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ABSTRACT 

a We have used s torm e l e c t r i c i t y  d a t a ,  r a d a r  d a t a ,  and v i s u a l  o b s e r v a t i o n s  both  
t o  p r e s e n t  a c a s e  s tudy  f o r  a s u p e r c e l l  thunderstorm t h a t  occu r red  in t h e  Texas ?an- 
hand le  on 19  June 1980 and t o  s e a r c h  f o r  i n s i g h t  i n t o  how l i g h t n i n g  t o  ground n i g h t  
be r e l a t e d  t o  s to rm dynamics i n  t h e  updra f t /downdra f t  c o u p l e t  i n  s u p e r c e l l  s torms .  
We observed t h a t  two-thirds  of t h e  l i g h t n i n g  ground-s t r ike  p o i n t s  i n  the  deve loping  
and maturing s t a g e s  of a s u p e r c e l l  thunderstorm occurred  w i t h i n  t h e  r eg ion  surround-  
i n g  the  w a l l  c loud ( a  c loud  f e a t u r e  o f t e n  c h a r a c t e r i s t i c  of a s u p e r c e l l  u p d r a f t )  and 
on t h e  sou the rn  f l a n k  o f  t h e  p r e c i p i t a t i o n .  E l e c t r i c a l  a c t i v i t y  i n  t h e  19 June 1980 
s t o r m  was what w e  c o n s i d e r  t o  be  t y p i c a l  f o r  a n  i s o l a t e d  s e v e r e  convec t ive  s torm;  
t h e  s to rm w a s  a t y p i c a l  i n  t h a t  i t  was a right-mover.  L igh tn ing  t o  ground reached a 
peak ra te  o f  18/min and i n t r a c l o u d  f l a s h e s  were as f r e q u e n t  a s  176/min i n  the f i n a l  
s t a g e  of  t h e  s t o r m ' s  l i f e .  
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INTRODUCTION 
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Ground i n t e r c e p t  of s e v e r e  convec t ive  s torms  a s  a s c i e n t i f i c  p r o j e c t  began in 
1972 by t h e  Na t iona l  Severe Storms Labora tory  (NSSL) i n  c o l l a b o r a t i o n  w i t h  t he  
U n i v e r s i t y  of Oklahoma (Golden and Morgan, 1972; Lee, 1981). I n i t i a l l y ,  photo- 
g r a p h i c  documentat ion of c loud f e a t u r e s  and c o r r e l a t i o n  of o b s e r v a t i o n s  wi th  WSSL's 
Doppler r a d a r  s t u d i e s  w a s  a pr imary goa l .  Observa t ions  from v e h i c l e s  moving wi th  
t h e  s torms  i s  s t i l l  a n  i n t e g r a l  p a r t  of s e v e r e  s torm s tudy  and v i s u a l  o b s e r v a t i o n s  
f a c i l i t a t e  unde r s t and ing  of  bo th  the  s t o r m  s t r u c t u r e  and the  d r i v i n g  dynamics (Da- 
v ies -Jones ,  1981a).  

As a s i d e l i g h t  t o  t h e i r  main miss ion  i n  t h e  f i r s t  y e a r s  of s torm i n t e r c e p t ,  
s t o r m  o b s e r v e r s  o f t e n  keyed on l i g h t n i n g  as a q u a l i t a t i v e  i n d i c a t o r  of s to rm s e v e r i -  
ty .  A keen  o b s e r v e r  w i th  a knowledge of s to rm e v o l u t i o n  could  o f t e n  c o r r e l a t e  
cloud-to-ground ( C G )  l i g h t n i n g  wi th  co-evolving c loud  f e a t u r e s  (which i n  t u r n  were 
o f t e n  c o r r e l a t e d  t o  a s t o r m ' s  s t r u c t u r e  and i t s  dynamics).  In  s p i t e  of t he  i n h e r e n t  
i nadequac ie s  and i n a c c u r a c i e s  of  v i s u a l  s i g h t i n g s  of l i g h t n i n g ,  v i s u a l  documentat ion 
was s u f f i c i e n t l y  complete  a f t e r  a few yea r s  of  formal  i n t e r c e p t  t o  i n c r e a s e  ou r  
knowledge of temporal  and s p a t i a l  occurences  of CG l i g h t n i n g  i n  s e v e r e  s torms (Da- 
vies-Jones and Golden, 1975; Arnold and Rust ,1979;  Rus t ,  e t  a l .  1981a,1981b).  

Equipping a mobile  l a b o r a t o r y  t h a t  could  be used t o  t r a c k  s to rms  and q u a n t i f y  
l i g h t n i n g  o b s e r v a t i o n s  was a l o g i c a l  e x t e n s i o n  o f  t h e  i n t e r c e p t  e f f o r t ,  and i n  1978 
a group from the  U n i v e r s i t y  of M i s s i s s i p p i  ( U M )  j o i n e d  wi th  NSSL s c i e n t i s t s .  The 
UM/NSSL mobile l a b  w a s  ope ra t ed  du r ing  much of  t he  s e v e r e  thunders torm season  i n  
c e n t r a l  and western Oklahoma i n  1978 - 1984. I n i t i a l l y ,  t h e  primary g o a l  was t o  
document a c c u r a t e l y  l i g h t n i n g  and o t h e r  e l e c t r i c a l  parameters  t h a t  might be c o r r e -  
l a t e d  w i t h  s to rm dynamics and s t r u c t u r e ,  b u t  t he  work h a s  been extended t o  i n c l u d e  
t h e  f l i g h t  of i n s t rumen ted  b a l l o o n s  ( M a r s h a l l  and R u s t ,  1983).  Years of v i s u a l  
o b s e r v a t i o n s  l e a v e  l i t t l e  doubt  t h a t  c o r r e l a t i o n s  do e x i s t ,  bu t  d e f i n i t i v e  measure- 
ments have been s low i n  forthcoming. 

The s t r a t e g y  of s t o r m  i n t e r c e p t  i s  t o  p o s i t i o n  the  mobile l a b  w i t h i n  a s t o r m ' s  
s u r f a c e  i n f l o w  where view of  t h e  c loud  f e a t u r e s  i s  unobs t ruc t ed  and t o  move wi th  t h e  
s to rm as i t  evolves .  F igu re  1 shows t h r e e  views of a " t y p i c a l "  i s o l a t e d  s u p e r c e l l  
s torm.  I n  each  view, a r e p r e s e n t a t i v e  t r a c k i n g  p o s i t i o n  i s  marked wi th  an  *. It i s  
p r i m a r i l y ,  a l though  n o t  e x c l u s i v e l y ,  from a similar vantage  p o i n t  t h a t  o t h e r  i n t e r -  
c e p t  teams have l e a r n e d  t o  i n t e r p r e t  c loud  f e a t u r e s  i n  terms of s t r u c t u r e  and 
dynamics (Davies-Jones,  1982). (Mol le r  (1980)  g i v e s  a good d e s c r i p t i o n  of t h e  v isu-  
a l  f e a t u r e s  of s e v e r e  s torms .  ) 

Other  than  a n  i n i t i a l  a r t i c l e  i n  1979 by Arnold and Rust  r e p o r t i n g  on 
p r e l i m i n a r y  measurements,  no r e p o r t s  have been made i n  t h e  l i t e r a t u r e  t h a t  can be 
used t o  e v a l u a t e  s to rm i n t e r c e p t  as a means f o r  q u a n t i t a t i v e  e l e c t r i c i t y  measure- 
ments. I n  t h i s  p a p e r ,  w e  p r e s e n t  and d i s c u s s  o b s e r v a t i o n s  made from the  mobile l a b  
on 19 June 1980 f o r  a n  i s o l a t e d  s e v e r e  s torm t h a t  occur red  i n  t h e  Texas Panhandle.  



