sie?f £L ^  on
d

F ig . 14

T h e  n e x t  tw o  f ig u res  (15 a n d  16, P la te s  7 a n d  8 ) a re  p h o to g ra p h ic  e n la rg e ­

m e n ts  sh o w in g  c o m p o n e n t  2 m o re  c le a r ly  t h a n  is u su a l.  T h e se  s t ro k e s  

(81 a n d  1 08 a ) h a v e  c o m p o n e n ts  fo llo w in g  th e  g e n e ra l  b e h a v io u r  d e s c r ib e d  

a b o v e , so t h a t  i t  w o u ld  b e  su p e r f lu o u s  to  d e sc r ib e  th e m  in  d e ta i l  b y  m e a n s  

o f  d ia g ra m s .

(v) Stroke  81 (fig. 15, P la te  7 ).

T h is  g iv es  th e  o r ig in a l p h o to g r a p h  o f  th e  w h o le  t r a c k  a n d  a n  e n la rg e ­

m e n t  o f  th e  lo w e r p o r t io n  A B C  o f  s t ro k e  81 sh o w in g  th e  e d g es  b a n d  /?

V o l .  C L X I I — A O
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o f  c o m p o n e n t  2 e x c e p tio n a lly  c le a r ly . C o m p o n e n t 3, ed g es c a n d  h av e  

a lso  b e e n  m a rk e d .

(vi) Stroke  1 0 8 a  (fig. 16, P la te  8 ).

T h is  sh o w s a n  e n la rg e m e n t o f  th e  p o r t io n  o f  s t ro k e  1 0 8 a  ( in se t) . 

C o m p o n e n t 2 ed g es  6 a n d  /? c a n  b e  c le a r ly  d is t in g u is h e d .

(vii) Stroke  76 (fig. 17, P la te  9).

F ig . 17 (i) sh o w s th e  c o m p le te  B o y s c a m e ra  re c o rd  o f  s t ro k e  76.

F la s h  76 c o n s is te d  o f  a  s ing le  s t ro k e  to  g ro u n d  a t  a  d is ta n c e  o f  

2 + 0-5  k m ., b e in g  so n e a r  to  th e  c a m e ra  t h a t  o n ly  th e  lo w e r p o r t io n  o f  th e  

s tro k e  c o u ld  b e  p h o to g ra p h e d . L e n s  1 b e in g  n e a r  th e  to p  o f  th e  film , 

re c o rd e d  th e  lo w e r p o r t io n  o f  th e  s t ro k e  u p  to  th e  f i rs t b r a n c h  o n ly . 

(L en s 2 w as  le f t  a t  th e  fu ll a p e r tu r e  o f / /6 - 3  a n d  len s  1 w a s s to p p e d  d o w n  to  

/ /1 6  fo r  th e  p u rp o s e  e x p la in e d  b e lo w  in  § 106).

F ig . 17 (ii) a n d  (iii) a re  e n la rg e m e n ts  o f  th e  p o r t io n  A B C  o f  th e  B o y s 

len s 1 p ic tu re , (ii) h a s  b e e n  p r in te d  d a r k  to  sh o w  u p  c o m p o n e n ts  1 a n d  2 

m o re  c le a r ly . T h e y  c a n  b e  see n  s e p a r a te d  b y  a  n a r ro w  d a r k  lin e  (o f w id th  

ccb) r u n n in g  u p  th e  t r a c k ,  ocb r e p re s e n ts  th e  t im e  s e p a ra t io n  b e tw e e n  th ese  

c o m p o n e n ts ,  (iii), w h ic h  is p r in te d  m o re  l ig h t ly  t h a n  (ii), b r in g s  o u t  

c o m p o n e n t  3 w ith  i ts  le a d in g  a n d  f in ish in g  e d g es  c a n d  y  r e s p e c tiv e ly .

O n  th e  B o y s  len s  2 p ic tu re  o f  (i), c o m p o n e n ts  1 , 2 a n d  3 a re  lo s t in  th e  

in te n s e  w h ite  lin e  ( th e y  c a n  b e  see n  o n  th e  n e g a tiv e ) ,  b u t  th e  le a d in g  edge  d 

o f  c o m p o n e n t 4 a n d  th e  f in ish in g  e d g e  e o f  c o m p o n e n t  5 c a n  b e  c le a r ly  

d is t in g u ish e d . T h e  p o s i tio n s  o f  th e  o th e r  e d g es  (A, e) o f  th e s e  c o m p o n e n ts  

a re  in d ic a te d  b y  a rro w s . A  f a in t  s ix th  c o m p o n e n t  a lso  e x is ts .

