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SUMMARY 

As p a r t  of t h e  NASA Langley Research Center  Storm Hazards Program, 69 thunder-  
s torm p e n e t r a t i o n s  w e r e  made i n  1980 wi th  an  F-106B a i r p l a n e  i n  o r d e r  t o  record 
d i r e c t - s t r i k e  l i g h t n i n g  d a t a  and t h e  a s s o c i a t e d  f l i g h t  c o n d i t i o n s .  Ground-based 
weather  r a d a r  measurements i n  con j u n c t i o n  w i t h  t h e s e  p e n e t r a t i o n s  w e r e  made by t h e  
Nat iona l  Oceanic and Atmospheric Adminis t ra t ion  (NOAA) N a t i o n a l  Severe Storms Labora- 
t o r y  (NSSL) i n  Oklahoma and by the NASA Wallops F l i g h t  Center  i n  V i r g i n i a .  I n  1980, 
l i g h t n i n g  t r a n s i e n t s  w e r e  recorded  from 10 d i r e c t  l i g h t n i n g  s t r i k e s  and from 6 nearby 
f l a s h e s  f o r  a t o t a l  of 16 l i g h t n i n g  events .  Fol lowing each f l i g h t ,  the a i r p l a n e  w a s  
thoroughly i n s p e c t e d  f o r  ev idence  of l i q h t n i n q  a t tachment ,  and t h e  i n d i v i d u a l  l i g h t -  
n ing  a t tachment  s p o t s  w e r e  p l o t t e d  on isometric p r o j e c t i o n s  of t h e  a i r p l a n e  t o  iden-  
t i f y  swept - f lash  p a t t e r n s .  

This  s t u d y  p r o v i d e s  f u r t h e r  i n s i g h t  i n t o  t h e  way i n  which an  a i r p l a n e  i n t e r a c t s  
wi th  a l i g h t n i n g  f l a s h  channel ,  e s p e c i a l l y  t h e  manner i n  which f l a s h e s  sweep a f t  from 
i n i t i a l  l i q h t n i n q  a t tachment  p o i n t s .  This  paper  p r e s e n t s  p i l o t  d e s c r i p t i o n s  of t h e  
d i r e c t  l i g h t n i n q  s t r i k e s  t o  t h e  a i r p l a n e ,  shows t h e  s t r i k e  a t tachment  p a t t e r n s  t h a t  
w e r e  found, and d i s c u s s e s  t h e  i m p l i c a t i o n s  of t h e s e  p a t t e r n s  wi th  r e s p e c t  t o  a i r c r a f t  
p r o t e c t i o n  d e s i g n .  The f l i g h t  c o n d i t i o n s  dur inq  which t h e  l i q h t n i n g  e v e n t s  o c c u r r e d  
a r e  a l s o  inc luded .  F i n a l l y ,  b r i e f  d e s c r i p t l o n s  of t h e  l i g h t n i n g  s t r i k e s  on t h r e e  
U.S. Air Force F-106A a i r p l a n e s  which w e r e  s t r u c k  d u r i n q  r o u t i n e  o p e r a t i o n s  are g iven  
i n  t h e  appendix.  

INTRODUCTION 

The NASA Langley Research Center  ( L a R C )  Storm Hazards Proqram o r i q i n a t e d  i n  
1977 i n  response  t o  a N a t i o n a l  T r a n s p o r t a t i o n  S a f e t y  Roard review c a l l i n q  f o r  "more 
s o p h i s t i c a t e d  measurement of thunderstorm hazards  and t u r b u l e n c e "  and t o  an  Air l i n e  
P i l o t s  A s s o c i a t i o n  c a l l  f o r  " rea l i s t ic  p o l i c i e s  f o r  f l i g h t  o p e r a t i o n s  i n  s e v e r e  
s torm a r e a s . "  Although hazards  such a s  t u r b u l e n c e  and wind s h e a r  a r e  be ing  s t u d i e d ,  
t h e  pr imary emphasis of t h e  Storm Hazards Proqram i s  h e i n q  p l a c e d  on l i q h t n i n g  
hazard r e s e a r c h .  Lightn inq  i s  of special i n t e r e s t  because t h e  p r o j e c t e d  use  of d i g i -  
t a l  a v i o n i c s  systems and composite a i r c r a f t  s t r u c t l i r e s  w i l l  r e q u i r e  i n c o r p o r a t i n q  
l i g h t n i n g - r e l a t e d  d e s i g n  f e a t u r e s .  