A. STORM ENVIRONMENT ON 19 JUNE 1980 
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0 On t h e  morning of  19 June 1980, t h e  upper  l e v e l  s t e e r i n g  winds ove r  the  c e n t r a l  
United S t a t e s  were from the  northwest .  A minor shortwave d i s t u r b e n c e  ove r  the  
in t e rmoun ta in  r e g i o n  was moving toward t h e  s o u t h e r n  p l a i n s  s ta tes .  A t  t h e  s u r f a c e ,  
a s t a t i o n a r y  f r o n t a l  system l a y  from e a s t e r n  Colorado a c r o s s  sou the rn  Oklahoma. 
Very moist  u n s t a b l e  a i r  w a s  be ing  advected n o r t h  and westward a long  the  f r o n t a l  s u r -  
f a c e .  During t h e  a f t e r n o o n ,  the  approaching shortwave a i d e d  the convergence a long  
t h e  s t a t i o n a r y  f r o n t a l  boundary and t r i g g e r e d  thunders torms  a long  much of  t h e  f r o n t .  
The airmass w a s  ve ry  u n s t a b l e  w i t h  q u i t e  w a r m  mois t  a i r  a t  the  s u r f a c e  and co ld  a i r  
a d v e c t i o n  a l o f t .  The evening  sounding a t  Amar i l lo ,  Texas r evea led  t h a t  a p a r c e l  
l i f t e d  from n e a r  t h e  s u r f a c e  would exper ience  a 10 C tempera ture  excess  a t  a h e i g h t  
o f  500 mb ( a  l i f t e d  index  o f  -10). 

e The summary of c o n d i t i o n s  a t  1800 CST i s  shown i n  F igu re  2. The s torm t r a c k  
shown in Figure  5 i n d i c a t e s  t h a t  t h e  s torm of  i n t e r e s t ,  a l r e a d y  s e v e r e ,  had formed 
ahead of t h e  shortwave a long  t h e  f r o n t a l  boundary and was be ing  ' f e d '  by low-level  
mo i s tu re  from t h e  s o u t h e a s t .  Mid-tropospheric  windspeeds were on ly  10 t o  15 m / s ,  
a l t h o u g h  maximum winds a t  t h e  t ropopause i n c r e a s e d  t o  35 m / s .  I n  g e n e r a l ,  t h e  envi -  
ronment was t y p i c a l  of  l a t e  s p r i n g  seve re  weather  s i t u a t i o n s  i n  t h e  sou the rn  p l a i n s  

0 i .e . ,  l a r g e  thermal  bouyancy and weak t o  moderate dynamics. Under such Condi t ions  
l a r g e  scale s e v e r e  tornado o u t b r e a k s  a r e  n o t  l i k e l y ,  b u t  i s o l a t e d  s e v e r e  thunder-  
s to rms  wi th  f r e q u e n t  l i g h t n i n g ,  l a r g e  h a i l ,  s t r o n g  winds,  and minor tornadoes  of t e n  
occur .  

B. STORM INTERCEPT 

B1. Storm Tracking on 19 June 1980 

S e v e r a l  hours  p r i o r  t o  s to rm development,  two i n t e r c e p t  v e h i c l e s  l e f t  Norman, 
Oklahoma and moved towards the  Texas Panhandle.  One v e h i c l e ,  from NSSL, was 
equipped f o r  pho tograph ic  documentat ion of v i s i b l e  s torm f e a t u r e s .  The second vehi-  

0 c l e ,  t h e  UM/NSSL mobile  l a b ,  was equipped f o r  s torm e l e c t r i c i t y  measurements. Both 
teams made v i s u a l  c o n t a c t  w i t h  the  s torm a t  abou t  1630 CST. Once p o s i t i o n e d  benea th  
t h e  s to rm a t  approximate ly  1745 CST, the teams backt racked  as the  s torm moved a lmost  
d i r e c t l y  towards t h e  mobile  l a b  wi th  i t s  w a l l  c loud  i n  f r o n t  of l a r g e  column of 
advancing p r e c i p i t a t i o n .  (A low c loud  i n  t h e  s t o r m ' s  i n f l o w  i s  c a l l e d  a wal l  c loud  
i f  r o t a t i n g  and a p e d e s t a l  c loud i f  not.) A photograph of t h e  w a l l  c loud  a t  1846 CST 
i s  shown i n  F igu re  3. The w a l l  c loud  had a somewhat ragged appearance bu t  e x i s t e d  
as a prominent f e a t u r e  f o r  ove r  two hours.  

a 

Data a q u i s i t i o n  was begun a t  approximately 1749 CST and con t inued  u n t i l  a lmost  
2100 CST. A f t e r  1900 CST t h e  almost  p e r f e c t  vantage  p o i n t  was i n t e r r u p t e d  by towns, 
h i l l s ,  and t h e  l a c k  of a p p r o p r i a t e  roads. Our most complete  d a t a  se t  w a s  recorded 
d u r i n g  t h e  i n t e r v a l  from 1745 - 1901 CST whi l e  the  mobile l a b  remained i n  the  s u r -  
f a c e  i n f l o w  reg ion  and maintained good v i s u a l  c o n t a c t  w i th  t h e  r eg ion  of  t h e  s torm 
a c t i v e l y  producing CG l i g h t n i n g .  Evolu t ion  of  t h e  v i s u a l  f e a t u r e s  d u r i n g  t h i s  p e r -  
i o d ,  b o t h  of l i g h t n i n g  and of c louds ,  was prominent  enough t o  a l l o w  u s  t o  o f f e r  a 
r e a s o n a b l e  i n t e r p r e t a t i o n  of t he  changing s to rm f e a t u r e s .  
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B2. I n s t r u m e n t a t i o n  
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0 The i n s t r u m e n t a t i o n  used i n  t h e  mobile l a b  inc luded :  a TV camera wi th  a v a r i -  
a b l e  a n g u l a r  view of 20°-350for documentation of bo th  CG l i g h t n i n g  and c loud  
f e a t u r e s ;  an e l e c t r i c  f i e l d  m i l l  f o r  measuring the  a tmospher ic  e l e c t r o s t a t i c  f i e l d ;  
t h r e e  l i g h t n i n g  f i e l d  change an tennas  (10 s ,  3 m s ,  and 1 0 0 ~ s  decay t l ines)  f o r  
measuring t h e  e l e c t r i c  f i e l d  changes produced by l i g h t n i n g ;  a probe f o r  measuring 
corona  c u r r e n t ;  a 3 MHz s f e r i c s  r e c i e v e r  f o r  measuring r a d i a t i o n  a s s o c i a t e d  wi th  

e e l e c t r i c a l  d i s c h a r g e s ;  and a s e n s o r  f o r  o p t i c a l  t r a n s i e n t s .  Three types of ana log  
r e c o r d e r s  were used t o  record the  d a t a  as shown i n  F igure  4 :  an e i g h t  t r a c k  s t r i p -  
c h a r t  which recorded  two s e n s i t i v i t i e s  of 3 Mhz s f e r i c s ,  corona c u r r e n t ,  e l e c t r i c  
f i e l d ,  time code,  and e l ec t r i c  f i e l d  change d e t e c t e d  by t h e  10 s f i e l d  change an ten-  
n a s ;  an e i g h t  t r a c k  i n s t r u m e n t a t i o n  t ape  r e c o r d e r  wi th  an FM bandwidth, a t  19 cm/s,  
of 0-5 kHz, which recorded  e l e c t r i c  f i e l d  changes ,  two s e n s i t i v i t e s  of 3 NHz s f e r -  
i c s ,  and t i m e  code; v o i c e  documentation; and two VHS format  video r e c o r d e r s ,  one 
f o r  TV and the o t h e r  modified f o r  r eco rd ing  wi th  a 3 MHz bandwidth the o u t p u t  of the 
100 s l i g h t n i n g  an tenna .  

C. W A R  ANALYSIS 

8 C1. Storm E v a l u a t i o n  from a WSR-57 Radar 

The f i l m  from t h e  Na t iona l  Weather Se rv ice  WSR-57 r a d a r  a t  Amar i l lo ,  Texas was 
ana lyzed  t o  document t h e  l i f e t i m e  of t h e  storm. The s to rm t r a c k  shown i n  F igure  5 
i n d i c a t e s  t h a t  t h e  s to rm s p l i t  a t  1630 CST s h o r t l y  a f t e r  format ion .  As i s  common 
w i t h  s p l i t t i n g  s to rms  (Browning, 1 9 6 8 ) )  one s e c t i o n  moved l e f t  and was no t  s i g n i f i -  

0 c a n t  wh i l e  t h e  o t h e r  s e c t i o n  moved r i g h t  and con t inued  t o  i n t e n s i f y .  The mean wind 
a t  Amaril lo (AMA) a t  1800 CST was from 260 a t  13 m / s .  The s to rm,  d u r i n g  i t s  p e r i o d  
of g r e a t e s t  s t r e n g t h ,  moved from 330 which w a s  f a r  t o  t h e  r i g h t  of bo th  the  mean 
wind and wind a t  any l e v e l  i n  the  environment. Before the s to rm d i s s i p a t e d  a t  2320 
CST, i t s  motion tu rned  more t o  the  e a s t .  