A  t im e  ta b le  o f  th e  s t a r t  a n d  fin ish  o f  th e  v a r io u s  c o m p o n e n ts  a t  th e  

b ase  o f  th e  f la sh  is g iv e n  b e lo w :

1 9 4  D . J .  M a l a n  a n d  H .  C o l l e n s

Ta b l e  V I I I  ( s t r o k e  7 6 ,  f i g .  1 7 )

( T im e  i n  m i c r o s e c o n d s  a f t e r  s t a r t  o f  f i r s t  c o m p o n e n t  a t  A )

P o i n t

o n

t r a c k

C o m p .  1 C o m p .  2 C o m p .  3 C o m p .  4 C o m p .  5 C o m p . 6

a a b A c y d 8 e e /

A 0 11 18 2 6 4 6  67 2 6 0 4 1 0 4 8 0 6 3 0 8 1 5 9 0 0

(c) Unbranched S trokes

T h e  re s u lts  o f  a n  a n a ly s is  o f  tw o  ty p ic a l  e x a m p le s  o f  u n b ra n c h e d  s tro k e s  

(75 c a n d  97 6 , fig . 7, P la te  5) a re  sh o w n  in  figs. 18 a n d  19. F u l l  t im e  ta b le s  

o f  a ll  th e  c o m p o n e n ts  a re  g iv e n  o n  th e  d ia g ra m s .
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Progressive Lightning
1 9 5

F i g . 18

F i g . 19

 D
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1 9 6 D .  J .  M a l a n  a n d  H .  C o l l e n s

I t  w ill b e  se en  t h a t  a ll  th e  s u b s e q u e n t  c o m p o n e n ts  s t a r t  a f te r  c o m ­

p o n e n t  1 h a s  re a c h e d  th e  c lo u d . C o m p o n e n t 3 o f  s tro k e  976  p ro g resse s 

d o w n w a rd s  a s  in d ic a te d  b y  th e  d o t te d  a rro w . T h e  e d g es  o f  c o m p o n e n t  2 

o f  th is  s tro k e  a n d  c o m p o n e n t 2 o f  s t ro k e  75c a re  to o  u n c e r ta in  to  s ta te  

d e f in ite ly  in  w h ic h  d ire c tio n  th e y  p ro g re ss .

8— T h e  T o t a l  N u m b e r  o f  Co m p o n e n t s

O w ing  to  th e  c o m p le x ity  o f  th e  fine  s t r u c tu r e  w h ic h  h a s  b e e n  d e sc r ib e d  

a n d  th e  d iffic u ltie s  o f  p h o to g ra p h y , i t  is sa fe  to  su rm ise  t h a t  in  se v e ra l 

o f  th e  e x a m p le s  c ite d  in  th is  p a p e r  th e  t o ta l  n u m b e r  o f  c o m p o n e n ts  is 

h ig h e r  t h a n  t h a t  w h ich  h a s  b e e n  o b se rv e d .

R e fe r r in g  to  figs. 11 , 1 2 , 14, i t  is  p ro b a b le  t h a t  th e  v e ry  in te n s e  p a r t s  a t  

th e  b a ses  o f  th e s e  s tro k e s  u p  to  th e  f ir s t  b r a n c h  re a l ly  c o n s is t o f  tw o  

c o m p o n e n ts .  T h e  o v e r-e x p o su re  a n d  th e  sm a ll t im e  s e p a ra t io n  o f  th e s e  

c o m p o n e n ts  w o u ld  n o t  a llo w  th e m  to  b e  re so lv e d . A n  e x a m in a t io n  o f  

p h o to g ra p h s  ta k e n  w ith  a  c a m e ra  o f  h ig h e r  t im e  re s o lu tio n , h a v in g  a  film  

m o u n te d  o n  a  re v o lv in g  d ru m  (S c h o n la n d , M a la n  a n d  C ollens 1 9 3 5 ; B o y s  

1 92 9 ), sho w s su c h  cases to  e x is t.  T h e s e  p h o to g ra p h s  a re , h o w e v e r , to o  

d iffu se  fo r  r e p ro d u c tio n .

I t  c a n  th u s  be e x p e c te d  t h a t  e a c h  b ra n c h  w ill h a v e  i ts  o w n  c o m p o n e n t 

u n le ss , a s  d e sc r ib e d  in  § 7, i t  is so s i tu a te d  a s  to  b e  a b le  to  m a k e  u se  o f  a  

c o m p o n e n t  in i t i a te d  b y  a n o th e r  b r a n c h  lo w e r d o w n  th e  c h a n n e l. T h e  

m a x im u m  n u m b e r  o f  c o m p o n e n ts  t h a t  h a s  b e e n  o b se rv e d  fo r  a  f i r s t  

b ra n c h e d  s t ro k e  is 6 , t h e  m o s t  f r e q u e n t  n u m b e r  b e in g  4. U n b ra n c h e d  

s tro k e s  r a r e ly  h a v e  m o re  t h a n  tw o  a n d  m o s t ly  h a v e  o n ly  a  f ir s t c o m p o n e n t. 