The f l i g h t  program began i n  1978 when a Twin O t t e r  a i r p l a n e  equipped wi th  an 
a i r b o r n e  l i g h t n i n q  l o c a t o r  system w a s  flown on t h e  p e r i p h e r y  of thunderstorms i n  
Oklahoma and V i r g i n i a  ( r e f .  1 ) .  The program cont inued  i n  1979 when o p e r a t i o n s  began 
with an F-106B a i r p l a n e ,  which w a s  flown on t h e  p e r i p h e r y  of thunderstorms i n  
V i r g i n i a  (ref. 2 ) .  I n  1980, t h e  t h i r d  y e a r  of t h e  r e s e a r c h  e f f o r t ,  69 thunderstorm 
p e n e t r a t i o n s  w e r e  made w i t h  t h e  F-106R i n  Oklahoma and V i r g i n i a  d u r i n q  which l i g h t -  
n ing  t r a n s i e n t s  w e r e  recorded.  P r e l i m i n a r y  r e s u l t s  from a l l  t h e  1980 experiments  are 
r e p o r t e d  i n  r e f e r e n c e s  3 t o  6. 

Although l i q h t n i n g  p r o t e c t i o n  f o r  a i r c r a f t  is  a v a i l a b l e ,  it must be a p p l i e d  o n l y  
where needed i f  t h e  performance g a i n s  a f f o r d e d  by new d i q i t a l  a v i o n i c s  systems and 
composite m a t e r i a l s  a r e  t o  be r e a l i z e d .  This  r e q u i r e s  improved knowledqe of t h e  s u s -  
c e p t i b i l i t y  of v a r i o u s  p a r t s  of t h e  a i r c r a f t  s u r f a c e  t o  l i q h t n i n g  s t r i k e s ,  t h a t  i s ,  
t h e  l i g h t n i n g  s t r i k e  zones.  A l a r g e  number of r e p o r t s  e x i s t  on l i q h t n i n g  s t r i k e  



a t tachments  t o  c i v i l  and m i l i t a r y  a i r p l a n e s  ( for  example, refs. 7 t o  11) , b u t  t h e s e  
do n o t  s u f f i c i e n t l y  develop t h e  complete l i g h t n i n g  a t t a c h m e n t  s c e n a r i o  or i d e n t i f y  
a l l  t h e  i n i t i a l -  and swept - f lash  a t tachment  p o i n t s .  For t h e  purpose of e s t a b l i s h -  
i n g  s u r f a c e s  of d i f f e r e n t  s u s c e p t i b i l i t y  t o  l i g h t n i n g  s t r i k e s  on such a i rc raf t ,  t h e  
F e d e r a l  Avia t ion  Adminis t ra t ion  has  d e f i n e d  l i q h t n i n g  s t r i k e  zones i n  r e f e r e n c e  12. 
These d e f i n i t i o n s  w e r e  l a t e r  expanded by S o c i e t y  of Automotive Engineers  C o m m i t t e e  
AE4L (ref. 13)  t o  accommodate t h e  d i f f e r e n t  l i q h t n i n g  environments  a t  forward and 
t r a i l i n g - e d g e  r e g i o n s  of t h e  a i r p l a n e .  These d e f i n i t i o n s ,  however, do n o t  e s t a b l i s h  
t h e  a c t u a l  l o c a t i o n s  of t h e  v a r i o u s  zones on a p a r t i c u l a r  a i r p l a n e .  A t  p r e s e n t  t h i s  
is accomplished by comparing new d e s i g n s  w i t h  a c t u a l  e x p e r i e n c e  (when a v a i l a b l e )  o f  
s imi la r -shaped  a i r p l a n e s ,  or by s i m u l a t i n g  l i g h t n i n g  s t r i k e s  i n  scale-model tests. 
U n c e r t a i n t i e s  s t i l l  e x i s t ,  and t h e  purpose of t h e  Storm Hazards Program is t o  c l a r i f y  
some of t h e  more q u e s t i o n a b l e  a s p e c t s  of e s t a b l i s h i n g  l i g h t n i n g  s t r i k e  zones. The 
purpose of t h i s  paper is to  r e p o r t  t h e  complete r e s u l t s  of t h e  Storm Hazards '80  
l i g h  tning-a t tachmen t -poin t ana l y s i s .  

TEST EQUIPMENT AND PROCEDURES 

The n ine  a i r b o r n e  experiments  on t h e  F-106R i n  1980 are d e s c r i b e d  i n  refer- 
ences  1,  3, 5, and 14 t o  29. Table  I summarizes t h e  exper iments  performed. 