Radar c h a r a c t e r i s t i c s  i d e n t i f y  t h e  right-moving s to rm a s  a c l a s s i c  s u p e r c e l l  
(Browning, 1965a). It w a s  e s s e n t i a l l y  an i s o l a t e d  s torm f o r  a l l  of i t s  l i f e t i m e  and 
c o n t i n u o u s l y  produced s t r o n g  r e f l e c t i v i t i e s ,  a h igh  t o p ,  and a p e r i o d i c  hook-like 
echo i n d i c a t i v e  of c y c l o n i c  c i r c u l a t i o n .  Two l e s s  s i g n i f i c a n t  r a d a r  echoes  d i d  
merge w i t h  the s to rm a t  t h e  t imes i n d i c a t e d  i n  F igure  6. The i n f l u e n c e  of t h e  
mergers upon t h e  s torm s t r u c t u r e  i s  n o t  known, b u t  i t  i s  p o s s i b l e  t h a t  t h e  i n t e n s i f -  

0 i c a t i o n  observed a f t e r  1800 CST was a consequence of c e l l  merger. Radar 
r e f l e c t i v i t i e s  s u g g e s t  t h a t  the storm w a s  a p r o l i f i c  producer  of l a r g e  h a i l ,  and 
v i s u a l  r e p o r t s  by t h e  i n t e r c e p t  teams and t h e  p u b l i c  i n d i c a t e  t h a t  t h e r e  was a swath 
o f  s e v e r e  h a i l  damage between 1900 - 2000 CST. Before and d u r i n g  the  h a i l  swath,  a 
r a d a r  s ide- lobe  "spike" was d e t e c t e d  a t  the  edge of the echo. Such a s p i k e  i s  e v i -  
dence f o r  the p re sence  of l a r g e  q u a n t i t i e s  of h a i l ,  perhaps  l a r g e .  The con t inuous  
e x i s t e n c e  of t a l l  t o p s  ( s e v e r a l  km above t h e  t ropopause )  and very h igh  r e f l e c t i v i t y  
v a l u e s  (55-60 dBZ) make i t  l i k e l y  t h a t  some h a i l  f e l l  from the s torm ove r  a l a r g e  
p o r t i o n  of i t s  l i f e t i m e ,  even a t  times o t h e r  than those i n d i c a t e d  i n  F igu res  5 and 
6 .  
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C2. Doppler Radar Data 

Doppler d a t a  from t h e  10 cm wavelength r a d a r  a t  NSSL were c o l l e c t e d  ove r  a seg-  
ment ( 1 5 4 5  - 2200 CST) of the  s to rm ' s  mature s t a g e .  During t h i s  p e r i o d ,  the  s t o r n  
was about  300 km from t h e  r a d a r ,  a r a t h e r  l a r g e  d i s t a n c e  a t  which t o  e x t r a c t  rnean- 
i n g f u l  c h a r a c t e r i s t i c s .  F o r t u n a t e l y ,  t he  narrow beamwidth (0.8 deg )  of the r a d a r  
an tenna  makes i t  p o s s i b l e  even a t  long range t o  r e s o l v e  l a r g e r  scale motions such a s  
mesocyclone r o t a t i o n  ( t y p i c a l l y  10 km i n  d i a m e t e r )  and r a d i a l  d ivergence  a t  t he  
u p d r a f t  summit (17-20 km i n  h e i g h t ) .  (See Burgess ,  e t  a l .  (1979)  f o r  a d i s c u s s i o n  
of  s i n g l e  Doppler s i g n a t u r e  r ecogn i t ion .  ) 

Divergence of t h e  r a d i a l  v e l o c i t y  component a t  u p d r a f t  summit i s  a q u a l i t a t i v e  
measure of t h e  u p d r a f t  speed.  The r a d i a l  d ive rgence  n e a r  1900 CST shown i n  F igure  7 
s u g g e s t s  t h a t  t h e r e  was a s t r e n g t h e n i n g  wi th in  a n  a l r e a d y  s t r o n g  s u p e r c e l l  u p d r a f t .  
I n t e n s i f i c a t i o n  o f  t he  u p d r a f t  was ev iden t  t o  the  i n t e r c e p t  teams a t  1825 CST a s  a 
marked i n c r e a s e  i n  s u r f a c e  wind speed. The sampling c r i t e r i a  t h a t  was used l i m i t e d  
t h e  amount of  d ive rgence  d a t a :  t h e r e  i s  none a f t e r  1945 CST. Con t inu i ty  i n  u p d r a f t  
r o t a t i o n  d u r i n g  most of t h e  mature s t a g e  was impl i ed  b o t h  by t h e  p e r i o d i c  e x i s t e n c e  
of  hook-like echoes and t h e  v i s u a l  o b s e r v a t i o n s  from benea th  c loudbase  i n c l u d i n g  a 
longterm c loudbase  r o t a t i o n ,  a funne l  cloud (1830 CST),and a tornado (2027 CST). A 
l o n g l a s t i n g  mesocyclone w a s  confirmed by t h e  con t inuous  e x i s t e n c e  of a vo r t ex  s igna -  
t u r e  d u r i n g  t h e  s i n g l e  Doppler c o l l e c t i o n  i n t e r v a l  shown i n  F igure  7 .  The t h r e e  
peaks i n  the  c y c l o n i c  s h e a r  d a t a  sugges t  t h a t  t h e r e  were t h r e e  peaks i n  r o t a t i o n a l  
magnitude; t h i s  was f u r t h e r  suppor ted  by o b s e r v a t i o n s  of  r o t a t i n g  w a l l  c loud  
f e a t u r e s  made by s u r f a c e  i n t e r c e p t  teams. I n  f a c t ,  o b s e r v a t i o n s  by i n t e r c e p t  teams 
of  w a l l  c loud  r o t a t i o n  p r i o r  to  t h e  per iod  of Doppler r a d a r  d a t a  a c q u i s i t i o n  i n d i -  
c a t e d  t h a t  a mesocyclone e x i s t e d  a s  e a r l y  as  1750 CST and p e r s i s t e d  f o r  30 t o  4 5  
min. 

Dm OBSERVATIONS 

D1. Lightning and Electric Field Data 

Elec t r ic  f i e l d s ,  changes in e l e c t r i c  f i e l d s ,  and documentat ion of l i g h t n i n g  
s t r i k e s  t o  ground a re  t h e  r eco rds  p e r t i n e n t  t o  t h i s  paper .  Measurements and obser -  
v a t i o n s  were made from t h e  p o s i t i o n  marked by a n  a s t e r i s k  i n  F igu res  l a ,  l b  and IC.  
The shaded a r e a  i n  F igu re  l b  is t h e  approximate r e g i o n  ove r  which the  CG l i g h t n i n g  
was observed ,  bo th  v i s u a l l y  and on TV. (Throughout t h e  d a t a  a q u i s t i o n  p e r i o d ,  
f l a s h e s  t o  ground o u t s i d e  of t h i s  r eg ion  could  n o t  be seen . )  F igu re  8 shows bo th  t h e  
CG l i g h t n i n g  f l a s h  r a t e s  and t h e  s to rm parameters  de te rmined  from r a d a r  a n a l y s i s .  
F l a shes  t o  ground were v e r i f i e d  e i t h e r  from v i s u a l  s i g h t i n g  and/or  from t h e  TV 
record .  The i n t r a c l o u d  ( I C )  f l a s h  rates ( F i g u r e  9 )  were e s t i m a t e d  from a con t inuous  
ana log  record  ( w i t h  a time base  o f  2.8 cm/s and t h r e e  d i f f e r e n t  s e n s i t i v i t i e s )  of 
t h e  e l e c t r i c  f i e l d  change. Es t ima tes  of t h e  t o t a l  CG f l a s h  ra tes  were made from t h e  
same r e c o r d ,  and the  r e s u l t s  are shown in Figure  10. By comparing t h e  documented CG 
f l a s h  ra tes  wi th  those  determined from the  ana log  r e c o r d ,  w e  e s t i m a t e  t h a t  66% of 
a l l  CG f l a s h e s  were documented ove r  t h e  e n t i r e  o b s e r v a t i o n a l  per iod .  Based on  v i su -  
a l  s imi la r i t i es  between t h i s  s to rm and many o t h e r s  t h a t  w e  have t r a c k e d ,  w e  s u s p e c t  
t h a t  o u r  combined v i s u a l  and TV s i g h t i n g s  of CG l i g h t n i n g  r e p r e s e n t  a c o n s t a n t  f r a c -  
t i o n  of  t h e  t o t a l  CG f l a s h e s  over  the  e n t i r e  t h r e e  hour  o b s e r v a t i o n a l  pe r iod .  We 
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were i n  the  b e s t  p o s i t i o n  t o  view both CG l i g h t n i n g  and w a l l  cloud f e a t u r e s  f rom 
1749 - 1900 CST; w e  emphasize t h i s  per iod  I n  the d i s c u s s i o n  s e c t i o n .  

E a r l y  (1753 - 1843 CST) d u r i n g  the  o b s e r v a t i o n a l  p e r i o d ,  we observed twenty 
t h r e e  s i n g l e  s t r o k e  f l a s h e s .  S i n g l e  s t r o k e  f l a s h e s  were observed throughout the 
o b s e r v a t i o n a l  p e r i o d ,  b u t  the r a t i o  o f  s i n g l e  t o  m u l t i p l e  s t r o k e  f l a s h e s  was g r e a t e r  
e a r l y  i n  the o b s e r v a t i o n s  ( F i g u r e  10) .  The f l a s h e s  were c h a r a c t e r i z e d  v i s u a l l y  by 
t h e i r  b r i g h t n e s s ,  m u l t i p l e  b ranch ing ,  and qu ickness  t o  the  eye.  A t y p i c a l  e l e c t r i c  
f i e l d  change measured wi th  an an tenna  with a 10 s decay i s  shown I n  F igure  11. 

