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1. Lntroduct lon 

A r o c k e t - t r l g g e r e d  l l g h t n l n g  e x p e r i m e n t  h a s  a merl t  t h a t  i t  
allows t h e  dlrect  measurement o f  a l i g h t n i n g  c u r r e n t  w h I c h  Is 
one of t h e  i m p o r t a n t  parameters  f o r  p r o t e c t i o n  a g a l n s t  l i g h t n i n g .  
I t  a lso h a s  a merlt t h a t  t e s t s  o n  a v a r l e t y  of e l e c t r l c  a n d  
e lec t ronlc  e q u l p m e n t  a n d  a r r e s t e r s  c a n  b e  made b y  u s i n g  a c t u a l  
l l g h t n l n g  c u r r e n t s .  Because o f  s u c h  merits r o c k e t - t r l g g e r e d  
l l g h t n l n g  e x p e r l m e n t s  h a v e  b e e n  c a r r i e d  o u t  a c t i v e l y  I n  a n d  o u t  
of Japan w l t h  s l g n l f l c a n t  r e s u l t s .  L i g h t n l n g  p a r a m e t e r s  t h a t  
h a v e  b e e n  g l v e n  much a t t e n t l o n  In s u c h  e x p e r i m e n t s  I n c l u d e ,  In  
add l t lon  t o  l l g h t n l n g  c u r r e n t ,  t h e  v e l o c i t y  of p r o p a g a t i o n  o f  
t h e  l l g h t n l n g  r e t u r n  s t r o k e ,  l l g h t n l n g  c h a n n e l  c o n f l g u r a t l o n  , 
and corona cu r ren t s ;  many p a r a m e t e r s  a r e  d l r e c t l y  r e l a t e d  t o  
l l g h t n l n g  a n d  are  n o r m a l l y  m e a s u r e d  a t  n r e l a t l v c l y  s h o r t  
dlstance. 

On t h e  o t h e r  hand, t h e  l l gh tn lng  cur ren t  a n d  t h e  a s s o c l a t c d  
e l e c t r o m a g n e t i c  f l e l d  changes  a r e  t h e o r e t i c a l l y  r e l a t e d  w i t h  each 
o t h e r  by Maxwell 's e q u a t i o n s .  J u s t  l l k c  the  cases of n a t u r a l  
l l g h t n l n g ,  e l e c t r o m a g n e t i c  f l e l d  c h a n g e s  a r c  c o n s l d c r c d  t o  b e  
I m p o r t a n t  l n d l r e c t  or remote s e n s l n g  m e a s u r e n c n t  p n r a m c t c r s  f o r  
rocket-triggered l l g h t n l n g .  I n  a d d l t l o n  t o  I t ,  as e x e m p l i f l c d  b y  
t h e  success of SAFIR ( I )  b y  t h e  O N E H A  g r o u p  of F r a n c e .  t h c  U I I F  
r a d l a t l o n  Is one m e a s u r e m e n t  p a r a m e t e r  w o r t h y  o f  a t t c n t i o n  f o r  
t h e '  r e a l i z a t i o n  of  a n  l n t c r f e r o m e t c r l c  system f o r  t h e  
l o c a l l z a t l o n  o f  l l g h t n l n g  d l s c h a r g e  p o s i  t l o n .  In  o t h c r  w o r d s ,  
t h e  u s e  of UBF r a d l a t l o n  w l l l  a l l o w  u s  t o  know t h c  s t a t e  of 
p r o p a g a t l o n  of l i g h t n l n g  d l scha rge  with h l g h e r  s p a c e  a n d  t c m p o r a l  
r e s o l u t l o n s  . F u r t h e r m o r e  I t  w l l l  e n a b l e  u s  t o  q u l c k l y  know 
t h e  c o n d l t l o n s  j u s t  b e f o r e  t h e  l n i t l a t l o n  o f  a l l g h t n i n g  s t r o k e .  
T h u s  t h e  c o m b l n a t l o n  of o b s e r v a t i o n  o f  e l c c t r l c  a n d  m a g n c t l c  
f l e l d s  t h a t  h a v e  been p r a c t l c e d  e x t e n s l v e l y  o v e r  many y c n r s  a n d  
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o b s e r v a t l o n  of  UHF r a d l a t l o n  h a s  a h l g h  p o s s l b l l i t y  of p r o v l d l n g  
a n  e f f e c t i v e  measure  o f  p r o t e c t l n g  a n  e l e c t r l c  p o w e r  s y s t e m  
against  llghtnlng. 

Wlth  s u c h  vlews In mlnd, w e  c o n d u c t e d  r o c k e t - t r l g g e r e d  
l l g h t n l n g  e x p e r l a e n t s  ( a t  O k u s h l s h l k u  Kogen)  i n  f l s c a l  1989, a n d  
measured t h e  e lec t romagnet lc  f l e l d '  changes  a n d  t h e  UHF r a d l a t l o n  
l n t e n s l t y  accompanylng  t r i g g e r e d  l l g h t n l n g ,  b y  means o f  a slow 
a n t e n n a ,  a f a s t  a n t e n n a ,  a l o o p  a n t e n n a ,  a n d  a d l s c o n e  a n t e n n a ,  
a t  a base camp 2.5 km away from t h e  r o c k e t  l a u n c h i n g  s l t e .  T h l s  
p a p e r  p r e s e n t s  t h e  r e s u l t s  of t h e  o b s e r v a t l o n ,  a n d  d l s c u s s e s  t h e  
r o c k e t - t r l g g e r e d  l l g h t n l n g  from t h e  vlew p o l n t s  of 
electromagnetlc fleld changes and t h e  UHF radiation. 