I n  e x c e p tio n a l  cases th e  n u m b e r  m a y  e v e n  go  u p  to  20  (§ 9 , s t ro k e  1136).

9— T o t a l  D u r a t i o n  o f  Ch a n n e l  L u m i n o s i t y

T h e  lu m in o s ity  a lo n g  th e  m a in  c h a n n e l m a y  p e rs is t  fo r  a  r e la t iv e ly  lo n g  

t im e  (S c h o n la n d  a n d  C ollens 1 9 3 4 ; W a l te r  1 9 3 5 ; M c E a c h ro n  a n d  M cM orris  

i 9 3 6 )j a n d  a  d u r a t io n  a s  lo n g  a s  0-23 sec. h a s  b e e n  m e n tio n e d  in  th e  

l i t e r a tu r e  (M c E ac h ro n  a n d  M cM orris  1 9 3 6 ).

T h e  to ta l  d u r a t io n  o f  c h a n n e l lu m in o s i ty  a s  m e a su re d  o n  th e  p h o to g ra p h s  

ta k e n  w ith  a  B o y s c a m e ra  w o u ld  o f  c o u rse  d e p e n d  o n  th e  c o n d itio n s  o f  

p h o to g ra p h y . A  specific  in s ta n c e  is t h a t  o f  s tro k e  76, fig. 17 (P la te  9), w h e re  

th e  a p e r tu re s  o f  th e  tw o  len ses w e r e / / 6 * 3 a n d / / 16 re s p e c tiv e ly . T h e / /1 6  len s
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1 9 7

p h o t o g r a p h  sh o w s  a  t o t a l  d u r a t i o n  o f  2 2 0 0 /*sec., w h ile  th e  / / 6*3 p h o to ­

g r a p h  g iv e s  a  d u r a t i o n  o f  4 0 0 0 /*sec. o w in g  to  t h e  g r e a te r  l ig h t-g a th e r in g  

p o w e r  o f  t h e  le n s .

T h e  m o s t  f r e q u e n t  v a lu e  o f  t h e  d u r a t io n  a s  m e a s u re d  o n  th e  p h o to g ra p h s  

a p p e a r s  t o  b e  o f  t h e  o r d e r  o f  1 0 0 0 /fse c ., r a n g in g  in  e x tr e m e  c ase s f ro m  a  

few  h u n d r e d  m ic ro s e c o n d s  t o  h a l f  a  se c o n d .

T h e  lo n g  d r a g  (sh o w n  b y  t h e  a r ro w s)  o n  t h e  s lo w -m o v in g  c a m e ra  

p ic tu r e s  o f  s t r o k e s  7 56  a n d  1136  (fig. 2 0 , P l a t e  10 ) sh o w s  th e s e  s t ro k e s  to  

b e  o f  e x c e p t io n a l ly  lo n g  d u r a t io n ,  l a s t in g  fo r  0*25 a n d  0*50 sec. r e s p e c tiv e ly . 

T h e  p r o p e r t y  o f  lo n g  d u r a t i o n  se e m s  to  h a v e  n o  r e la t io n  e i th e r  to  th e  o rd e r  

o f  t h e  s t r o k e  (M c E a c h ro n  a n d  M c M o rris  1 9 3 6 ) o r  t o  i t s  r e la t iv e  in te n s i ty  

a s  c o m p a r e d  t o  t h e  o th e r  s t r o k e s  c o m p o s in g  t h e  f la sh .

S t r o k e  7 5 6  sh o w s  th r e e  f a i n t  c o m p o n e n ts  in  t h e  “ d r a g ”  fo llo w in g  th e  

f i r s t  in te n s e  c o m p o n e n t ,  a n d  s t r o k e  1136  a c tu a l ly  sh o w s  a t  l e a s t  tw e n ty  

s u c h  c o m p o n e n ts .

T h e  s u g g e s t io n  o f  W a l te r  ( 1 9 3 5 ) t h a t  t h e  lo n g  d u r a t io n  is  d u e  to  a  h ig h  

g r o u n d  r e s is ta n c e  h a s  a l r e a d y  b e e n  r e f u te d  b y  M c E a c h ro n  a n d  M cM o rris  

( 1 9 3 6 ), w h o  p o in te d  o u t  t h a t  t h e  d if f e r e n t  s t ro k e s  o f  a  f la s h  t o  a  s te e l  

s t r u c tu r e  sh o w e d  d i f f e r e n t  t im e s  o f  t o t a l  d u r a t io n ,  a l th o u g h  th e  g r o u n d  

r e s i s ta n c e  w a s  s m a ll  a n d  w a s  t h e  s a m e  fo r  a ll  t h e  s tro k e s .