A con t inuous  r eco rd  was made of the e l ec t r i c  f i e l d  a t  the mobile l a b  a s  i t  
moved benea th  t h e  s to rm ' s  r a i n f r e e  base. F igure  1 2  shows a p o r t i o n  of the f i e l d  
r eco rd  f o r  a t i m e  pe r iod  when the mobile l a b  moved very  n e a r  t o  the edge of the w a l l  
c loud  (shown i n  F igu re  3 ) .  The d a t a  have been averaged ove r  30 s i n t e r v a l s  and 
i d e n t i f i a b l e  l i g h t n i n g  t r a n s i e n t s  were not i nc luded  i n  the graph. A s  the SE edge of  
t h e  w a l l  c loud  approached the  l a b ' s  p o s i t i o n ,  the  e l e c t r i c  f i e l d  i n c r e a s e d  a b r u p t l y  
from 2 kV/m ( a  t y p i c a l  v a l u e )  t o  23 kV/rn. 

Examining t h e  CG f l a s h  r a t e  d a t a  shown i n  F igure  9 ,  one can see t h a t  t h e r e  a r e  
t h r e e  broad peaks ;  between 1745-1825 CST, 1825-1915 CST, and 1915-1945 CST. When 
compared w i t h  the  CG f l a s h  ra te  d a t a  from t h e  s low antenna  r e c o r d ,  the  l a t t e r  two 
peaks a r e  i n  agreement ,  b u t  the  f i r s t  peak i s  s h i f t e d  forward in time by about  t e n  
minutes.  We can e x p l a i n  t h e  appa ren t  d i sc repancy  i n  t h e  fo l lowing  way: F i r s t ,  t h e  
i n i t i a l  p a r t  of the slow antenna  d a t a  w a s  o b l i t e r a t e d  by 60 Hz n o i s e  f rom nearby 
power l i n e s ,  and second,  t h e  s to rm was i n i t i a l l y  very  d i s t a n t  (30-40 km when we 
began d a t a  a c q u i s i t i o n ) .  CG f l a s h e s ,  which were c l e a r l y  v i s i b l e ,  might have been 
beyond t h e  range of t h e  slow antenna. Consequently,  t h e  f l a s h  r a t e s  measured i n i -  
t i a l l y  by t h e  s low antenna  are probably low; t h i s  p e r i o d  from 1745-1825 CST i s  the  
o n l y  p e r i o d  where the  v i s u a l  o b s e r v a t i o n s  a r e  b e t t e r  than t h e  f i e l d  change d a t a .  

Temporal v a r i a t i o n s  i n  the  1C:CG r a t i o  shown i n  F igu re  9 a l s o  r e p r e s e n t  b e l '  i e V -  

a b l e  v a l u e s  s i n c e  bo th  f l a s h  types were i d e n t i f i e d  from f i e l d  change d a t a  acqu i r ed  
w i t h  comparable e f f i c i e n c y .  Actual va lues  of the r a t i o  might be h igh  s i n c e  f i e l d  
changes produced by i n  cloud d i s c h a r g e s  are o f t e n  g r e a t e r  than those produced by 
f l a s h e s  t o  ground, p a r t i c u l a r l y  n e a r  the end of a s t o r m ' s  l i f e .  F u r t h e r ,  i t  i s  
o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  pure in-cloud e v e n t s  from C G ' s  having l a r g e  con t inu -  
i n g  c u r r e n t s .  The 1C:CG r a t i o  ve r sus  time s u g g e s t s  t h a t  t h e r e  were always more I C  
t han  CG f l a s h e s  p e r  5 minute i n t e r v a l .  Trends i n  t h e  d a t a  sugges t  t h a t  a s  the I C  
rate i n c r e a s e s  then t h e  CG r a t e  d imin i shes  and v i s a  ve r sa .  

The maximum r a d a r  r e f l e c t i v i t y  as de termined  from t h e  Amaril lo r a d a r  was 
between 55 and 60 dBZ over  most of t h e  o b s e r v a t i o n a l  p e r i o d ;  the  s torm top remained 
between 17 and 18 km. The CG and I C  f l a s h  rates show no v a r i a t i o n s  e a s i l y  c o r t e l a t -  
ed w i t h  maximum r e f l e c t i v i t i e s .  However, ove r  the i n t e r v a l  1755 - 1900 CST, a 
c a r e f u l  s t u d y  of the  d a t a  i n  F igu re  8 sugges t s  t h a t  r e f l e c t i v i t y  changes might have 
been accompanied by similar changes in t h e  CG f l a s h  r a t e .  Over t h i s  time i n t e r v a l  
t h e r e  was a v igo rous ,  w e l l  de f ined  w a l l  c loud  (and thus  u p d r a f t )  bo rde r ing  on the 
SSE s i d e  of a l a r g e ,  w e l l  d e f i n e d  p r e c i p i t a t i o n  s h a f t .  The Amaril lo NIJS WSR-57 
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r a d a r  a t  0 deg e l e v a t i o n  was r e c e i v i n g  r e f l e c t i o n s  from 7 k m  o r  below and h a i l  Ln 
s i g n i f i c a n t  q u a n t l t y  and s i z e  probably e x i s t e d  above t h i s  a l t i t u d e .  Doppler d a t a  
a q u i s t i o n  was n o t  begun u n t i l  approximately 1850 CST, and ou r  knowledge of t h e  
evo lv ing  dynamics b e f o r e  t h i s  has  t o  be i n f e r r e d  from the  Amar i l lo  r a d a r  and v i s u a l  
o b s e r v a t i o n s .  

Some major i m p l i c a t i o n s  of t h e  l i g h t n i n g  r e s u l t s  shown In Figures  8 ,  9 ,  and 10 
( f o r  t h e  t i m e  i n t e r v a l  1750-2005 CST) a r e  l i s t e d  below. The i m p l i c a t i o n s  a r e :  

8 
1. Approximately 66% of a l l  CG l i g h t n i n g  in t h e  s to rm was seen  from under  t h e  

r a i n f r e e  c loud  base  nea r  t h e  wal l  c loud.  

0 

2. Approximately 28% of a l l  CG f l a s h e s  were s i n g l e  s t r o k e ;  and du r lng  t h e  
e a r l y  s t a g e s  of s to rm development,  80% of CG f l a s h e s  were s i n g l e  s t r o k e .  

3. Approximately 27% of a l l  f l a s h e s  were CG and t h e  peak I C  f l a s h  r a t e s  appear  
t o  have occur red  when the  peak CG r a t e s  were a t  minima. 

S i m i l a r l y ,  some impor t an t  f e a t u r e s  of t h e  r a d a r  d a t a  a r e  ( a l l  times have been ~~ 

a g i v e n  t o  

1. 

2. 

3. 

4. 

5. 

e 

* 

6 .  

7. 

8. 

9 .  

10. 

t h e  n e a r e s t  5 minutes  t o  f a c i l i t a t e  comparison w i t h  l i g h t n i n g  r a t e s ) :  

Approximatly 1755 CST a s m a l l  c e l l  merged wi th  t h e  main s to rm c e l l .  

A t  1800 CST t h e r e  was a 4 dBZ i n c r e a s e  i n  r e f l e c t i v i t y  a t  l o w  l e v e l s .  

Near 1805 CST t h e  maximum cloud top  w a s  reached. 

The m a x i m u m  c loud  top  decreased  a t  1825 CST. 

The r a d a r  r e f l e c t i v i l y  inc reased  4 dBZ a t  1800 CST, dec reased  4 dBZ a g a i n  
a t  1830 CST, i n c r e a s e d  a t  1840 CST, dec reased  a g a i n  a t  1850 CST and showed 
no f u r t h e r  changes g r e a t e r  than 0.5 dBZ/min f o r  l a te r  times; the  r a d a r  
r e f l e c t i v i t y  s lowly  i n c r e a s e d  3 dBZ between 1915-1930 CST. 

A second c e l l  merger occur red  from 1930-1945 CST. 

Radar r e f l e c t i v i t y  s p i k e s  were observed from 1800-1820 CST and 1905-1955 
CST. 

Radar hook-echoes were observed ove r  t h e  i n t e r v a l s  1820-1835 CST and 
1855-1900 CST. 

The e s t i m a t e d  d ive rgence  was i n c r e a s i n g  when Dopplar r a d a r  d a t a  
began a t  1850 CST. 

Peaks i n  t h e  c y c l o n i c  s h e a r  were observed a t  1915 CST and 1950 
2000 CST two o t h e r  peaks were observed) .  

a c q u i s t i o n  

CST ( a f t e r  

e 
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Prominent v i s u a l  f e a t u r e s  were noted and recorded by  the  i n t e r c e p t  teams, and  
a r e  l i s t e d  below. 

a 
1. A t  1745 CST a w a l l  cloud w a s  observed. 