2. Observation System 

The o b s e r v a t l o n  s y s t e m  u s e d  I n  t h e  r o c k e t - t r l g g e r e d  
l l g h t n l n g  e x p e r l n e n t s  of f l s c a l  1989 w i l l  be o u t l l n e d  b e l o w ,  In  
two p a r t s ;  t h e  s e n s o r  b l o c k  a n d  t h e  r e c o r d l n g  b l o c k ,  
respect Ively. 

(Scnsor Block) 

(a) Measurement of electrlc fleld changes at t h e  ground leve l  

To g r a s p  t h e  s t a t e  of l l g h t n l n g  d l s c h a r g e ,  t h e  e l ec t r l c  f l e l d  
changes  were measured w l t h  two dlsc antennas .  A d l s c  a n t e n n a  was 
a comblna t lon  of an  e l ec t ros t a t l c  a n t e n n a  a n d  a n  a m p l l f l e r .  T h e  
e l e c t r o s t a t l c  a n t e n n a  was a metal d l s c  of seve ra l  tens  o f  
cent lmeters  In diameter p laced  h o r l z o n t a l l y  a t  a l e v e l  of several  
t e n s  of  cen t lme te r s  above t h e  ground.  One d l s c  a n t e n n a  was t h e  
f a s t  an tenna  wl th  a t lae  cons t an t  of 1 IS and  a f r e q u e n c y  b a n d  
ranglng  from s e v e r a l  hundreds  Hz t o  2 MHz, t h a t  was d e s l g n e d  t o  
c o v e r  r a p l d  c h a n g e s  o f  e l e c t r l c  f l e l d s  a s s o c l a t e d  w l t h  r e t u r n  
s t r o k e s  of l l g h t n l n g .  The  o t h e r  dlsc a n t e n n a  was t h e  slow 
a n t e n n a  wlth a tlnre c o n s t a n t  of  5 s and a f r e q u e n c y  band  r a n g l n g  
from 0.1 IIz t o  1 kHz, t h a t  was deslgned t o  cover r e l a t l v e l y  slow 
c h a n g e s  of electrlc f l e l d s  before  a n d  a f t e r  a l l g h t n l n g  
dlscharge(2). 

(b) Measurement of changes of magnetlc f le lds  

Magnetic f l e l d  c h a n g e s  a r r o c l a t e d  w l t h  l l g h t n l n g  d l e c h a r g e s  were 
measured  wl th  a s l n g l e  l o o p  a n t e n n a .  T h l s  a n t e n n a  o u t p u t  was 
a l so  used as a t r l g g e r  s i g n a l  o f  t h e  r e c o r d l n g  s y s t e m  ( 4  c h  
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dIgI ta l  memory) t h a t  w l l l  be explafned later. 

(c) Measurement of UHF radlat lon 

UHF waves (327 MHz) r a d l a t e d  In t h e  e a r l y  stage of t h e  d i s c h a r g e  
were m e a s u r e d  b y  means of t h e  dIscone a n t e n n a .  We used t h e  
dlscone antenna (4) because I t  has  t h e  followlng merlts: 
(1) As t h e  an tenna  has  a w l d e  band ,  I t  Is c o n v e n l e n t  f o r  
selectlng, d u r l n g  measurement, a f r e q u e n c y  r a n g e  w l t h  less  
background nolses such as radlo broadcast ing waves; 
(2) A s  t h e  an tenna  Is n o n d l r e c t l o n a l ,  I t  Is c a p a b l e  of r e c e l v l n g  
atmospherics  from any dlrectlon; and 
(3) I t  does n o t  g i v e  c o r o n a  d i s c h a r g e  e v e n  I n  s t r o n g  e l e c t r i c  
flelds. 

(Recordlng Block) 

T h e  o u t p u t s  of t h e  f a s t  a n t e n n a ,  s low a n t e n n a ,  a n d  d l s c o n c  
a n t e n n a  were r e c o r d e d  by a 4-ch d l p l t a l  memory u n i t  (Sys t em 1)  In  
w h l c h  one word c o m p r l s e s  1 2  b l t s  t o  h a v e  a w i d e  d y n a m i c  r a n g e .  
T h e  sampllng f r e q u e n c y  was 1 MtIz, a n d  t h e  t o t a l  c a p a c i t y  of t h e  
temporary s t o r a g e  was 6 4  k l l o w o r d s  for e a c h  c h a n n e l ,  a n d  t h e  
w o r k l n g  record l e n g t h  was 6 4  m i l l l - s e c o n d s .  Measurement of 
e l e c t r i c  f l e l d  c h a n g e s  by means  of t h e  l o n g - t i m e  w a v c f o r m  
recorder descrlbed In r e f e r e n c e  ( 5 )  w a s  also made s i m u l t a n e o u s l y .  
A l t h o u g h  detailed d e s c r l p t l o n  Is o m l t t e d  h e r e ,  t h e  r c c o r d e r  I s  
I n d i c a t e d  as S y s t e m  2 I n  t h I s  r e p o r t .  T h e  c o n f i g u r a t i o n  of t h e  
total system Is shown In FIg. 1. 