I t  h a s  b e e n  p o in te d  o u t  in  t h i s  p a p e r  t h a t  t h e  e a r l ie r  c o m p o n e n ts  o f  

b r a n c h e d  s t r o k e s  a r e  r e l a te d  t o  t h e  b r a n c h e s  i r r e s p e c t iv e  o f  t h e  n a tu r e  

o f  t h e  g r o u n d ,  a n d  t h a t  a  l a t e r  c o m p o n e n t  so m e tim e s  s t a r t s  im m e d ia te ly  

a f t e r  t h e  s t r o k e  h a s  r e a c h e d  t h e  c lo u d , so  t h a t  in  a ll  p r o b a b i l i ty  t h e  l a t t e r  

is  r e l a te d  t o  a  b r a n c h in g  o r  o th e r  p ro c e ss  t a k in g  p la c e  in  t h e  c lo u d . F r o m  

t h e  g e n e ra l  n a t u r e  o f  th e s e  c o m p o n e n ts  i t  w ill b e  le g i t im a te  to  a s s u m e  t h a t  

s t i l l  l a t e r  c o m p o n e n ts ,  w h ic h  a r e  s im ila r  in  a p p e a ra n c e  a n d  b e h a v io u r  to  

t h e  f o rm e r ,  a r e  a ls o  r e l a te d  to  p ro c e ss e s  in  t h e  c lo u d  i ts e lf . T h e  e x is te n c e  

o f  s e v e ra l  c o m p o n e n ts  in  m o s t  s t ro k e s  o f  lo n g  d u r a t io n  t h u s  s t r e n g th e n s  

t h e  v ie w  o f  M c E a c h ro n  a n d  M c M o rris  t h a t  lo n g  d u r a t io n  is e n t i r e ly  d u e  to  

p ro c e ss e s  in  t h e  c lo u d  a n d  h a s  n o  r e la t io n  t o  g r o u n d  re s is ta n c e .

Progressive Lightning

10— I n t e n s i t y  D i s t r i b u t i o n

(a) V aria tio n  A lo n g  the C hannel

I t  i s  k n o w n  t h a t  t h e r e  i s  a  d i s t i n c t  d i m i n u t i o n  i n  i n t e n s i t y  o f  c o m ­

p o n e n t  1  a f t e r  p a s s i n g  p o i n t s  o f  b r a n c h i n g  ( S c h o n l a n d ,  M a l a n  a n d  C o l l e n s  

1 9 3 5 ,  p .  6 1 8 ) .  A  d i s c u s s i o n  o f  t w o  s p e c i f i c  e x a m p l e s  w i l l  s e r v e  t o  s h o w  t h e  

m a r k e d  n a t u r e  o f  t h e s e  v a r i a t i o n s .
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1 9 8 D .  J .  M a l a n  a n d  H .  C o l l e n s

R e fe rr in g  to  s tro k e  65, fig. 10, i t  w ill b e  se en  t h a t  c o m p o n e n t 1 is very 

b r ig h t  u p  to  th e  b ra n c h  a t  C. A f te r  re a c h in g  G i t  is ch iefly  concerned 

w ith  th is  b ra n c h  w h ich  is c o n se q u e n tly  v e ry  in te n se . C o m p o n en t 1, 

h o w ev er, c o n tin u e s  p ro g ress in g  u p w a rd s  a lo n g  th e  m a in  c h a n n e l w ith  

g re a t ly  d im in ish e d  lu m in o s ity  ti l l  i t  re a c h e s  th e  b ra n c h in g  p o in t  o f  the  

lon g  b ra n c h  a t  D a sh o r t  d is ta n c e  a b o v e  G. C o m p o n e n t 2 is  n o w  

in to  b e in g  a s  a  r e s u l t  o f  th e  d e v e lo p m e n t o f  th is  b ra n c h . F ro m  C to  

c o m p o n e n t 2 no w  a c tu a l ly  beco m es b r ig h te r  t h a n  th e  o r ig in a l co m p o n en t 

h a s  b e en  a lo n g  th is  p a r t  o f  th e  c h an n e l. F ro m  to  c o m p o n e n ts  1 a n d  2 

h a v e  fu sed  a f te r  a  m a rk e d  d im in u tio n  in  in te n s i ty  o f  th e  l a t t e r  a t  D. 

C o m p o n en t 3 c a tch e s  u p  w ith  th e  f irs t le a d in g  e d g e  ju s t  a b o v e  w ith  the  

re s u l t  t h a t  f ro m  h e re  to  th e  c lo u d  th e  c h a n n e l is i llu m in a te d  a t  a n y  p o in t 

a lo n g  i ts  p a th  b y  a  g low  o f  low  in te n s i ty  la s t in g  fo r  a b o u t  3 5 /fsec . a fte r  

i t  h a s  f irs t b eco m e v isib le .