2. From approximate ly  1815-1825 CST t h e r e  w a s  r o t a t i o n  of the  wa l l  c loud.  

8 
3 .  A t  1815 CST marble s i z e d  h a i l  f e l l  w i t h i n  the  s u r f a c e  i n f l o w  a t  a d l s t a n c e  

3-5 km from the  p r e c i p i t a t i o n  s h a f t .  

4.  A small f u n n e l  c loud  w a s  observed a t  1825 CST. 

5. Sur face  i n f l o w  winds i n c r e a s e d  s i g n i f i c a n t l y  a t  approximat ly  1830 CST; 
e s t i m a t e d  winds i n c r e a s e d  from 20 m / s  t o  30 m / s .  

6 .  A t  1830 CST t h e  w a l l  c loud  was a g a i n  observed t o  r o t a t e  and had a more lam- 
i n a r  appearance  than e a r l i e r ;  r o t a t i o n  cont inued  a t  l e a s t  u n t i l  1845 CST. 

7. A t  1850 CST marble s i z e d  h a i l  aga in  f e l l  w i t h i n  the  s u r f a c e  in f low reg ion  
a t  a d i s t a n c e  w e l l  removed from t h e  p r e c i p i t a t i o n  s h a f t .  

8. A small funne l  cloud was observed a t  1855 CST and a g a i n  the  w a l l  c loud  
began t o  l o o s e  i t s  o rgan ized  appearance.  S h o r t l y  a f t e r  1900 CST a second 
f u n n e l  was s i g h t e d .  

A f t e r  1900 CST w e  were no t  i n  a p o s i t i o n  f a v o r a b l e  f o r  making v i s u a l  o b s e r v a t '  iOnS  

E. DISCUSSION 

El. Lightning and Storm Structure 

Over seven seasons  of storm e l e c t r i c i t y  i n t e r c e p t  w e  have documented s imul t sne-  
o u s l y  l i g h t n i n g ,  v i s u a l  c loud  features ,  and r a d a r  r e f l e c t i v i t i e s .  A s  a consequence 
we have formed some impress ions  about  how a s to rm ' s  s t r u c t u r e  (and perhaps i t s  
dynamics) might r e l a t e  t o  i t s  l i g h t n i n g  a c t i v i t y .  Our c o n c e p t u a l  view of how c loud  
f e a t u r e s  and l i g h t n i n g  co-evolve i n  r e a l  t i m e  has  been of v a l u e  in both  d a t a  a q u i s i -  
t i o n  and s torm t r a c k i n g .  Whether o r  not o u r  concep t s  have much t o  do wi th  s u p e r c e l l  

0 thunders torm e l e c t r i c a l  a c t i v i t y  remains t o  be seen. But we and o t h e r  storm t r ack -  
e r s  , h a v e  observed t h a t  CG l i g h t n i n g  i s  o f t e n  a good i n d i c a t o r  of bo th  a s t o r m ' s  
s e v e r i t y  and i t s  dynamics d u r i n g  i t s  developmental  s t a g e  (Arnold and Rust ,  1979; 
Davies-Jones, 1981b). We a r e  of the impress ion  t h a t  CG l i g h t n i n g  r a t e s  vary marked- 
l y  between s to rms ,  b u t  temporal and s p a t i a l  occu r rence  does  no t .  L ightn ing  to  
ground seen  from benea th  the  r a i n  free c loud  base  can o f t e n  be i n t e r p r e t e d  a s  a s i g -  
n a l  of  changes soon t o  be e v i d e n t  i n  storm c loud  f e a t u r e s .  In the  paragraphs  below 
w e  p r e s e n t  some of ou r  p e r c e p t i o n s  and concep t ions  of how e l e c t r i f i c a t i o n  i n  i s o l a t -  
ed s u p e r c e l l s  might evolve .  Cloud-to-ground l i g h t n i n g  has  i n f l u e n c e d  u s  more than 
i n t r a c l o u d  because I C  f l a s h e s  a r e  d i f f i c u l t  t o  i d e n t i f y  i n  r e a l  time. 

I) 

0 

0 
A s i m p l i f i e d  drawing of a s u p e r c e l l  thunders torm i s  shown i n  F igure  1 3 ,  which 
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a long  w i t h  F lgure  1 is a convenient  r e f e r e n c e  i n  the fo l lowing  d i s c u s s i o n .  
S p i r a l i n g  upward arrows i n  F igure  13 r e p r e s e n t  t he  main u p d r a f t ,  and the  broad down- 

e ward  arrow d e p i c t s  t h e  p r e c i p i t a t i o n  cooled downdraf t .  The shaded a r e a  w l t h l n  the  
s to rm cor responds  t o  heavy p r e c i p i t a t i o n  bo th  a l o f t  and a t  t h e  %round. 

During t h e  mature s t a g e  o f  a s e v e r e  s to rm a v igorous  u p d r a f t  exc ludes  p r e c i p i -  
t a t i o n  (Browning, 1965b). A w e l l  de f ined  r e g i o n  of low r a d a r  r e f l e c t i v i t y  (weak 
echo r e g i o n  (WER),  e.g., see Browning, 1965b; Lemon, e t  a l . ,  1975) Is observed 
w i t h i n  t h e  main u p d r a f t .  A w a l l  c loud i s  a f e a t u r e  below t h e  cloud base t h a t  marks 
t h e  low l e v e l  p o r t i o n  of  t h e  updra f t .  I f  u p d r a f t  winds d e c r e a s e ,  then an  i n c r e a s i n g  
amount of  p r e c i p i t a t i o n  reaches  t h e  ground i n  t h e  r e g i o n  around t h e  w a l l  c loud.  
Most o f t e n  t h i s  marks t h e  w a l l  c l o u d ' s  demise. 

a 

Two p rocesses  are a t  work t o  weaken t h e  u p d r a f t .  F i r s t ,  p r e c i p i t a t i o n  l o a d s  
t h e  top  of  WER. S u f f i c i e n t l y  massive water  and ice  p a r t i c l e s  w i l l  f a l l  through t h e  
u p d r a f t i n g  a i r .  A s  a consequence, l e s s  low leve l ,  w a r m ,  mo i s t  a i r  i s  c a r r i e d  a l o f t  
and t h e  s torm weakens. Second, i n f lowing  low-level mois t  a i r  i s  t h r o t t l e d  by 
i n t r u d i n g  mid-level ,  c o o l ,  d r y  a i r  which comes t o  ground and occ ludes  the  u p d r a f t .  
A s  a consequence t h e  u p d r a f t  l e s s e n s  and p r e c i p i t a t i o n  f a l l s  through i t .  A more 
complete  d e s c r i p t i o n  of t h e s e  p r o c e s s e s  can be found e l sewhere ;  t h e  main p o i n t  he re  
i s  t h a t  d e s c e n t  of  t h e  WER top  might be ev idence  f o r  a d e c r e a s e  i n  the  u p d r a f t  wind 
speed i r r e s p e c t i v e  of t h e  p r o c e s s ( e s 1  a t  work. 

e 

Descent of p r e c i p i t a t i o n  i n t o  t h e  WER i s  accompanied by one o r  more changes i n  
v i s u a l  w a l l  c loud  f e a t u r e s .  Preceding any change i n  t h e  w a l l  c l o u d ' s  appearance ,  
i s o l a t e d ,  l a r g e  h a i l s t o n e s  (marble  t o  g o l f b a l l  s i z e )  a r e  o f t e n  observed under  and 
around i t  a t  r a t h e r  l a r g e  d i s t a n c e s  from t h e  p r e c i p i t a t i o n  s h a f t ,  and b r i g h t ,  mul t i -  
p l y  branched CG f l a s h e s ,  which appear  t o  t h e  eye  t o  be very  f a s t ,  s t r i k e  the  ground 
i n  t h e  v i c i n i t y  of t h e  w a l l  cloud. Some changes observed l a t e r  a r e :  

1. R u f f l i n g  of  t h e  w a l l  c l o u d ,  i . e .  a w a l l  c loud  e x h i b i t i n g  smooth l amina r  
( F i g u r e  1 4 )  develops many i n v e r t e d  t u r r e t s  which p r e s e n t  a mam- appearance 

matus l i k e  appearance on i t s  unde r s ide  ( F l g u r e  15) .  

2 .  The s i z e ,  b o t h  v e r t i c a l  and h o r i z o n t a l ,  o f  t h e  w a l l  c loud d iminrshes .  

3 .  In t he  p r o c e s s  of w a l l  c loud d i m i n u t i o n ,  t he  r a d i u s  of t h e  maximum 
t a n g e n t i a l  v e l o c i t y  of t he  wall c loud  d imin i shes  ( F i g u r e  16 )  and t h e  angu- 
l a r  speed i n c r e a s e s .  

4 .  Funnel c louds  o r  to rnadoes  occur.  