T e s t  Equipment 

F-106B r e s e a r c h  a i r p l a n e . -  The F-106BI a two-seat, del ta-wing i n t e r c e p t o r  w i t h  
60° leading-edge sweep, is shown i n  f i g u r e  1 and t h e  basic c h a r a c t e r i s t i c s  are g i v e n  
i n  table 11. The two-seat c o c k p i t  and l a r g e  i n t e r n a l  weapons bay f o r  c a r r y i n g  t h e  
r e s e a r c h  i n s t r u m e n t a t i o n  systems make it w e l l  s u i t e d  f o r  thunderstorm r e s e a r c h .  The 
canopy p r o v i d e s  a metal s t r u c t u r e  above t h e  c r e w  t o  minimize t h e  p o s s i b i l i t y  of 
canopy puncture  or of e lec t r ic  shocks t o  t h e  c r e w  from l i q h t n i n g .  The U.S. Air Force 
i n v e n t o r y  of F-106 a i r p l a n e s  has  been r e l a t i v e l y  f r e e  from l i g h t n i n g  s t r i k e  damage 
compared with o t h e r  a i r c r a f t  i n  t h e  U.S. m i l i t a r y  i n v e n t o r y ,  and t h e  engine  h a s  
proven r e s i s t a n t  t o  f lameout  from i n g e s t i o n  of l i g h t n i n g  f l a s h  p r e s s u r e  f l u c t i i a t i o n s  
o r  i n g e s t i o n  of l a r g e  amounts of p r e c i p i t a t i o n .  

The cr i ter ia  used i n  choosing t h i s  a i r p l a n e  f o r  thunders torm r e s e a r c h  are given 
i n  r e f e r e n c e  30. Based on t h e s e  c r i t e r i a  and on d i s c u s s i o n s  w i t h  o t h e r  thunderstorm 
r e s e a r c h e r s ,  an  e x t e n s i v e  " l i g h t n i n g  hardening" program w a s  c a r r i e d  o u t  on t h e  a i r -  
p l a n e  and t h e  d a t a  systems (refs. 2, 5 ,  and 6 ) .  P r i o r  t o  each thunderstorm season ,  
t h e  l i g h t n i n g  hardening  procedures  w e r e  v e r i f i e d  by ground tests ( ref .  5)  i n  which 
s imula ted  l i g h t n i n g  c u r r e n t s  and v o l t a g e s  of grea te r - than-average  i n t e n s i t y  w e r e  con- 
duc ted  through t h e  a i r p l a n e  w i t h  t h e  a i r p l a n e  manned and a l l  systems o p e r a t i n g .  

Airborne d i r e c t - s t r i k e  l i g h t n i n g  -_ i n s t r u m e n t a t i o n  ( D L i t e )  system.- The D L i t e  
system ( r e f .  14)  documents t h e  e l e c t r o m a g n e t i c  c h a r a c t e r i s t i c s  of d i r e c t  l i g h t n i n g  
s t r i k e s  and nearby l i g h t n i n g  f l a s h e s  a t  normal a i r p l a n e  f l i g h t  a l t i t u d e s .  It con- 
sists of seven e l e c t r o m a g n e t i c  s e n s o r s  ( r e f .  1 6 )  mounted on t h e  s u r f a c e  of t h e  a i r -  
p lane ,  a s h i e l d e d  r e c o r d i n g  system i n  t h e  weapons bay, and a c o n t r o l  p a n e l  i n  t h e  
a f t  c o c k p i t .  

Although seven s e n s o r s  w e r e  i n s t a l l e d ,  on ly  t h r e e  s e n s o r s  wer: chosen t o  r e c o r d  
d a t a  f o r  1980. The t i m e  rate of c h p g e  of e lec t r ic  f l u x  d e n s i t y  D w a s  d e t e c t e d  by 
t h e  f l a t - p l a t e  d i p o l e  an tenna ,  or D s e n s o r ,  mounted b e n e a t h  t h e  nose of the air-  
plane.  The t i m e  rate of change of t h e  t o t a l  a t tachment  c u r r e n t  t o  t h e  nose boom 
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1 w a s  d e t e c t e d  by an  i n d u c t i v e - c u r r e n t  probe, or I s e n s o r ,  i n s t a l l e d  i n s i d e  t h e  
f iberglass  radome a t t a c h e d - t o  t h e  metal nose boom. 
of magnetic f l u x  d e n s i t y  B f r o ?  l o n q i t u d i n a l  (nose t o  t a i l )  s t r i k e s  w a s  d e t e c t e d  
by a mul t igap  loop  an tenna ,  or B s e n s o r ,  l o c a t e d  on t h e  r i q h t  s i d e  of t h e  f u s e l a g e .  
The l o c a t i o n s  of  t h e s e  t h r e e  s e n s o r s  are shown i n  f i g u r e  1. 