S tro k e  91 a (figs. 13 a n d  14) sho w s a  s im ila r  e ffec t. F ro m  to  

p o n e n t  1 is th e  b r ig h te r  o f  th e  f irs t tw o  c o m p o n e n ts  b u t  loses m o s t  o f  its 

in te n s i ty  b e y o n d  th is  p o in t.  I n  th e  s h o r t  d is ta n c e  fro m  C to  R , w h e re  the  

n e x t  b ra n c h  is s i tu a te d ,  c o m p o n e n t 2 b e co m es  b r ig h te r  t h a n  i ts  p re ­

decesso r, as is c le a r ly  sh o w n  b o th  in  figs. 13 a n d  14. F ro m  h e re  to  E  th e y  

h a v e  m e rg e d  a n d  a re  o f  th e  sa m e  in te n s i ty .  B e y o n d  E  th e y  h a v e  again  

fu se d  w ith  c o m p o n e n t 3, g iv in g  a  m u c h  f a in te r  illu m in a tio n  la s tin g  for 

a b o u t  30 jusec. a t  a n y  p o in t  f ro m  E  to  F .

A  fre q u e n t  ty p e  o f  v a r ia t io n  in  c h a n n e l lu m in o s i ty  i l lu s t r a te d  b y  th e  

fo rego ing  is as fo llo w s :

W e m a y  su p p o se  a  s h o r t  b ra n c h  to  b e  re a c h e d  b y  th e  f irs t c o m p o n e n t o f 

th e  m a in  s tro k e — w h ich  m a y  o r  m a y  n o t  h a v e  fu se d  w ith  th e  second  

c o m p o n en t. T h is  s h o r t  b ra n c h  cau se s a  f re sh  c o m p o n e n t  to  ru n  a lo n g  th e  

c h an n e l, c a tc h in g  u p  th e  fo rm e r a n d  d e liv e r in g  e n e rg y  to  th e  b ra n c h . A t 

th e  sam e t im e  th e  f irs t c o m p o n e n t is t r a v e ll in g  u p w a rd s  w ith  a  red u c ed  

lu m in o sity , a n d  i f  i t  rea c h e s  a  lon g  b ra n c h  a  s h o r t  d is ta n c e  f a r th e r  on , th is  

b ra n c h  w ill s t a r t  d e v e lo p in g  fa in t ly . I t  w ill n o t  h a v e  p ro g resse d  v e ry  far, 

how ever, b e fo re  th e  fo rm e r b ra n c h  is c o m p le te d , a n d  since  th e  ch an n e l 

w ill now  b e  free  to  su p p ly  i t  w ith  e n e rg y , i t  w ill m a k e  a  d e m a n d  on  th e  

la s t  c o m p o n e n t, c au sin g  th e  illu m in a tio n  o f  th e  c h a n n e l  to  in c re ase  till 

i t  m a y  su rp a ss  i ts  fo rm e r in te n s i ty  a lo n g  i ts  t r a c k  b e tw e e n  th e  tw o  

b ra n ch es  u n d e r  d iscussion .

I f  th e  u p w a rd  m o v in g  lu m in o s i ty  re a c h e s  a  b ra n c h  a f te r  a ll  th e  p re v io u s  

b ra n ch es  h a v e  been  to ta l ly  o r  a lm o s t to ta l ly  c o m p le te d , th is  b ra n c h  will 

call in to  b e ing  a  c o m p o n e n t o f  i ts  ow n .
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P r o g r e s s iv e  L ig h tn in g 1 9 9

(b) V aria tion  w ith  T im e  at a n y  P o in t A long  the Track

A  lu m in o s i ty - t im e  c u rv e  a t  th e  b a se  o f  a n y  s t ro k e  w ill h a v e  a s  m a n y  

m a x im a  a s  th e  t o ta l  n u m b e r  o f  e x is t in g  c o m p o n e n ts  o f  th e  s t ro k e . T h is  

w ill b e  t r u e  fo r  a n y  p o in t  a lo n g  th e  c h a n n e l  fo r  unbranched  s t ro k e s .  I f  th e  

s t ro k e  is b r a n c h e d , h o w e v e r , t h e  n u m b e r  o f  c o m p o n e n ts  m a y  b e co m e  

less  a f t e r  th e  p a s s a g e  o f  b ra n c h in g  p o in ts  a c c o rd in g  to  th e  g e n e ra l p r in c ip le s  

d isc u ss e d  in  § 1 0 a . T h u s  th e  s t ro k e  i l lu s t r a te d  b y  fig. 1 h a s  fo u r  c o m ­

p o n e n ts  f ro m  A  to  G, th r e e  fro m  C to  

A  d e ta i le d  p h o to m e t r ic  s tu d y  o f  s t ro k e  76 (fig. 17), m a d e  in  o rd e r  to  

d e te rm in e  th e  r e la t iv e  in te n s i t ie s  o f  th e s e  c o m p o n e n ts ,  w ill n o w  b e  d is ­

c u sse d . I n  t a k in g  p h o to g r a p h s  w i th  th e  le n se s  o f  th e  B o y s  c a m e ra  a t  fu ll 