5 .  P r e c i p i t a t i o n  f a l l s  through the  w a l l  c loud .  

6. The w a l l  c loud  l o s e s  i t s  organized appearance.  

The p r i n c i p a l  dynamical  f e a t u r e  t h a t  d i s t i n g u i s h e s  s e v e r e  convec t ive  s torms  
from smaller, nonsevere s torms is  the updra f t /downdra f t  c o u p l e t  which e x i s t s  i n  a 
quas i - s t eady  s t a t e  and o f t e n  e x i s t s  f o r  hours .  The f i r s t  l i g h t n i n g  t o  ground i n  e 



a 11 

e 

0 

0 

a 

0 

e 

young s u p e r c e l l s  i s  always seen i n  the main u p d r a f t .  A s  the  storm grows and c o n t i n -  
ues  t o  e l e c t r i f y ,  the  r eg ion  of t h e  u p d r a f t  i s  t h e  most Erequent f o r  s t r i k e s .  
Throughout the  deve lop ing  and mature s t a g e s  of a s u p e r c e l l  the a rea  over  which 
ground s t r i k e s  occur  grows, b u t  t h e  region of  the  u p d r a f t  remains a prominent r e g i o n  
o f  CG a c t i v i t y .  

The 19 June 1980 s torm showed many of the  f e a t u r e s  t h a t  a r e  t y p i c a l  f o r  an i so -  
l a t e d  s u p e r c e l l .  A w a l l  c loud  formed a t  approximate ly  1745 CST, and C G  l i g h t n i n g  
was a prominent s to rm f e a t u r e  i n  t h e  r a i n f r e e  r e g i o n  around t h e  w a l l  c loud  by 1755 
CST. The number of f l a s h e s  t o  ground i n c r e a s e d  s i g n i f i c a n t l y  ove r  the nex t  t e n  
minute i n t e r v a l ,  d u r i n g  which the  WSR-57 r a d a r  d a t a  e x h i b i t e d  a s p i k e  and a 4 dBz 
r e f l e c t i v i t y  i n c r e a s e .  Although r a d a r  r e f l e c t i v i t y  a t  z e r o  e l e v a t i o n  remained h i g h ,  
t h e  CG l i g h t n i n g  ra te  d iminished  as markedly a s  i t  had i n c r e a s e d  ( F i g u r e  8 ) .  
S h o r t l y  a f t e r  the  maximum i n  f l a s h  rate a t  1805-1810 CST, the  w a l l  cloud showed more 
of  a ragged s t r u c t u r e  than when f i r s t  observed and i t  d imin i shed  i n  s l z e .  Usua l ly ,  
the  wall  c loud  f e a t u r e  w i l l  be less prominent and d i s a p p e a r  s h o r t l y  a f t e r  such 
changes.  On t h i s  o c c a s s i o n  i t  d i d  n o t ,  and s torm r e - i n t e n s i f i c a t i o n  began a s h o r t  
time l a t e r ,  perhaps  as a consequence of c e l l  merger. Wi th in  a few minutes of the 
changes i n  the w a l l  c l o u d ,  t h e  s torm top d e c r e a s e d ,  t h e  w a l l  c loud  r o t a t i o n  
t i g h t e n e d ,  and h a i l  f e l l  through the  s u r f a c e  i n f l o w  reg ion .  The observed changes i n  
t h e  w a l l  c loud  f e a t u r e s  were i n d i c a t i o n s  t h a t  t h e  s t r e a m l i n e s  i n  the  u p d r a f t  were 
i n t e r r u p t e d .  A small f u n n e l  cloud formed on the  SW edge of the w a l l  cloud a t  1825 
CST. 

A p o s s i b l e  e x p l a i n a t i o n  of t h e  changes i n  r a d a r  r e f l e c t i v i t y  and c loud  f e a t u r e s  
i s  t h a t  r e f l e c t i v i t y  i n c r e a s e s  a t  1800 CST and 1840 CST ( F i g u r e  6 )  were produced a s  
p r e c i p i t a t i o n  w a s  lowered i n t o  a v igorous  u p d r a f t .  The h igh  va lue  of t h e  
s ing1e :mul t ip l e  s t r o k e  CG rates (F igu re  10) a t  t h e s e  times s u g g e s t s  t h a t  the  s i n g l e  
s t r o k e  f l a s h e s  might have o r i g i n a t e d  from cha rge  l o c a t e d  a l o n g  t h e  '%ER/core boundary 
as the  WER top descended. (From viewing CG l i g h t n i n g  i n  s e v e r a l  s torms  both  w i t h  TV 
and the  e y e ,  we a r e  i n c l i n e d  t o  b e l i e v e  t h a t  t h e  channe l s  of t h e  s i n g l e  s t r o k e s  a r e  
a lmost  v e r t i c a l . )  Perhaps as t h e  WER top descended below a c r i t i c a l  volume ( i n s i d e  
of which an optimum environment f o r  charge g e n e r a t i o n  and s e p a r a t i o n  e x i s t e d )  
f l a s h e s  from charge  c e n t e r s  a long  t h e  WER/core boundary were less f r e q u e n t .  

The r a d a r  r e f l e c t i v i t y  dec reased  a t  1830 CST, i n c r e a s e d  a t  1840 CST, dec reased  
a g a i n  a t  1850 CST, and a f t e r  1900 CST inc reased  f o r  30 min b e f o r e  beginning  a s t e a d y  
d e c l i n e  t h a t  p e r s i s t e d  f o r  3 hrs.  I n  l a r g e  s to rms  i t  i s  not  uncommon f o r  t h e  
u p d r a f t  t o  p u l s a t e .  When water  and i c e  from above the  WER i s  lowered i n t o  t h e  z e r o  
e l e v a t i o n  r a d a r  beam, r e f l e c t i v i t y  i n c r e a s e s ;  as t h e  u p d r a f t  s u r g e s ,  i t  pushes t h e  
p r e c i p i t a t i o n  above t h e  beam once aga in  and r e f l e c t i v i t y  dec reases .  Peaks I n  t h e  
s i n g l e  s t r o k e  f l a s h  rate might be i n t e r p r e t e d  as an i n d i c a t i o n  t h a t  charge  pocke t s  
were a g a i n  formed a long  t h e  WER/core boundary as h i g h  c o n c e n t r a t i o n s  of water  and 
i c e  moved through the  optimum environment f o r  charge g e n e r a t i o n  and s e p a r a t i o n .  

The l i g h t n i n g  ra te  i n c r e a s e  a t  1830 CST was followed 5-7 min l a t e r  by a more 
l amina r  appearance of t h e  w a l l  cloud. An i n c r e a s e  i n  in f lowing  s u r f a c e  winds i n d i -  
c a t e d  t h a t  the u p d r a f t  w a s  i n t e n s i f y i n g .  A s  i n t e n s i f i c a t i o n  of the u p r a f t  
c o n t i n u e d ,  we s u s p e c t  t h a t  the  WER t o p  was pushed w e l l  above 6 km. A f t e r  1900 CST 
o u r  a lmos t  p e r f e c t  vantage  p o i n t  was l o s t .  Consequent ly ,  we have fewer v i s u a l  
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I f  ou r  c o n j e c t u r e  about  t h e  occurence of s i n g l e  s t r o k e  f l a s h e s  from a long  t h e  
WER/core boundary i s  c o r r e c t ,  then the two peaks i n  the  s i n g l e  s t r o k e  t o  total CG 
f l a s h  rates t h a t  occu r  a t  1930 CST and 1955 CST might i n d i c a t e  t h a t  twFce p r e c l p i t a -  
t i o n  f e l l  through t h e  u p d r a f t .  

Ava i l ab le  Doppler r a d a r  da t a  began about  1855 CST, but  t h e r e  a r e  a p p a r e n t l y  no 
s t r o n g  c o r r e l a t i o n s  between t h e s e  d a t a  and t h e  measured l i g h t n i n g  r a t e s .  However, 
we do  n o t e  t h a t  10 - 15 min p r i o r  t o  both t h e  hook-echoes (WSR-57 PPI d i s p l a y  e v l -  
dence f o r  a mesocyclone) and the  peaks i n  c y c l o n i c  s h e a r  ( s i n g l e  Doppler ev idence  
f o r  a mesocyclone) t h e r e  is  a marked dec rease  i n  CG l i g h t n i n g .  (Lemon, e t  a l .  
(1975)  r epor t ed  t h a t  i nc reased  c i r c u l a t i o n  i n  t h e  p a r e n t  mesocyclone i n d l c a t e s  a 
d e c r e a s e  i n  u p d r a f t  s t r e n g t h . )  We i n t e r p r e t  b o t h  t h e  hook-echo and the  peaks i n  
c y c l o n i c  s h e a r  a s  i n d i c a t i o n s  t h a t  t h e  u p d r a f t  winds were d iminished  s e v e r a l  times 
by p r e c i p i t a t i o n  loading .  