F i n a l l y ,  t h e  t i m e  rate of change 

The r e c o r d i n g  system c o n s i s t s  of 2 d i g i t a l ,  expanded-memory, wide-band, 
t ransient-waveform r e c o r d e r s  ( re f .  15)  coupled t o  a 14-track ana log  t a p e  record$r ,  
and 1 wide-ba;nd (6-MHz), 2-channel, ana log  t a p e  r e c o r d e r .  The o u t p u t s  of t h e  D 
s e n s o r  and B s e n s o r  w e r e  recorded  by t h e  d i g i t a l  t ransient-waveform r e c o r d e r s ,  
which have augmented memory c a p a c i t y  f o r  IO-nsec t i m e  r e s o l u t i o n  d u r i n g  t h e  s p e c i f i c  
t i m e s  of i n t e r e s t .  The o u t p u t  of t h e  I s e n s o r  w a s  recorded  by t h e  wide-band a n a l o g  
tape r e c o r d e r .  These t h r e e  s e n s o r s  t r a n s m i t t e d  t h e i r  d a t a  t o  t h e  s h i e l d e d  r e c o r d e r s  
v i a  s h i e l d e d  cables. Inter-Range-Instrumentat ion Group ( I R I G )  B t i m e  (an i n t e r n a -  
t i o n a l  s t a n d a r d  f o r  coding t i m e )  w a s  t r a n s m i t t e d  t o  the r e c o r d e r s  by f i b e r  optics 
from a b a t t e r y - o p e r a t e d  time-code g e n e r a t o r  i n  t h e  A i r c r a f t  I n s t r u m e n t a t i o n  System 
( A I S ) .  Commands from t h e  c o n t r o l  p a n e l  w e r e  t r a n s m i t t e d  v i a  f i b e r  o p t i c s .  

Other a i r b o r n e  d a t a  systems .- The o u t p u t s  of t h e  A I S  and the weapons-bay-mounted 
I n e r t i a l  Navigat ion System (INS) w e r e  used t o  de termine  t h e  f l i g h t  c o n d i t i o n s  a s s o c i -  
a t e d  with t h e  l i g h t n i n g  e v e n t s .  The AIS measured t h e  f o l l o w i n g  parameters: s t a t i c  
p r e s s u r e ,  dynamic p r e s s u r e ,  a n g l e s  of a t t a c k  and s i d e s l i p ,  t o t a l  a i r  temperature ,  the 
t h r e e  a n g u l a r  rates,  the t h r e e  l i n e a r  a c c e l e r a t i o n s ,  rudder  p e d a l  p o s i t i o n s ,  and 
s t i c k  p o s i t i o n s .  In te rphone  c o n v e r s a t i o n s  and VHF r a d i o  t r a n s m i s s i o n s  w e r e  recorded  
on a separate t r a c k .  The separate AIS 14-track a n a l o g  tape r e c o r d e r  a l s o  recorded  
t h e  o u t p u t s  of t h e  INS, which inc luded  l a t i t u d e ,  l o n g i t u d e ,  p i t c h  and bank a n q l e s ,  
t r u e  heading,  v e r t i c a l  a c c e l e r a t i o n ,  and t h e  i n e r t i a l  components of a i r p l a n e  ground 
speed. The I R I G  B t i m e  w a s  provided by t h e  same b a t t e r y - o p e r a t e d  time-code q e n e r a t o r  
which provided t i m e  t o  t h e  D L i t e  system. The d e s c r i p t i o n s  of t h e  l i g h t n i n q  f l a s h e s  
by t h e  c r e w  and c o n t a c t s  wi th  the mission c o n t r o l l e r s  w e r e  recorded on an a f t - c o c k p i t  
vo ice  r e c o r d e r  which r a n  c o n t i n u a l l y  throughout  t h e  f l i g h t .  