3. Electromagnet lc  Field Changes and Rocket- t r lggcrcd Llghtnlng 

Rocket-triggered l l g h t n l n g  i s  a m e t h o d  of t r l g g e r l n g  a 
l l g h t n l n g  by l a u n c h l n g  a small  r o c k e t  o f  a b o u t  20 cm i n  l e n g t h ,  
t o  whlch  a s teel  wI re  of 0 . 2  m m  In  d l ame te r  1s c o n n c c t e d ,  u n d e r  
t h u n d e r c l o u d .  When t h e  r o c k e t  a s c e n d s .  an e l e c t r i c  f i e l d  is  
concentrated a t  t h e  t o p  e n d  of t h e  r o c k e t ,  a n d  a l c a d c r  w i l l  
i n i t i a t e  t o w a r d s  t h e  t h u n d e r c l o u d ,  a n d  1 I g h t n i n p  w l l l  b c  
trlggered along t h l s  w e a k l y  I o n I z e d  c h a n n e l .  I n  n r o c k c t -  
t r l g g e r e d  l l g h t n f n g  e x p e r i m e n t ,  two k l n d s  of  r o c k e t - t r i g g e r e d  
1 1 g h t n I n g  tests, rocket-triggered l l g h t n l n p  t o  t h e  g r o u n d ,  a n d  
r o c k e t - t r l g g e r e d  l l g h t n l n g  to  t h e  tower, a re  n o r m a l l y  made u n t l c r  
different c o n d l t l o n s .  The r o c k e t - t r l g g c r e d  l l g h t n l n g  t o  t h e  
g r o u n d  Is a system In whlch  t h e  w l r e  c o n n e c t e d  t o  a r o c k e t  i s  
e x t e n d e d  to t h e  g r o u n d .  On t h e  o t h e r  h a n d ,  t h e  rocket-trlggcrcd 
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l i g h t n i n g  t o  t h e  tower means t h a t  t h e  r o c k e t  I t s e l f  Is I s o l a t e d  
t o  t h e  g r o u n d .  A n y l o n  t h r e a d  Is p a i d  o u t  u p  t o  a h e i g h t  o f  
abou t  100 m a b o v e  t h e  g r o u n d ,  a n d  t h e n  from t h a t  p o l n t  a s t e e l  
wlre I s  pa ld  out. As t h e  r o c k e t  assembly Is I n s u l a t e d  u p  t o  100 
m a b o v e  t h e  g r o u n d ,  a d o w n w a r d - m o v i n g  l e a d e r  c a n  b e  l n i t l a t e d  
from t h e  lower e n d  of t h e  wire  to .  a power transmlsslon tower of 
60 m hlgh(3)'(8) . 

The r o c k e t - t r i g g e r e d  l l g h t n l n g  expe r imen t  of f l sca l  1989 was 
c o n d u c t e d  by us ing  t h e  test t ransmlss lon  l l n e  a n d  a tower on t h e  
t o p  of Mount O k u s h i s h l k u  (930  m a b o v e  t h e  sea)  f r o m  N o v e m b e r  6, 
1989 t o  December  5. 1989.  T h e  o b s e r v a t i o n a l  r e s u l t s  of t h e  
i n d l v l d u a l  r o c k e t - t r i g g e r e d  l i g h t n i n g  e x p e r l m e n t s  a r e  s u m m a r l z e d  
i n  Table  1. Marks 0 x - d e n o t e  successful col lect lon o f  
d a t a ,  f a l l u r e  In  d a t a  c o l l e c t l o n ,  a n d  n o  o b s e r v a t i o n ,  
r e s p e c t l v e l y .  Examples o f  a c t u a l  o b s e r v e d  w a v e f o r m s  a re  s h o w n  
below, one e a c h  f o r  t h e  l i g h t n i n g  t o  t h e  tower a n d  t h e  l i g h t n l n g  
t o  t h e  g r o u n d .  Ez a n d  B o f  t h e  d l a g r a m s  I n d l c a t e  t h e  v e r t i c a l  
e lec t r ic  f l e l d  s t r e n g t h  o n  t h e  g r o u n d  a n d  t h e  i n t e r l i n k a g e  
m a g n e t i c  f l u x  d e n s f t y ,  r e s p e c t l v e l y .  T h e l r  i n t e n s i t l e s  a r e  
relatlve ones. 

Flg. 2 s h o w s  wavefo rms  o f  e l e c t r o m a g n e t l c  f i e l d  c h a n g e s  for 
t h e  e x p e r i m e n t  number  8 9 - 0 7  ( r o c k e t - t r l g g e r e d  l l g h t n i n g  t o  
tower). Fig. 2-a shows o f  e l e c t r l c  f l e l d  c h a n g e  f o r  a p o r t l o n  o f  
512 m l c r o - s e c o n d s  w h i c h  1s c o n s l d e r e d  t o  c o r r e s p o n d  t o  t h e  
l n l t l a t i o n  o f  t r l g g e r e d  l l g h t n l n g : .  o u t  o f  t h c  w h o l e  r e c o r d  l e n g t h  
of  64 m f l l f - s e c o n d s .  F I g .  2 - b  s h o w s  m a g n e t i c  f l e l d  c h a n g e  f o r  
t h e  same time p e r i o d .  F i g .  2-c s h o w s  e l e c t r i c  f l e l d  c h a n g e  
t r l g g e r e d  by  t h l s  r o c k e t - t r l g g e r e d  l i g h t n l n g  e x p e r i m e n t  f o r  2G2 
m l l l l - s e c o n d s ;  t h e  d a t a  of  t h e  e n t l r e  t r l g g e r e d - l i g h t n i n g  
e x p e r i m e n t  were r e c o r d e d  b y  t h e  l o n g - p e r l o d  waveform r e c o r d e r .  
On t h e  o t h e r  h a n d ,  F lg .  3 - a ,  b .  c s h o w  t h e  e l e c t r o m o g n e t l c  f i e l d  
c h a n g e s  of t h e  p o r t l o n  c o r r e s p o n d l n g  t o  t h c  l n l t l a t l o n  of t h e  
t r i g g e r e d  l l g h t n l n g  a n d  t h e  w h o l e  s f g n a t u r e  of l l g h t n l n g  of t h e  
e x p e r i m e n t  number  89-11 ( r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  g r o u n d ) .  
Al though n o t  shown h e r e  because  of t h e  l lml t ed  s p a c e ,  a l l  o f  t h e  
o t h e r  r e s u l t s  of o b s e r v a t i o n  were simllar t o  t h o s e  s h o w n  i n  Flg. 
2 ' and Flg. 3. In  t h e  e l e c t r o m a g n e t l c  f l e l d  c h a n g e s  o f  r o c k c t -  
t r l g g e r e d  l l g h t n l n g .  we f o u n d  n o  r a p l d  c h a n g e s  c o r r c s p o n d l n g  t o  
r e t u r n  s t r o k e  of n a t u r a l  l l g h t n l n g .  Moreover,  t h e  r c l a t l v c l y  slow 
c h a n g e s ,  a s  shown In t h e  t r a c e s ,  were s u p e r l m p o s e d  w l t h  I m p u l s e -  
l l k e  waveforms. T h e  p h e n o m e n o n  of  s u p e r i m p o s i n g  w l t h  many 
impulses  was s lml l a r  t o  t h e  result o b t a l n e d  b y  Yoda e t  al.") f o r  
t h e  d l r e c t  measurement of l lghtnlng s t r o k e  cur ren t .  