a p e r tu r e  ( //6 -3 ) i t  is  f o u n d  t h a t  o w in g  to  th e  in te n s i ty  o f  th e  lu m in o s i ty  o f  

t h e  f i r s t  c o m p o n e n t  i t  is o f te n  o v e r-e x p o se d  o n  th e  film . T o  o b ta in  a 

n o r m a l ly  e x p o se d  im a g e  o f  th is  c o m p o n e n t  i t  w a s  fo u n d  n e c e ss a ry  to  u se  

a  s m a lle r  a p e r tu r e  o n  o n e  o f  th e  le n ses  ( //1 6 , § 7 (b) (v ii)). S o m e  o f  th e  

w e a k e r  c o m p o n e n ts  r e c o rd e d  b y  th is  le n s  w ill b e  u n d e r -e x p o s e d  b u t  m a y  

h a v e  a  n o r m a l  e x p o s u re  in  th e  fu ll a p e r tu r e  p ic tu r e .

K n o w in g  th e  a p e r tu r e s  o f  th e  le n ses  in  t h e  tw o  cases , i t  is  p o ss ib le  b y  

th e  a p p l ic a t io n  o f  th e  p r in c ip le s  o f  p h o to g r a p h ic  p h o to m e t r y  to  f in d  w h ic h  

p a r t s  o f  th e  im a g e s  a re  n o r m a l ly  e x p o se d  a n d  a lso  to  c o m p a re  th e  l ig h t-  

in te n s i t ie s  o f  th e  d if fe re n t  c o m p o n e n ts .

A  r e c o rd in g  m ic r o p h o to m e te r  ( L a m b e r t  a n d  C h a lo n g e  1 9 2 6 ), w h e re  th e  

im a g e  o f  a n  i l lu m in a te d  s l i t  is  fo c u s e d  o n  th e  p h o to g r a p h ic  film  a n d  th e  

i n te n s i ty  o f  th e  t r a n s m i t t e d  l ig h t  is m e a s u re d  b y  m e a n s  o f  a  p h o to e le c tr ic  

cell, h a s  b e e n  u se d  fo r  th i s  p u rp o s e . S in c e  th e  le n se s  o f  th e  B o y s  c a m e ra  

m o v e  in  c irc le s, t h e  film  is m o u n te d  o n  a  sp e c ia l t a b le  h a v in g  a  c ir c u la r  

m o tio n .

F ig .  21  show ’s a  c u rv e  o b ta in e d  in  th is  m a n n e r  a t  th e  p o in t  C  o n  th e  

n e g a t iv e  o f  th e  B o y s  le n s  1 im a g e  o f  s t ro k e  76 (fig. 17, P la te  9).

T h e  z ero  lin e  A  Br e p re s e n ts  th e  p h o to e le c tr ic  c u r r e n t  w h e n  n o  l ig h t  fa lls  

o n  th e  p h o to c e ll.  T h e  i l lu m in a te d  s l i t  is  m a d e  to  m o v e  fro m  r ig h t  to  le f t  

a c ro ss  th e  n e g a t iv e  o f  th e  u p p e r  im a g e  o f  fig. 17 (i), t h e  r e c o rd in g  o f  fig. 21 

b e in g  ta k e n  fro m  le f t  to  r ig h t .  T h e  s l i t  is f i r s t  o b sc u re d  so  t h a t  a  sm a ll 

p o r t io n  o f  th e  z ero  lin e  c a n  b e  t r a c e d .  W h e n  th e  o b s t r u c t io n  is r e m o v e d  

th e  l ig h t  p a sse s  th r o u g h  th e  c le a r  p a r t  o f  th e  film  to  th e  r ig h t  o f  th e  p h o to ­

g ra p h ic  im a g e  a n d  th e  c u rv e  m o v e s  u p w a rd s  o ff  t h e  p a p e r .  A s th e  s l i t  

im a g e  a p p ro a c h e s  th e  m o re  in te n s e  p a r t  o f  th e  film  th e  c u rv e  m o v e s  d o w n  

to w a rd s  th e  r ig h t  t i l l  i t  g iv e s  t h e  m in im u m  fo r  c o m p o n e n t  3 w h o se  e d g es  

a re  in d ic a te d  b y  y  a n d  c. W h e n  i t  su c c e ss iv e ly  c ro sses  c o m p o n e n ts  2 a n d  1 ,
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2 0 0 D .  J .  M a l a n  a n d  H .  C o l l e n s

tw o  f u r th e r  m in im a  a re  tr a c e d  o u t  b u t  th is  t im e  m u c h  low er d o w n  ow ing 

to  th e  g re a te r  b lac k e n in g  p ro d u c e d  b y  th e s e  c o m p o n e n ts  w hose  edges are  

m a rk e d  b y  /?, b a n d  a, a  re s p e c t iv e ly . A f te r  p a ss in g  th e  edge  a  th e  lig h t 

tr a v e rse s  th e  c le ar  p a r t  o f  th e  film  a n d  th e  c u rv e  a g a in  m o v es  u p w a rd s  off

F i g . 21

th e  p a p e r .  T o  g e t  th e  zero  lin e  th e  s l i t  is a g a in  o b sc u re d . T h is is d o n e  

b ecau se  th e  a x e s  a re  n o t  r e c ta n g u la r .