The a i r p l a n e  w a s  a l s o  equipped w i t h  a commercially available d i g i t a l  X-band 
c o l o r  weather  r a d a r  t o  supplement t h e  r a d a r  guidance provided  by t h e  Nat iona l  Oceanic 
and Atmospheric Adminis t ra t ion  (NOAA) Nat iona l  Severe Storms Laboratory (NSSL) o r  
by NASA Wallops F l i g h t  Center  (WFC). The r a d a r  was modif ied t o  show a qreen  contour  
f o r  p r e c i p i t a t i o n  r e f l e c t i v i t y  v a l u e s  of 30 t o  40 dBZ, a ye l low contour  f o r  va lues  
of 40 t o  50 dBZ, and r e d  c o n t o u r s  f o r  v a l u e s  g r e a t e r  t h a n  50 dBz. (Unmodified u n i t s  
p r e s e n t  t h e  t h r e e  colors a t  v a l u e s  of p r e c i p i t a t i o n  r e f l e c t i v i t y  which a r e  10 d R Z  
less.) When ground-based-radar d a t a  w e r e  n o t  a v a i l a b l e ,  t h e  contour  l e v e l s  from t h i s  
r a d a r ,  as d e s c r i b e d  on t h e  voice  tape, w e r e  used t o  document t h e  p r e c i p i t a t i o n  
environment.  

NSSL ground-based radars . -  For t h e  r e s e a r c h  f l i g h t s  i n  Oklahoma, t h e  NSSL Norman 
Doppler r a d a r ,  d e s c r i b e d  i n  r e f e r e n c e  31, w a s  used t o  measure t h e  p r e c i p i t a t i o n  
r e f l e c t i v i t y  d a t a .  A d d i t i o n a l l y ,  an  i n c o h e r e n t  10-cm-wavelength s u r v e i l l a n c e  r a d a r  
(ref. 31)  w a s  used t o  provide  a i r  t r a f f i c  c o n t r o l  guidance t o  t h e  a i r p l a n e .  

WFC ground-based r a d a r s  .- For t h o s e  f l i q h t s  which o c c u r r e d  i n  V i r g i n i a ,  t h r e e  
separate r a d a r s  w e r e  used. F i r s t ,  p r e c i p i t a t i o n  r e f l e c t i v i t y  w a s  measured w i t h  t h e  
WFC Space Range Radar (SPANDAR) . Second, a n  FPS-16 t r a c k i n g  r a d a r  a t  WFC w a s  used t o  
t r a c k  t h e  C-band t ransponder  mounted on t h e  a i r p l a n e  f u s e l a g e  i n  o r d e r  t o  provide  t h e  
SPANDAR c r e w  w i t h  real-time i n f o r m a t i o n  on t h e  l o c a t i o n  of t h e  a i r p l a n e .  On t h o s e  
o c c a s i o n s  when the INS w a s  n o t  used onboard t h e  a i r p l a n e ,  t h e  FPS-16 data w e r e  used  
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t o  produce p l o t s  of t h e  a i r p l a n e  ground t r a c k .  Thi rd ,  the p r e c i p i t a t i o n  d a t a  f r o m  
t h e  N a t i o n a l  Weather S e r v i c e  WSR-57 r a d a r  a t  Pa tuxent  R i v e r ,  Md. , w e r e  t r a n s m i t t e d  i n  
rea l  t i m e  t o  a c o l o r  v i d e o  d i s p l a y  i n  t h e  SPANDAR c o n t r o l  room t o  assist  t h e  SPANDAR 
c r e w  i n  p r o v i d i n g  real-time a i r p l a n e - p e n e t r a t i o n  guidance.  Detai ls  of the WFC ground 
equipment can be found i n  r e f e r e n c e  32. The s l o w  e l e c t r i c - f i e l d  changes and r a d i o  
frequency (RF) r a d i a t i o n  f r o m  l i g h t n i n g  a c t i v i t y  w e r e  measured a t  WFC by t h e  equip-  
ment d e s c r i b e d  i n  r e f e r e n c e  33. 