Next, we w I l l  c o m p a r e  t h e  w a v e f o r m s  o f  t h e  e lec t romagnet ic  



f ie lds  o b t a l n e d  In  t h e  r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  tower a n d  
t h o s e  of t h e  r o c k e t - t r i g g e r e d  l l g h t n l n g  t o  g r o u n d  t o  l d e n t l f y  
d i s c r e p a n c y  b e t w e e n  t h e  two m e t h o d s .  I n  t h e  case o f  r o c k c t -  
t r i g g e r e d  l l g h t n l n g  t o  t h e  t o w e r ,  as s h c w n  In F l g .  2 - 0  and b;  a 
b l p o l a r  p u l s e  of a r e l a t i v e l y  l a r g e  a m p l l t u d e  Is p r e s e n t  I n  t h e  
po r t lon  c o r r e s p o n d l n g  t o  t h e  In1 t l a t l o n  of t r lggered  l l g h t n l n g .  
I n  contrast ,  as s h o w n  I n  F l g .  3-a a n d  b, I n  t h e  case o f  t h e  
r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  g r o u n d ,  t h e r e  Is no  b l p o l a r  p u l s e  
w i t h  a r e l a t l v e l y  large a m p l l t u d e  a t  t h e  l n l t l a t l o n  of  t r l g g e r e d  
l l g h t n l n g ,  a n d  t h e  a m p l l t u d e  of t h e  I m p u l s e s  t e n d s  t o  g e t  l a r g e r  
g r a d u a l l y .  S u c h  d l f f e r e n c e s  of waveforms of e lec t romagnet lc  
f le lds  between t h e  two t r l g g e r e d - l l g h t n l n g  m e t h o d s  were n o t  
c o n f i n e d  t o  t h e  pa r t i cu la r  cases s h o w n  above, b u t  common t o  a l l  
of t h e  r e s u l t s  of observatlon durlng t h l s  experlment. 

From t h e  results of o b s e r v a t l o n  of t h e  p a s t  r o c k c t - t r l g g e r e d  
l l g h t n l n g  e x p e r l r n e n t s ,  I t  Is known t h a t ,  I n  t h e  casc of r o c k c t -  
t r l g g e r e d  l l g h t n l n g  t o  t o w e r ,  a s  t h e  r o c k e t  and  t h e  w l r e  
c o n n e c t e d  t o  I t  are l n s u l a t e d  from t h e  g r o u n d ,  l e a d e r s  o f  
d l f f e r e n t  p o l a r l t l e s  p r o p a g a t e  upward from t h e  l l g h t n l n g  l n d u c l n g  
polnt  of t h e  r o c k e t  a n d  downward from ‘ t h e  lower e n d  of t h e  wlrc, 
r e s p e c t i v e l y .  t o  e v e n t u a l l y  t r l g g e r  a l l g h t n l n g .  w h e r e a s ,  I n  t h e  
case of r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  g r o u n d ,  as t h e  r o c k c t  Is 
g r o u n d e d  by t h e  wlre, t h e  l e a d e r  p r o p a g a t e s  o n l y  upward from t h e  
l l g h t n l n g  l n d u c l n g  p o l n t  of t h e  r o c k e t . ( * )  T h e  d l f f e r e n c e s  of  
t h e  wavefo rms  of e l e c t r o m a g n e t l c  f l e l d s  a t  t h e  l n l t l a t l o n  of 
t r l g g e r e d  l l g h t n l n g  between t h e  t r l g g e r e d - l l g h t n l n g  t o  towcr a n d  
t h e  t r l g g e r e d - l l g h t n l n g  t o  g r o u n d  a n d  t h e  p r e s e n c e  of b i p o l a r  
I m p u l s e  of a l a r g e  a m p l l t u d e  o f  t h e  p r e s e n t  r esu l t s  were 
a t t r l b u t e d  t o  t h e  d l f f e r e n c e s  between t h e  l l g h t n l n g  t r l g g c r l n g  
mechanisms of b o t h  t h e  m e t h o d s  a s  d e s c r l b e d  above. We a r c  now 
examlnlng t h e  causes In detall. 