The c u rv e  o f  fig . 21 h a s  b ee n  u se d  to  d e te rm in e  th e  d e n s itie s  o f  th e  p h o to ­

g ra p h ic  im ag es p ro d u c e d  b y  th e  v a r io u s  c o m p o n e n ts . T h e  re la tiv e  in ­

te n s itie s  c an  be  c a lc u la te d  fro m  th e  d e n sitie s .

i  he d e r iv e d  in te n s i ty - tim e  c u rv e  fo r  th e  f irs t fo u r  c o m p o n e n ts  a t  th e  

p o in t C  o f  s tro k e  76 is sh o w n  in  fig. 2 2 , th e  in te n s i ty  o f  th e  f irs t c o m p o n e n t 

being a rb i t r a r i ly  t a k e n  a s  1 0 0 . I t  c a n  be  seen  fro m  th is  c u rv e  t h a t  th e  

c h a n n e l f irs t h a s  a  lu m in o u s in te n s i ty  o f  100  a n d  th e n  fa d e s  to  a b o u t  45
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Progressive Lightning 2 0 1

a n d  in c re a s e s  a g a in  t o  a b o u t  115  f o r  c o m p o n e n t  2 . T h e r e  n o w  c o m e s  a  

s h a r p  d e c re a s e  t o  a b o u t  2 , fo llo w e d  b y  tw o  m a x im a  o f  18 a n d  2 f o r  c o m ­

p o n e n ts  3 a n d  4  r e s p e c t iv e ly .  C o m p o n e n t  5 h a s  a n  i n t e n s i t y  o f  2 , a n d  

c o m p o n e n t  6 is  to o  f a i n t  f o r  m e a s u r e m e n t .  C o m p o n e n ts  4 , 5 a n d  6  a r e  

n o t  in c lu d e d  in  fig . 2 1 .

I t  is  e v id e n t  t h a t  in  t h e  c a s e  d is c u s s e d  c o m p o n e n ts  1 a n d  2  a r e  o f  t h e  

s a m e  o r d e r  o f  i n t e n s i t y  a n d  a r e  t h e  m o s t  i m p o r t a n t  o f  t h e  se r ie s .  T h is

' 5

a

ts

•r.
3
0 
£3

1  
£
<x>

’I

'©

/ i s e c .  

F i g . 22

c o n c lu s io n  a p p e a r s  t o  h o ld  in  g e n e r a l— t h e  t h i r d  a n d  f u r t h e r  c o m p o n e n ts  

a r e  m u c h  w e a k e r  t h a n  t h e  f i r s t  tw o .

T h is  m e th o d  in v o lv e s  t h e  a s s u m p t io n  t h a t  t h e  s p e c t r o g r a p h ic  i n t e n s i t y  

d i s t r ib u t i o n  o f  t h e  l ig h t  r e m a in s  c o n s t a n t  t i l l  a l l  t h e  c o m p o n e n ts  a r e  c o m ­

p le te d .  I t  is  a ls o  a s s u m e d  t h a t  t h e  c h a n n e l  w id th  o f  t h e  s t r o k e  r e m a in s  

c o n s t a n t ,  t h u s  g iv in g  u n i f o r m  e x p o s u r e  t im e  fo r  a l l  t h e  c o m p o n e n ts  a t  a  

f ix e d  p o in t  o n  t h e  s t r o k e .

S p e c ia l  c a re  h a s  t o  b e  e x e rc is e d  t h a t  t h e  p h o to m e t r i c  a n a ly s is  is  n o t  

m a d e  a c ro s s  b r i g h t  s t r e a k s  (S c h o n la n d  a n d  C o lle n s  1 9 3 4 , p . 6 5 7 ) w h ic h  a r e  

o v e r - e x p o s e d .