T e s t  Procedures  

F l i g h t  procedures  .- The thunderstorm p e n e t r a t i o n  procedures ,  given i n  d e t a i l  i n  
r e f e r e n c e s  4 t o  6, are o u t l i n e d  b r i e f l y  i n  t h i s  s e c t i o n .  Two g u i d e l i n e s  adopted f r o m  
prev ious  thunderstorm programs w e r e  t h a t  a l l  f l i g h t s  be l i m i t e d  t o  d a y l i g h t  h o u r s  
t o  minimize t h e  t h r e a t  of f l a s h  b l i n d n e s s ,  and t h a t  p e n e t r a t i o n s  n o t  be made throuqh 
s torm areas having p r e c i p i t a t i o n  r e f l e c t i v i t y  c o n t o u r s  over 50 dBZ to  minimize t h e  
chances of e n c o u n t e r i n g  h a i l .  Whenever p o s s i b l e ,  t h e  f r e e z i n g  level w a s  chosen as 
t h e  a l t i t u d e  f o r  p e n e t r a t i o n .  The p i l o t  set  power and a i r s p e e d  p r i o r  t o  storm 
e n t r y  and maintained a c o n s t a n t  p i t c h  a t t i t u d e  d u r i n g  t h e  p e n e t r a t i o n ,  a c c e p t i n g  t h e  
r e s u l t i n g  a l t i t u d e  e x c u r s i o n s .  This  procedure w a s  t h e  best technique  f o r  f l i g h t  
c o n t r o l  and provided  a more a c c u r a t e  measurement of t u r b u l e n c e .  The d e s i r e d  i n d i -  
c a t e d  a i r s p e e d  f o r  p e n e t r a t i o n  w a s  300 knots .  The f l i g h t  o b s e r v e r  o p e r a t e d  a l l  t h e  
d a t a  systems from t h e  rear c o c k p i t ,  a l l o w i n g  t h e  p i l o t  t o  g i v e  h i s  undivided a t t e n -  
t i o n  t o  f l y i n g  t h e  a i r p l a n e .  A t  any t i m e  d u r i n g  t h e  miss ion ,  t h e  p i l o t  could  e l ec t  
t o  t e r m i n a t e  a p e n e t r a t i o n  by u s i n g  a predetermined escape v e c t o r .  

Reduction of p r e c i p i t a t i o n  r e f l e c t i v i t y  r a d a r  c o n t o u r s  and a i r p l a n e  ground 
t racks . -  The combined- p l o t s  of r a d a r  p r e c i p i t a t i o n  r e f l e c t i v i t y  r a d a r  c o n t o u r s  and 
a i r p l a n e  ground t r a c k s  w e r e  made by superimposing t h e  two independent  d a t a  sets. For 
f l i g h t s  i n  Oklahoma, t h e  p r e c i p i t a t i o n  r e f l e c t i v i t y  d a t a  from t h e  NSSL Norman Doppler 
r a d a r  w e r e  i n t e r p o l a t e d  t o  a f l a t  p lane  from d a t a  taken  from a d j a c e n t  sweeps a t  
d i f f e r e n t  tilt ( e l e v a t i o n )  a n g l e s  t o  produce a s i n g l e  p lo t  of r e f l e c t i v i t y  f a c t o r  i n  
range-normalized d e c i b e l s  (dBZ) f o r  each thunderstorm p e n e t r a t i o n  of i n t e r e s t .  The 
i n t e r p o l a t e d  a l t i t u d e  approximated t h e  p e n e t r a t i o n  a l t i t u d e  of t h e  a i r p l a n e ,  and t h e  
r e f l e c t i v i t y  f a c t o r  w a s  p l o t t e d  as c o n s t a n t  c o n t o u r s  a t  10-dBZ increments .  Althouqh 
t h i s  scheme i n t r o d u c e d  some e r r o r s  because of a v e r a g i n g  across t i m e  and v a r i a t i o n s  i n  
a i r p l a n e  a l t i t u d e ,  t h e s e  e r r o r s  are b e l i e v e d  t o  he s m a l l  because of t h e  r e l a t i v e l y  
s h o r t  d u r a t i o n  of t h e  p e n e t r a t i o n s .  More d e t a i l s  on t h e  Doppler r a d a r  d a t a  r e d u c t i o n  
procedure  can be found i n  r e f e r e n c e  1. 

For f l i g h t s  i n  V i r q i n i a ,  t h e  p r e c i p i t a t i o n  r e f l e c t i v i t y  d a t a  from t h e  WFC 
SPANDAR w e r e  p l o t t e d  a t  a c o n s t a n t  tilt a n g l e  of Oo. The d a t a  w e r e  contoured i n  
10-dBZ increments  u s i n g  t h e  techniques  d e s c r i b e d  i n  r e f e r e n c e s  1 and 2. Because 
t h e  d a t a  w e r e  n o t  i n t e r p o l a t e d  t o  t h e  a i r p l a n e  a l t i t u d e ,  l a r g e r  d i f f e r e n c e s  i n  r a d a r  
sample h e i g h t  and a i r p l a n e  p e n e t r a t i o n  a l t i t u d e  e x i s t  i n  t h e  WFC d a t a  t h a n  i n  t h e  
NSSL d a t a .  For f l i g h t s  a t  e i t h e r  l o c a t i o n ,  t h e  a i r p l a n e  qround t r a c k  w a s  computed 
w i t h  t h e  e q u a t i o n s  q iven  i n  r e f e r e n c e  1 by u s i n g  t h e  l a t i t u d e  and l o n q i t u d e  measured 
by t h e  onboard I N S  and recorded by t h e  AIS. When INS d a t a  w e r e  n o t  a v a i l a b l e  f o r  
t h o s e  f l i g h t s  made w i t h  WFC s u p p o r t ,  FPS-16 C-band r a d a r  d a t a  w e r e  s u b s t i t u t e d  t o  
produce computer p l o t s  of t h e  a i r p l a n e  qround t r a c k .  (See refs. 1 and 2 . )  