# 

4. Prcceding UUF Pulses 

In  t h l s  sectlon w e  wlll d l s c u s s  t h e  r e l a t l o n s h l p  b c t w c c n  
e l ec t ro rnagne t l c  f l e l d  c h a n g e s  d u r i n g  a r o c k c t -  t r l g g e r c d  l i g h t  n I n s  
a n d  accompanying UHF electromagnetlc radiat ion.  

F ig .  4 shows  magnetlc f l e l d  c h a n g e s  b e f o r e  and  a f t e r  t h e  
l n l t l a t l o n  o f  t h e  t r l g g e r e d  l l g h t n l n g  o f  t h e  e x p e r l m c n t  n u m b e r  
89-04 ( t r i g g e r e d  l l g h t n l n g  t o  t h e  tower) and  t h e  a c c o m p a n y l n g  U H F  
e l e c t r o r n a g n e t l c  r a d l a  t l o n .  A s  d l s c u s s e d  I n  t h e  p r e c c d l n g  
section, t h e  m a g n e t l c  f i e l d  w a v e f o r m  h a s  a b l p o l a r  p u l s e ,  w h l c h  
1s a f e a t u r e  of t h e  r o c k e t - t r l g g c r e d  l l g h t n l n g  t o  t h e  t o w c r .  at 
t h e  l n l t l a t l o n  o f  t h e  t r l g g e r e d  l l g h t n l n g .  On t h e  o t h c r  h a n d ,  as 
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clearly shown b y  t h e  dlagram, t h e  UHF e l e c t r o m a g n e t l c  r a d l a t l o n  
p r e c e d e d  t he  b l p o l a r  p u l s e  of t h e  c h a n g e s  of m a g n e t l c  f l e l d  
c o r r e s p o n d l n g  t o  t he  l n l t l a t l o n  of  t h e  d l s c h a r g e .  P u l s e s  were 
l s o l a t e d  e a c h  o t h e r  before  t h e  b l p o l a r  p u l s e ,  b u t  a f t e r  t h e  
b l p o l a r  p u l s e  t h e  rad la t lon  l n t e n s l t y  lncreased s u d d e n l y  a n d  t h e  
s ta te  of redlation was l i k e  8 burst .  Such a s u d d e n  c h a n g e  of t h e  
UHF r a d l a t l o n  l n t e n s l t y  was s l m l l a r  t o  t h e  s t a t e s  of UHF 
radlatlon before and a f t e r  a r e t u r n  s t r o k e  of n a t u r a l  l l g h t n l n g  
shown In Flg. 5. 

T h e  b u r s t - l l k e  c h a n g e  of UHF r a d l a t l o n  of n a t u r a l  l l g h t n l n g  
1s a t t r l b u t e d  t o  t h e  n e t - s h a p e d  p r o p a g a t l o n  of t h e  r e t u r n  s t r o k e  
In t h e  cloud a f t e r  I t  r e a c h e s  t h e  bottom o f  t h e  cloud.( ' )  I f  t h e  
c h a n g e  of UHF radlatlon o b s e r v e d  l n  rocket-triggered l l g h t n l n g  
were generated by t h e  same cause  w l t h  n a t u r a l  l l g h t n l n g .  t h e  
lsolated UHF pulses of F l g .  4 c o u l d  be a t t r l b u t e d  t o  l e a d e r s  
movlng upward from t h e  r o c k e t  or l e a d e r s  movlng downward f rom t h e  
lower e n d  of t h e  wlre. T h e  mean tlme I n t e r v a l s  of t h e  I s o l a t e d  
pulses of Fig. 4 1s about 27 mlcro-seconds whlch  Is close to  t h e  
s ta t l s t lca l  values r a n g l n  f r o m  29  t o ,  5 2  m l c r o - s e c o n d s  f o r  t l m e  
lntervals of s tepped  leaders. f16) 

T h e  d l s t r l b u t l o n s  of t l n e  I n t e r v a l s  o f  I s o l a t e d  UHF p u l s e s  
o b s e r v e d  I n  t h e  experiment n u m b e r s  80-04 a n d  89-7 ( t r l g g c r e d  
l l g h t n l n g  t o  t h e  tower) a r e  s h o w n  I n  F i g .  6. T h e  t r a n s I t I o n s  of 
tlme l n t e r v a l s  of t h e s e  p u l s e s  a r e  s h o w n  I n  F l g .  7 .  T h e  p u l s e  
n u m b e r  of Flg .  7 lnd lca tes  t h e  n u m b e r s  g l v e n  t o  t h e  I s o l a t e d  
pu l se s  l n l t l a t l o n  from t h e  f l r s t  p u l s e .  T h u s  F l g .  7 s h o w s  t h a t  
t h e  tlme l n t e r v a l  between two c o n s e c u t l v e  p u l s e s  g e t  s h o r t e r  wl t h  
t h e  p a s s a g e  of tlme. Thls  f e a t u r e  1s s l m l l a r  t o  t h a t  o b s e r v e d  I n  
stepped leaders of natural llghtnlng.(l') 

We h a v e  d e s c r l b e d  t h e  m a g n e t l c  f l e l d  c h a n g e s  a n d  UHF 
r a d l a t l o n  of t h e  r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  tower.  S l m l l a r  
phenomena were o b s e r v e d  i n  t h e  r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  t h e  
g r o u n d  a l t h o u g h  t h e r e  were some d l f f e r e n c e s .  F l g .  8 s h o w s  t h e  
c h a n g e s  of m a g n e t l c  f l e l d  a n d  UHF e l e c t r o m a g n e t l c  r a d l a t l o n  o f  
t h e  e x p e r i m e n t  number 89-11  (rocket-triggered l l g h t n l n g  t o  t h e  
g r o u n d ) .  T h e  UHF r a d l a t l o n  s h o w e d  I s o l a t e d  p u l s e s  p r e c e d l n g  t h e  
f l r s t  magnet lc  f le ld  change.  The changes  from Isolated p u l s e s  t o  
b u r s t - l l k e  p u l s e s ,  h o w e v e r ,  were n o t  so r a p l d  as t h o s e  o b s e r v e d  
In t h e  rocket- t r lggered l lghtnlng to  t h e  tower. 