The s to rm top  had a l r e a d y  reached a h e i g h t  of 17-18 km when our  d a t a  a c q u i s i -  
t i o n  began a t  1749 CST i n d i c a t i n g  a v igorous  u p d r a f t .  However, t he  CG l i g h t n i n g  
r a t e  was low which w e  i n t e r p r e t  t o  mean t h a t  u p d r a f t  v i g o r  a l o n e  does n o t  d i c t a t e  
t h e  CG f l a s h  r a t e .  Radar d a t a  i n d i c a t e  t h a t  about  10 min a f t e r  t h e  f i r s t  CG peak a t  
1805 CST t h e  r a t e  began to  d e c r e a s e  and t h e  c loud  top  c o l l a p s e d .  It i s  i n t e r e s t i n g  
t h a t  t h e  10 min i n t e r v a l  between t h e  o n s e t  of a d e c r e a s e  i n  f l a s h i n g  r a t e  and t h e  
c loud  top  c o l l a p s e  i s  t h e  same o r d e r  of t i m e  i t  t a k e s  f o r  a p a r c e l  of  a i r  t o  r i s e  
from a h e i g h t  of  6 km t o  the  a l r e a d y  e x i s t i n g  s to rm top  h e i g h t  a t  17 km. A f a i r l y  
t y p i c a l  average  u p d r a f t  speed ove r  t h e  h e i g h t  i n t e rva l  6 - 1 7  km i s  20 m / s ,  and w i t h  
t h i s  va lue  we estimate t h e  d e l a y  between u p d r a f t  l o a d i n g  and t h e  beginning  of  c o l -  
l a p s e  t o  be about  9 min which i s  i n  r easonab le  agreement w i t h  t h e  s to rm top  change 
shown i n  F igu res  4 and 8. 

Throughout t h e  t i m e  i n t e r v a l  1750-1825 , t h e  TV camera was aimed towards t h e  
wal l  c loud  where approximate ly  80% o f  the f l a s h e s  observed on TV were s i n g l e  s t r o k e  
f l a s h e s .  To t h e  eye  they  were very  f a s t ,  b r i g h t ,  and m u l t i p l y  branched a s  mentioned 
above. The slow an tenna  e l ec t r i c  f i e l d  change d a t a  f o r  each  of 2 3  f l a s h e s  ( a  t y p i -  
c a l  one is shown i n  F igure  11) r e v e a l  no c o n t i n u i n g  c u r r e n t ;  perhaps  a c l u e  t h a t  
cha rge  was e f f e c t i v e l y  t r a n s f e r r e d  by the f l a s h  from a small volume of charge  on t h e  
WERIcore i n t e r f a c e .  I f  t h i s  were t r u e ,  t h e n  d e s c e n t  of t h e  WER top  would have 
lowered t h e  h e i g h t  from which t h e  f l a s h e s  o r i g i n a t e d .  No r a d a r  d a t a  e x i s t  from 
which WER motions can  be determined.  Since t h e  f l a s h e s  were s i n g l e  s t r o k e ,  a poss i -  
b l e  t e s t  f o r  t h e  h e i g h t  from which t h e  f l a s h e s  o r i g i n a t e d  might be t o  de te rmine  t h e  
s t epped  l e a d e r  d u r a t i o n s  and see i f  they dec reased  ove r  t h e  pe r iod  of i n t e r e s t .  
U n f o r t u n a t e l y ,  t h e r e  i s  no way t o  de te rmine  unambiguously t h e  s tepped  l e a d e r  t imes 
(Beas l ey ,  e t  a l . ,  1982).  However, f o r  19 of t h e  f l a s h e s  we b e l i e v e  a r easonab le  
estimate of t h e  l e a d e r  d u r a t i o n  could be made from the  e l ec t r i c  f i e l d  change d a t a .  
F igu re  17 shows a g raph  of t h e  e s t ima ted  s t epped  l e a d e r  times ve r sus  CST ove r  t h e  
i n t e r v a l  cor responding  t o  t h e  f i rs t  peak i n  t h e  CG l i g h t n i n g  r a t e .  There appea r s  t o  
be  a d e c r e a s e  i n  s t epped  l e a d e r  times over  t h e  p e r i o d  from 1755 - 1820 CST. In t h i s  
p e r i o d  t h e  CG l i g h t n i n g  ra te  went through a peak,  t h e  r a d a r  r e f l e c t i v i t y  i n c r e a s e d ,  
t h e  c loud  top  dec reased ,  t h e r e  was a r ada r  r e f l e c t i v i t y  s p i k e ,  t h e r e  was a hook 
echo ,  and the  w a l l  c loud  f e a t u r e s  showed evidence  of u p d r a f t  loading .  A t  t he  end o f  

a 
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t h e  i n t e r v a l  t h e  I C  r a t e  i nc reased .  Again, we th ink  these  e v e n t s  n igh t  i n d l c a t e  
t h a t  the  f l a s h e s  o r i g i n a t e d  from the  'VER/core boundary a s  t he  'VER descended. 

The 1C:CG r a t i o  shown i n  F igure  9 i s  d i f f i c u l t  t o  f i t  i n t o  a concep tua l  f rane-  
work. Our v i s u a l  s i g h t i n g  of l i g h t n i n g  In t h e  c louds  i s  obvious ly  l i m i t e d .  I C  
l i g h t n i n g  i s  very  f r e q u e n t  i n  the  decaying stages of thunders torms ,  $.e. a f t e r  the 
u p d r a f t  has  been t h r o t t l e d .  The s torm top  c o l l a p s e d  a t  a time s l i g h t l y  l a t e r  than 
t h e  observed i n c r e a s e  i n  t h e  1C:CG r a t i o .  Perhaps t h e  c o l l a p s i n g  cloud lowers  
cha rge  which i n c r e a s e s  the  chance of I C  l i g h t n i n g .  

In ear l ie r  work (Rus t ,  e t  a l . ,  1981a) ,  w e  r epor t ed  t h a t  p o s i t i v e  CG f l a s h e s  a r e  
o f t e n  observed i n  s u p e r c e l l  thunderstorms.  O u t  of 798 f l a s h e s  i d e n t i f i e d  a s  
cloud-to-ground i n  t h e  19 June 1980 s torm,  on ly  two were p o s i t i v e .  Undoubtedly,  
o t h e r  p o s i t i v e  f l a s h e s  d i d  occur ,  but  t hey  were c e r t a i n l y  l e s s  f r equen t  than we 
would have expec ted  on t h e  b a s i s  of ea r l i e r  obse rva t ions .  The p r i n c i p a l  d i f f e r e n c e  
between t h i s  s to rm and o t h e r s  w e  have s t u d i e d  was t h a t  i s  was an extreme 
r ight-mover ,  i.e. t h e  s torm t r a c k  was well t o  the  r i g h t  of any envi ronmenta l  winds. 

E2. Electric F i e l d s  

As a f i n a l  comment on ou r  e l e c t r i c a l  measurements from t h e  mobile  l a b ,  w e  p o i n t  
o u t  t h a t  we observed a s i g n i f i c a n t  i n c r e a s e  i n  t h e  e l e c t r i c  f i e l d  ( F i g u r e  1 2 )  when 
w e  were i n  a p o s i t i o n  n e a r  t h e  w a l l  cloud (1823 CST). As t h e  edge of t h e  wa l l  c loud 
moved n e a r e r  t o  u s ,  t h e  e l ec t r i c  f i e l d  i n c r e a s e d  a b r u p t l y  from 2 kV/m t o  23 kV/m ( a t  
abou t  t h e  time t h e  c loud  top  c o l l a p s e d ) .  The change might have been produced i n  one 
o r  more ways; f o u r  come t o  mind. F i r s t ,  a corona l a y e r  a t  t h e  ground could have 
been swept away by t h e  s t r o n g  u p d r a f t i n g  winds. A s  a consequence nega t lve  charge 
overhead was exposed. Second, t h e  c l o u d ' s  n e g a t i v e  cha rge  c e n t e r  could  have been 
lowered by some p rocess  w i t h i n  t h e  cloud. Th i rd ,  t h e  c l o u d ' s  p o s i t i v e  charge  could  
have d imin i shed ,  perhaps  by a sc reen ing  l a y e r  of n e g a t i v e  charge  lowered a s  the  
c loud  top  co l l apsed .  F i n a l l y ,  a n  i n c r e a s e  i n  t h e  rate of  cha rge  g e n e r a t i o n  and 
s e p a r a t i o n  might have produced a n  i n c r e a s e  i n  the  t o t a l  n e g a t i v e  e l e c t r i c  charge 
overhead.  The e l ec t r i c  f i e l d  record  i n  F igu re  12  i s  compl ica ted .  Note t h a t  a t  t h e  
time t h e  e l ec t r i c  f i e l d  i n c r e a s e d  (approximate ly  1823 CST), t he  CG l l g h t n i n g  r a t e  
w a s  a t  a minimum and t h e  1C:CG ra te  was a maximum. The a b r u p t  i n c r e a s e  i n  electrLc 
f i e l d  a lmost  c o i n c i d e s  w i t h  b o t h  t h e  times of  t he  peak i n  1C:CG r a t i o  and t h e  co l -  
l a p s i n g  c loud  top. The f a c t  t h a t  the d i r e c t i o n  of  t h e  change i n  t h e  e l ec t r i c  f i e l d  
i n d i c a t e s  more n e g a t i v e  charge  overhead l e a d s  us  t o  s u s p e c t  t h a t  n e g a t i v e  charge  was 
lowered as the  c loud  top  co l l apsed .  