Determinat ion of l i g h t n i n g  a t tachment  p o i n t s . -  A f t e r  a n  a i r p l a n e  h a s  become p a r t  
of a completed f lash-channel ,  t h e  ensuing  s t r o k e  and c o n t i n u i n g  c u r r e n t s  which f low 
through t h e  channel  may p e r s i s t  f o r  more t h a n  1 sec. E s s e n t i a l l y ,  t h e  channel  
remains i n  i t s  o r i g i n a l  l o c a t i o n  b u t  t h e  a i r p l a n e  moves forward a s i g n i f i c a n t  d i s -  
t a n c e  d u r i n g  t h e  l i f e  of t h e  f l a s h .  The mechanisms of i n i t i a l  e n t r y  and e x i t  p o i n t s  
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of t h e  channel  on t h e  a i r p l a n e  are d e s c r i b e d  i n  r e f e r e n c e  11 .  These p o i n t s ,  which 
occur  s i m u l t a n e o u s l y ,  are t y p i c a l l y  l o c a t e d  a t  a i r p l a n e  e x t r e m i t i e s .  In  t h e  example 
shown i n  f i g u r e  2, t h e  i n i t i a l  e n t r y  p o i n t  is shown a t  t h e  t i p  of t h e  nose boom and 
t h e  i n i t i a l  e x i t  p o i n t  a t  t h e  t r a i l i n g  edge of t h e  l e f t  wing t i p ,  which a r e  t y p i c a l  
e n t r y  and e x i t  p o i n t s  for  a del ta-wing a i r p l a n e .  Besides  t h e  i n i t i a l  e n t r y  and e x i t  
p o i n t s ,  t h e r e  may be o t h e r  subsequent  a t tachment  p o i n t s  t h a t  are caused by t h e  motion 
of t h e  a i r p l a n e  through t h e  r e l a t i v e l y  s t a t i o n a r y  f l a s h  channel .  For example, when a 
forward e x t r e m i t y ,  such as a nose hoom, becomes an  i n i t i a l  a t tachment  p o i n t ,  i t s  
s u r f a c e  moves through t h e  l i g h t n i n g  channel ,  and t h u s  t h e  channel  appears  t o  sweep 
back over  the a i r p l a n e  s u r f a c e ,  as i l l u s t r a t e d  i n  f i g u r e  2. This  occurrence  is known 
as t h e  swept-s t roke phenomenon. The f l a s h  channel  w i l l  c o n t i n u e  t o  sweep back a l o n g  
t h e  a i r p l a n e  s u r f a c e  u n t i l  t h e  f l a s h  d i e s  or t h e  a i r p l a n e  f l i e s  o u t  of t h e  f l a s h  
channel .  In the example shown i n  f i g u r e  2, t h e  f i n a l  e n t r y  p o i n t  i s  l o c a t e d  on t h e  
speed brake.  The e x i t  p o r t i o n  of t h e  f l a s h  c o n t i n u e s  t o  t r a i l  back from t h e  l e f t  
wing t i p  throughout  t h e  f l a s h .  More d e t a i l s  on t h e  swept-s t roke phenomenon may be 
found i n  r e f e r e n c e  11. 

Fol lowing each f l i g h t  i n  which t h e r e  w e r e  d i r e c t  l i g h t n i n g  s t r i k e s ,  t h e  l i g h t -  
n ing  a t tachment  p o i n t s  w e r e  l o c a t e d  by c a r e f u l  i n s p e c t i o n  of t h e  a i r p l a n e  s u r f a c e .  
The procedure w a s  as follows: 

1.  I n s p e c t  each a i r p l a n e  e x t r e m i t y  f o r  ev idence  of l i g h t n i n g  at tachment .  The 
evidence w a s  u s u a l l y  mani fes ted  by s p o t s  of molten and r e s o l i d i f i e d  metal  ranging  i n  
d iameter  f r o m  0.01 t o  1.00 c m  (0.004 t o  0.400 i n . ) , '  u s u a l l y  surrounded by a r e g i o n  
of d i s c o l o r e d  p a i n t .  