A  d e ta i le d  s t u d y  w i th  im p r o v e d  s p e c t r o g r a p h ic  a p p a r a t u s  is in  p ro g re s s .
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2 0 2 D .  J .  M a l a n  a n d  H . C o l l e n s

G e n e r a l  D i s c u s s io n

T h is  a n a ly s is  o f  th e  lu m in o s ity - tim e  re la tio n s  in  th e  r e tu r n  s tro k e  show s 

c le a r ly  t h a t  w ith in  th e  lim its  o f  a  re so lv in g  p o w e r o f  th e  o rd e r  o f  1 0 /tsec ., 

th e  o n ly  im p o r ta n t  v a r ia tio n s  in  lu m in o s i ty  a re  th o s e  c o n n e c te d  w ith  th e  

d e v e lo p m en t o f  b ra n c h e s . S ince  i t  is n a tu r a l  to  a s so c ia te  th e  lu m in o s ity  

in  th e  c h an n e l w ith  th e  c u r re n t  p a ss in g  th ro u g h  i t ,  w e c o n c lud e  t h a t  w ith in  

th e  lim its  o f  o u r  m e a su re m e n ts  im p o r ta n t  c u r r e n t  v a r ia t io n s  in  th e  ch an n e l 

a rise  so le ly  fro m  b ra n c h e s . L ess  im p o r ta n t  v a r ia t io n s  o c cu r  a f te r  th e  

r e tu r n  s tro k e  h a s  re a c h e d  th e  c lo u d . W e  c a n  find  no  e v id e n c e  o f  o sc illa tio n s  

in  th e  c h a n n e l a r is in g  fro m  th e  se lf-o sc illa tio n  m e c h a n ism  su g g e s te d  b y  

S im p so n  ( 1 929 ). S u ch  o sc illa tio n s  i f  th e y  e x is t  m u s t  h a v e  a  f re q u e n c y  

ex ceed ing  1 00 ,0 0 0 /sec. a n d  a p p e a r  to  u s  to  b e  u n lik e ly  in  v iew  o f  th e  

m e ch an ism  o f  th e  r e tu r n  s tro k e .

T h e  c o n n ex io n  b e tw ee n  r e tu r n  s tro k e  c o m p o n e n ts  a n d  b ra n c h e s  we 

h a v e  sh o w n  to  be  v e ry  close. F ig . 6 o f  § 5 in d ic a te s  t h a t  a  c o m p o n e n t o f  

lu m in o s i ty  a n d  h e n ce  o f  in c re a s e d  c u r r e n t  a rise s  s h o r t ly  a f te r  a  b ra n c h  is 

rea ch e d . O u r m e a su re m e n ts  a re , h o w e v er , su c h  a s  to  m a k e  i t  p o ss ib le  t h a t  

th is  f re sh  c o m p o n e n t o f  c u r r e n t  is c a lled  fo r  a f te r  th e  b ra n c h  h a s  b een  

c a rr ie d  som e l i t t le  w a y . F o r  th is  in c re a s e d  c u r r e n t  a t  b ra n c h in g  p o in ts  we 

c an  a d v a n c e  th re e  c a u s e s :

{a) T h e  a d d it io n a l  call fo r  c u r r e n t  o n  a c c o u n t o f  th e  s p l i tt in g  o f  th e  

c h a n n e l a lo n g  th e  b ra n c h  a n d  th e  m a in  c h a n n e l.

(6 ) T h e  in c re a se d  c h a rg e  c a rr ie d  p e r  u n i t  le n g th  o f  a  h o r iz o n ta l  b ra n c h  

as  c o m p a re d  w ith  th e  v e r t ic a l  m a in  c h a n n e l.*

(c) T h e  in c re as in g  fre sh n ess  o f  th e  c h a rg e  le f t b y  th e  le a d e r  as w e m o v e  

a lo n g  a  b ra n c h  o u tw a rd s .*

I t  is n o t  p ro p o se d  to  d iscu ss  th e s e  cau se s in  f u r th e r  d e ta il  h e re , a s  th e y  

a re  b e in g  d e a lt  w ith  in  a  m o re  c o m p re h e n s iv e  su rv e y  o f  th e  d isc h a rg e  

m ec h an ism  e lsew here .

W e w ish  to  th a n k  th e  L ig h tn in g  R e se a rc h  C o m m itte e  o f  th e  S o u th  

A frican  I n s t i tu te  o f  E le c tr ic a l  E n g in e e rs  u n d e r  w h o se  d ire c tio n  th is  

resea rch  h a s  b een  c a rr ie d  o u t. W e  a re  a lso  g r e a t ly  in d e b te d  to  P ro fe sso r  

B . F . J .  S c h o n lan d , d ire c to r  o f  th e  B e rn a rd  P ric e  I n s t i tu t e  o f  G eo p h y sica l 

R e se arch , fo r h is a s s is ta n c e  a n d  a d v ic e  in  th e  p r e p a r a t io n  o f  th is  p a p e r  a n d  

to  th e  B e rn a rd  P ric e  I n s t i tu te  a n d  P ro fe sso r  P a in e  o f  th e  W itw a te rs ra n d  

U n iv e rs ity  fo r th e  h o sp i ta l i ty  e x te n d e d  to  o n e  o f  u s  (D . J .  M .) a s  a  g u e s t 

resea rch e r .

* T h e s e  s u g g e s t io n s  a r o s e  f r o m  d i s c u s s io n s  w i t h  P r o f e s s o r  S c h o n la n d .
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