Some s t a t l s t l c s  of t h e  UHF l s o l a t e d  p u l s e s  p r e c e d l n g  t h e  
magnetlc f l e l d  c h a n g e s  o b s e r v e d  d u r l n g  t h e  r o c k e t - t r l g p e r e d  
l l g h t n l n g  t o  t h e  tower and t o  t h e  g r o u n d  a r e  s h o w n  I n  T a b l e  2; 
t h e  number  of p u l s e s ,  p u l s e  I n t e r v a l s ,  a n d  t h e  t l m e  d u r a t l o n  u p  
t o  t h e  c h a n g e s  of n a g n e t l c  f i e l d .  I n  t h e  t a b l e  t h e  p o l a r l t y  



l n d l c a t e s  t h e  p o l a r l t y  of t h e  l l g h t n l n g  s t r o k e  c u r r e n t  measu red  
a t  t h e  launcblng polnt  of t he  rocket. (12) For  t h o s e  t o  whlch t h i s  
datum Is n o t  a v a i l a b l e ,  t h e  p o l a r l t y  o f  t h e  p o i n t  corona c u r r e n t  
a t  t h e  tlme of l a u n c h l n g  of t h e  r c c k e t  i s  shown i n  
parentheses.(")When t h e  number of p u l s e s  and  t h e  p o l a r l t y  of 
fnduced  l l g h t n l n g  were examined f o r  t h e  r o c k e t - t r l g g e r e d  
l i g h t n i n g  t o  tower a c c o r d i n g  t o  t h e  s t a t l s t l c s ,  t h e  p o s l t l v e  
r o c k e t - t r l g g e r e d  l i g h t n i n g  t ended  t o  h a v e  smaller number of 
p u l s e s  t h a n  t h o s e  of n e g a t l v e  p o l a r l t y .  On t h e  o t h e r  h a n d ,  I n  
cases of t h e  r o c k e t - t r l g g e r e d  l l g h t n l n g  t o  t h e  g r o u n d ,  t h e  
r e l a t l o n s h l p  between t h e  number o f  p u l s e s  a n d  t h e  p o l a r l t y  was 
no t  as clear as t h a t  of  t he ,  r o c k e t - t r l g g e r e d  l i g h t n i n g  t o  t o w e r .  
When we exaulned t h e  number of pulses and t h e  tlme d u r a t l o n  from 
r o c k e t  l aunch lng  t o  t r l g g e r l n g  ( I 3 ) ,  t h e  l i g h t n l n g ,  b o t h  t o  t h e  
tower and t o  t h e  g round ,  havlng  l o n g e r  t lae d u r a t i o n  u p  t o  
trlggerlng tended to have a greater number of pulses. 

5. Concluding Remarks 

In  t h e  r o c k e t - t r i g g e r e d  l l g h t n l n g  e x p e r l m e n t  of f i s c a l  1989, 
we observed electromagnetic fleld changes and UHF e lec t romagne t l c  
r a d l a t l o n  acconpanylng  r o c k e t - t r i g g e r e d  l l g h t n l n g .  The f l n d l n g s  
were as follows: 

(1) No r a p l d  changes  c o r r e s p o n d l n g  t o  t h e  r e t u r n  s t r o k e  of 
n a t u r a l  l l g h t n l n g  were o b s e r v e d  In  t h e  e lec t r lc  f l e l d  c h a n g e s  
accospany lng  r o c k e t - t r l g g e r e d  l l g h t n l n g .  C o n t l n u o u s  c u r r e n t s ,  
however, were present. 

(2) In t h e  case o f  t h e  r o c k e t - t r i g g e r e d  l l g h t n l n g  t o  t h e  tower, 
In  e l e c t r o n a g n e t l c  f i e l d  c h a n g e s  c o r r e s p o n d l n g  t o  t h e  l n l t l n t l o n  
of t r l g g e r e d  l i g h t n i n g  showed a b i p o l a r  p u l s e  of a r e l a t l v e l y  
large ampli tude.  In c o n t r a s t ,  t h e  r o c k e t  t r i g g e r e d  l l g h t n l n g  t o  
the  ground dld not have such a blpolar pulse. 

($1 The UHF r a d l a t l o n  accompanylng t h e  r o c k e t - t r l g g c r e d  
Ilg'htnlng preceded  t h e  waveform p o r t l o n s  c o r r e s p o n d l n g  t o  t h e  
f l r s t  c h a n g e s  i n  e l e c t r o a a g n e t l c  f l e l d s .  In p a r t l c u l a r ,  I n  t h e  
case of t h e  r o c k e t - t r l g g e r e d  l l g h t l n g  t o  t h e  t o w e r ,  t h e  U I I F  
r a d l a t i o n  showed a c h a n g e  from I s o l a t e d  p u l s e s  t o  b u r s t - l l k e  
pulses  of  larger amplitude across a blpolar  p u l s e  of a rc ln t lve ly  
large anplltude In nagnetlc fleld. 