F. CONCLUSIONS AND FINAL REMARKS 

Observa t ions  made whi le  t r a c k i n g  s e v e r e  convec t ive  s torms  make i t  p o s s i b l e  t o  
i n t e r p r e t  v i s u a l  c loud  f e a t u r e s  i n  terms of s torm s t r u c t u r e .  Use of c loud  f e a t u r e s  
t o  i n f e r  e i t h e r  dynamics o r  c o r r e l a t i o n s  between e l e c t r i c a l  and dynamical  p r o p e r t i e s  
i s  q u a l i t a t i v e .  But t h e r e  i s  l i t t l e  doubt  t h a t  c loud f e a t u r e s  i n d i c a t i v e  o f  s to rm 
development can  be i d e n t i f i e d .  

The d a t a  f o r  t h e  19 June 1980 i s o l a t e d  s u p e r c e l l  i n d i c a t e  t h a t  t he  main u p d r a f t  
i s  ve ry  impor tan t  i n  bo th  t h e  e l e c t r i f i c a t i o n  of t he  s to rm and i n  i t s  e l e c t r i c a l  



h i s t o r y .  Each t i m e  t h e r e  w a s  any evidence t h a t  t he  u p d r a f t  might have .*reakened, 
t hen  a preceding  dec rease  i n  the  CG r a t e  preceded t h e  weakening. Our impress ion  i s  
t h a t  t h e  magnitude of t h e  flash-to-ground r a t e  du r ing  a s t o r m ' s  mature s t a g e  Ls 
probably  de te rmined  by t h e  mechanism by which t h e  u p d r a f t  i s  t h r o t t l e d ,  but  probably 
n o t  t h e  temporal  v a r i a t '  i ons .  

0 

S p e c u l a t i o n s  about  p o s s i b l e  c o r r e l a t i o n s  between s torm e l e c t r i c i t y  and dynamics 
p r o v i d e s  some i n s i g h t  i n t o  t h e  d i r e c t i o n  of cont inued  s tudy  of s e v e r e  s to rms ,  bu t  in 
t h e  absence  of r e s u l t s  from s p e c i f i c  experiments  des igned  t o  t e s t  p a r t i c u l a r  a s p e c t s  
o f  co-evolving dynamics and e l e c t r i c i t y ,  t h e  e l e c t r i c a l  c h a r a c t e r  of t h e s e  enormous- 
l y  l a r g e  thunders torms  w i l l  remain wi th in  t h e  realm of  s p e c u l a t i o n .  A beauty  of t he  
mobile  l a b o r a t o r y  i s  t h a t  experiments  can  be conducted from w i t h i n  a r eg ion  of  a 
s torm of  p a r t i c u l a r  i n t e r e s t .  We are p lanning  f u t u r e  exper lments  ( b o t h  on t h e  
ground and a l o f t )  t o  be performed w i t h i n  t h e  s to rm u p d r a f t  reg ion .  Which w e  b e l i e v e  

e 

e t o  be t h e  major r e g i o n  of importance i n  e l e c t r i f i c a t i o n  of s u p e r c e l l  thunderstorms.  

a 
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Figure  1. 

F igu re  2. 

F igu re  3. 

Figure  4.  

Figure  5. 

F igu re  6 .  

Figure  7. 

Figure  a .  

F igu re  9.  

Three views of  a t y p i c a l  s eve re  convec t ive  s torm:  a ) .  a d i s t a n t  view; 
b) .  a h o r i z o n t a l  c r o s s - s e c t i o n a l  view ( t h e  dashed c i r c u l a r  r e g i o n  i n d i -  
cates where CG l i g h t n i n g  i s  most f r e q u e n t l y  obse rved) ;  c ) .  a view f r o m  
w i t h i n  t h e  s u r f a c e  i n f l o w  reg ion .  An * marks the  mobile  l a b o r a t o r y ' s  
t r a c k i n g  p o s i t i o n .  Most f r e q u e n t l y  the  s torms  t r a c k  t o  t h e  NE; t h e  19 
June 1980 s to rm t r a c k  was t o  the  SE. 

Summary weather  map f o r  1800 CST on 19 June 1980. F r o n t a l  p o s l t i o n  
( s t a n d a r d  symbols) ,  2 1  C dewpoint tempera tures  ( s h a d e d ) ,  and wind d l r e c -  
t i o n s  (b road  ar rows)  a r e  a l l  a t  t h e  s u r f a c e .  Wind b a r b s  ( l o n g  ba rb  i s  5 
m/s) and shortwave t rough p o s i t i o n '  (dashed l i n e )  a r e  from 500 mb. Storm 
l o c a t i o n  i s  a t  X. 

Photograph of  t h e  w a l l  c loud  a t1821CST on 19 June  1980. 

Data r e c o r d i n g  equipment i n  the mobile l a b o r a t o r y .  

Storm t r a c k  w i t h  d o t s  a t  30 min. i n t e r v a l s .  I n d i c a t i o n s  of s e v e r e  
weather  are:  h a i l  (H); seve re  h a i l s w a t h  ( shaded) ;  a funne l  c loud  ( F ) ;  
and a tornado (TI .  The mobile l a b  p o s i t i o n s  from 1749-2000 CST a r e  
marked as a l i n e  of  x ' s .  Mean wind v e c t o r  from 1800 CST Amar i l lo ,  TX 
(AMA) rawinsonde i s  shown. 

Traces of s to rm top  ( t o p )  and l o w  l e v e l  r a d a r  r e f l e c t i v i t y  maxima (bo t -  
tom) v e r s u s  t i m e .  Merger of  t he  main s to rm c e l l  w i th  two less  
s i g n i f i c a n t  echoes  on t h e  PPI d i s p l a y  a r e  i n d i c a t e d .  

Rad ia l  d ive rgence  nea r  s torm top  and c y c l o n i c  s h e a r  a t  mid l e v e l s  
observed w i t h  NSSL's Doppler r a d a r  a t  Norman, OK. 

( a ) .  F l a sh  rates determined from e l e c t r i c  f i e l d  changes ,  v i s u a l  documen- 
t a t i o n ,  and TV; and (b ) .  combined WSR-57 and Doppler r a d a r  da t a .  

The CG f l a s h  ra te  determined b o t h  v i s u a l l y  and from e l e c t r i c  f i e l d  
changes,  and t h e  1C:CG r a t i o  e s t i m a t e d  from t h e  e l e c t r i c  f i e l d  changes.  

F.lgure 10. Ra t io  of  s i n g l e  s t r o k e  t o  m u l t i p l e  s t r o k e  CG f l a s h e s .  

F igure  11. F i e l d  change record  f o r  a t y p i c a l  s i n g l e  s t r o k e  CG f l a s h  determined wi th  
a 10 s antenna.  

F igure  12. Electr ic  f i e l d  measured benea th  t h e  w a l l  c loud.  The v a l u e s  have been 
c o r r e c t e d  f o r  d i s t o r t i o n  of t h e  f i e l d  by t h e  mobile  l ab .  

F igu re  13. Updraf t /downdraf t  coup le t  i n  a s u p e r c e l l  thunderstorm.  The shaded a r e a  
r e p r e s e n t s  a t y p i c a l  40 dBZ con tour .  

8 



Figure  14. Wall c loud  w i t h  smooth and laminar  r o t a t i o n .  The photograph ,was taken  
near  R i n g l i n g ,  OK a t  1615 CST d u r t n g  the  s p r i n g  o f  1976.  

F igu re  15. The same w a l l  c loud  shown i n  F lgure  11 wi th  a r u f f l e d  appearance.  The 
e 

photograph was t aken  a t  1625 CST. 

F igu re  16. The same w a l l  c loud  shown i n  FLgures 14 and 15 bu t  showing a dec reased  
r a d i u s  of maximum t a n g e n t i a l  v e l o c i t y .  The photograph was taken a t  1645 
CST. 

Figure 17. Stepped l e a d e r  d u r a t i o n  as a f u n c t i o n  of time. Shaded r eg ion  shows 
t o t a l  CG f l a s h e s  p e r  5 min i n t e r v a l s .  S t r a i g h t  l i n e  r e p r e s e n t s  t y p i c a l  
d e s c e n t  ra te  of WER. 
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