(4) The number of l so la ted  p u l s e s  In t h e  UlIF r a d i a t l o n  showcd a 



c o r r e l a t l o n  w l t h  t h e  t l m e  d u r a t l o n  from r o c k e t  l a u n c h l n g  u p  t o  
t r l g g e r e d  l l g h t n l n g .  T h e  tlme I n t e r v a l  b e t w e e n  c o n s e c u t l v e  
I s o l a t e d  p u l s e s  t e n d e d  t o  g e t  s h o r t e r  w l t h  t h e  p a s s a g e  o f  t l m e  
j u s t  l i ke  t h e  s tepped  l eade r s  of  natural llghtnlng. 

P h y s l c a l  l n t e rp re t a t lon  of t h e  a b o v e - m e n t l o n e d  f e a t u r e s  o f  
t h e  r o c k e t - t r l g g e r e d  l l g h t n l n g  o f  t h e  p r e s e n t  e x p e r l m e n t  Is a 
f u t u r e  t a s k ,  and Is e x p e c t e d  t o  c o n t r l b u t e  much t o  t h e  
understandlng of wlnter l lghtnlng of Japan. 

To  b e  more s p e c l f l c ,  t h e  f e a t u r e  of (1)  a b o v e  d l f f e r s  f r o m  
t h a t  of t h e  e lectr lc  f l e l d  c h a n g e s  o b s e r v e d  I n  t h e  r o c k e t -  
t r l g g e r e d  l l g h t n l n g  e x p e r l n e n t  a t  t h e  U.S. K e n n e d y  S p a c e  C e n t e r  
l n d l c a t e d  I n  r e f e r e n c e  (14) In  t h a t  t h e  c h a n g e s  I n  e l e c t r l c  f l e l d  
of t h e  l a t te r  showed a r a p l d  c h a n g e  c o r r e s p o n d l n g  t o  r e t u r n  
stroke.  T h e  d l f f e r e n c e  Is a t t r i b u t e d  t o  t h a t  ou r  e x p e r l m e n t  was 
c o n d u c t e d  I n  a m o u n t a l n o u s  a r ea  w h l l e  t h e  U.S. e x p e r l m e n t  was 
c o n d u c t e d  In a place of t h e  s ea  l e v e l .  I n  o t h e r  w o r d s ,  t h e l r  
e x p e r l m e n t a l  c o n d l t l o n  was c lose  t o  an o r d l n a r y  l l g h t n l n g  s t r o k e  
with t h e  bot tom of t h e  c l o u d  be lng  f q l r l y  h l g h  above t h e  g r o u n d ,  
w h e r e a s  o u r  e x p e r l m e n t  was made  I n  t h e  t h u n d e r c l o u d ,  a n d  t h e  
t r l g g e r l n g  c o n d l t l o n s  were s l m l l a r  t o  t h o s e  of l n t r a c l o u d  
d l s c h a r g e .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  t r a n s m l s s l o n  towers 
erected In t h e  mountalnous areas of Hokurlku Dlstrlct t e n d  t o  b e  
covered b y  t h u n d e r c l o u d s  In w l n t e r .  A s  t h e l r  e n v l r o n m e n t  Is 
c o m p a r a t l v e  t o  t h a t  o f  our  e x p e r l m e n t ,  t h e  r e s u l t  o f  o u r  
e x p e r l m e n t  d i s c u s s e d  In  S e c t l o n  3 o r  r e l a t l v e l y  s low c h a n g e s  
o v e r l a p p e d  by many p u l s e s  Is a t t r l b u t e d  t o  p r o p a g a t l o n  of 
n e g a t l v e  l e a d e r s  from t h e  t o p  o f  t h e  r o c k e t  t o  t h e  l n t e r l o r  of 
t h e  c l o u d .  Th l s ,  i n  t u r n ,  Is e x p e c t e d  t o  be  o f  some h c l p  In  
u n d e r s t a n d l n g  t h e  rnechanlsm o f  t h e  " t r l g g e r e d  l l g h t n l n g "  t h a t  Is 
s t a r t e d  by an upward-novlng leader  from a transmlsslon tower. 

One p o s s l b l e  cause o f  ( 2 )  may r e f l e c t l o n  o f  c u r r e n t .  I t ,  
h o w e v e r ,  Is d l f f l c u l t  t o  make a conc lus lon  o n  t h e  b a s l s  o f  t h e  
present e x p e r l m e n t  alone.  N e v e r t h e l e s s ,  a s  c l e a r l y  s h o w n  I n  
r e f e r e n c e  (15), t h e  results o f  our measurement a n d  t h e  resu l t s  o f  
t h e  d i r e c t  measurement o f  c u r r e n t  conduc ted  by t h e  Chubu E lec t r f c  
Power  Co., Inc .  agree w e l l  w l t h  e a c h  o t h e r .  T h l s  agreement 
suggests our  method of o b s e r v a t i o n  can  b e  a p p l i e d  t o  l l g h t n l n g  
s t r o k e s  to transmlsslon towers t o  whlch t h e  d l r e c t  measu r e m c n t  Is 
not appl  lcable. 

as well as In reference (I6) t h a t  VHF r a d l a t l o n  waves a r e  u s e d  I n  
t h e  l n t e r f e r o m e t o r l c  system to  unde r s t and  t h e  d l s c h a r g e  l n c e p t l o n  
mechantsm; n e v e r t h e l e s s ,  s u c h  r e s e a r c h  e f f o r t s  a re  n d t  p r e s e n t  a t  

Wlth r e g a r d  t o  (3) and ( 4 ) ,  I t  Is l n d l c a t e d  In r c f e r e n c c  (1) 
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a l l  In Japan. We w l l l  t ry  to u t l l l z e  our results In d e v e l o p m e n t  
of t e c h n i q u e s  fo r  measurlng lnslde t h u n d e r c l o u d s  by means  o f  UHF 
or VHF. 

To the  best  of o u r  kr.,ow!edge, t h e  s l g n l f l c a n t  d l f f e r e n c e  
between t h e  d l s c h a r g e  l n c e p t l o n  p o r t l o n  of t h e  r o c k e t - t r l g p e r c d  
l l g h t n l n g  t o  t h e  g r o u n d  a n d  t h a t  of t h e  r o c k e t - t r l g g e r e d  
l l g h t n l n g  t o  t h e  tower h a v e  n o t  b e e n  r e p o r t e d  u p  t o  now. T h l s  
may p r o v l d e ,  I f  we repeat e x p e r l m e n t s  a n d  c o n t l n u c  t h c o r c t l c a l  
l n v e s t l g a t l o n ,  a c lue  t o  t h e  d l s c o v c r y  of t h e  " d i s c h a r g e  
l ncep t lon  mechanlsm." F u r t h e r m o r e ,  t h e  UHF I s o l a t c d  pu  lscs 
preceding t o  t h e  d i s c h a r g e  I n c e p t i o n  p o r t f o n  s u g g e s t  a 
p o s s l b l l l t y  of p r e d l c t l o n  o f  l l g h t n l n g  s t r o k e  a l t h o u g h  t h e  t l m e  
allowance Is v e r y  s h o r t ,  I t  w l l l  mark a s t e p  f o r w a r d  t o w a r d s  t h e  
ultimate ob jec t lve  of elimlnatlon of l l gh  tnlng. 

We would l l k e  t o  a c k n o w l e d g e  t h a t  t h i s  r e s e a r c h  r c c c l v c d  a 
sclent l f lc  r e s e a r c h  g r a n t  f rom t h e  M l n l s t r y  of E d u c a t l o n  
(Experlmental Research Program No. 63850055). 
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Flg. 1 A schematlc of the observatlon system 
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- 5 1 2 J . l s -  

f------------- 5 1 2  L.c s- 

Flq. 2 -b  The init lat lon of a nagnetlc  f l e l d  c h a n g e  c a u s e d  by 
rocket trlegered llehtnlng t o  the power transmlsslon tower 

t h e  

Fig. 2-c The whole s lgnature of an e l e c t r l c  f l e l d  c h a n g e  c a u s e d  
by t h e  rocket trlggered llghtnfng t o  the power transmlsslon tower 
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Flg .  3-a The l n l t l a t l o n  of an e l e c t r l c  f l e l d  c h a n g e  c a u s e d  by 
the rocket trlggered llghtnlng to  the ground 

-5 1 2  p s- 

F l g .  3-b The l n l t l a t l o n  of a a a g n e t l c  f l e l d  c h s n g e  c a u s e d  by  t h e  
rocket  trlggered llghtnlng to the ground 

F1g 3-c The whole rlgnature of an electrlc f l e l d  c h a n g e  c a u s e d  by 
the rocket trlggered llghtnlng to the ground 
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e -5 1 2 &l s--J 

Fig. 4 The precedlng LIEF Isolated pulses of the rocket  tr lggered 
llghtnlng to the power transdsslon tower 

E l s c t r l c  f i e l d  

Flg. 5 The e lectr lc  fleld change and UHF radlatlons by a natural 
posItIve cloud to ground strlke 
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.- 

F r e e  u e n c y  

Fig .  6 The s t a t l s t l e s  of tlme l n t e r v a l s  f o r  UHF l s o l a t e d  p u l s e s  
precedlng the trlggered llghtnlng to  the power transmlsslon tower 

n u m b e r  

Flg. 7 The t rans l t lons  of t h e  I n t e r v a l s  for  U H F  I s o l a t e d  p u l s e s  
precedlng the trlggered llghtnlng to the power transrlsslon tower 



M a g n e t i c  1 i e l d  

-.-.r-------.J t 
Flg. 8 The precedlng UHF Isolated pu l ses  of t h e  r o c k e t  t r l g g e r e d  
llghtnlnp to the ground 
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fable  1 the results of  the ierrurement durtnr  
the rocket ti!ggt:ed !ig!!!slna experiment 

Pocket No. SYSTEM I SYSTEM n 

A U C f l U L C S  flu U a b .  %dl1 U G  I G L U I U C U .  

- denotes no measurement. 
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Table 2 The rtatistlea Of the UBF Irolated pulses 
of the rocket trlgrered lightning 

Pocket NO. 

8 9-0 4 

Frequency Pulse Intervals Durations Pols- 
of pUl8eS AV. . ,&  SD.(# roc.) ( b  8 C C . 1  rltY 

- 4 s  21.2 13.8 951 

6 9 - 0 5  $ 3  26.7 19.8 1695  

c. 89-07  

c 89-09 

89 -10  

u 
c 
0 

41 2 2 . 1  15. 2 1036  

8 21. 1 10.0 2 2 1  

10 29. 2 14.5 1 9 7  

89-1s 

09 -06  

I I - 19-22 1 5 1  

- 11 11.6 20.6 107 5 

I S  41.5 61.  a 5 5 7  - 
8 9 - 1 1  

0 89-14 

0 
c 
3 

e. 
V 

- 11 22.1 11. 1 185 

2 112 111 

89-18  0 + 