2. C l o s e l y  i n s p e c t  a l l  s u r f a c e s  t h a t  l i e  a f t  of t h e  nose hoom f o r  a d d i t i o n a l  
l i g h t n i n g  a t tachment  p o i n t s  t h a t  i n d i c a t e  t h e  swept - f lash  p a t h ( s )  taken  f o l l o w i n g  
i n i t i a l  a t tachments  t o  t h e  nose boom. This  o f t e n  r e q u i r e d  t h e  use  of a 4x magnify- 
i n g  g l a s s  because t h e  d i a m e t e r s  of some of t h e  swept - f lash  a t tachment  p o i n t s  w e r e  
very s m a l l  and t h e  p o i n t s  w e r e  hard  t o  d i s t i n g u i s h  from o t h e r  blemishes on t h e  a i r -  
p l a n e  s u r f a c e .  

3 .  Record t h e  l o c a t i o n  of each a t tachment  p o i n t  and p l o t  t h e  p o i n t s  on i s o m e t r i c  
drawings of t h e  a i r p l a n e .  

4. C a l c u l a t e  t h e  dwell t i m e  t t h a t  e l a p s e d  between a t tachment  p o i n t s ,  assuming 
t h e  a i r p l a n e  w a s  t r a v e l l i n g  a t  a c o n s t a n t  v e l o c i t y  V of 182.9 m/sec (600 f t / s e c ) ,  
w i t h  t h e  e x p r e s s i o n  t = d/V, where d i s  t h e  d i s t a n c e  between s u c c e s s i v e  a t tachment  
p o i n t s .  

5 .  R e v i e w  and correlate f i n d i n g s  w i t h  t h e  p i l o t ' s  and o b s e r v e r ' s  o b s e r v a t i o n s .  
This s tep w a s  p a r t i c u l a r l y  impor tan t  i n  s e p a r a t i n g  t h e  a t t a c h m e n t  p o i n t s  produced by 
each s t r i k e  af ter  a f l i g h t  i n  which more than  one s t r i k e  w a s  rece ived .  

6. P o s t u l a t e ,  based on t h e  a t tachment  p o i n t s  and f l i g h t  c r e w  o b s e r v a t i o n s ,  t h e  
probable  d i r e c t i o n  from which t h e  s t r i k e  i n i t i a l l y  approached t h e  a i r p l a n e ,  the 
i n i t i a l  and f i n a l  a t t a c h m e n t  p o i n t s ,  t h e  swept - f lash  path(s.1,  and t h e  p o i n t ( s )  and 
d i r e c t i o n ( s )  f r o m  which t h e  f l a s h  e x i t e d  t h e  a i r p l a n e .  

Dimensional q u a n t i t i e s  are p r e s e n t e d  i n  b o t h  t h e  I n t e r n a t i o n a l  System of 
Uni t s  ( S I )  and U.S. Customary Units .  Measurements and c a l c u l a t i o n s  w e r e  made i n  U.S. 
Customary U n i t s  . 
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DESCRIPTIONS O F  DIRECT LIGHTNING S T R I K E S  AND NEARBY FLASHES 

Over v i  e w  

The 1980 l i g h t n i n g  t r a n s i e n t  data summary is  g i v e n  i n  table 111. The summary 
shows that 22 l i g h t n i n g  t r a n s i e n t s  w e r e  measured d u r i n g  the 1 6  l i g h t n i n g  e v e n t s  which 
occurred.  The f l i g h t  c o n d i t i o n s  for  each  l i g h t n i n g  e v e n t  are summarized i n  table IV. 
The data i n  table I V  are c r o s s - r e f e r e n c e d  t o  the f i g u r e s  i n  r e f e r e n c e  3, i n  which 
t h e  cor responding  l i g h t n i n g  waveforms are plotted. P r e l i m i n a r y  approximations of t h e  
l i g h t n i n g  a t tachment  p a t h s  are also g iven  i n  r e f e r e n c e  3, and estimates of t h e  
ambient  tempera tures  and a l t i t u d e s  a t  which t h e  l i g h t n i n g  e v e n t s  occurred  are g iven  
i n  r e f e r e n c e  18.  

D e s c r i p t i o n s  of L i g h t n i n g  S t r i k e s  

S t r i k e  1,  f l i g h t  80-018, June 17, 1980.- The s y n o p t i c  weather  s i t u a t i o n  fo r  
June 17, 1980, on which two r e s e a r c h  f l i g h t s  w e r e  made, is  g iven  i n  r e f e r e n c e  31. 
On t h e  f i r s t  f l i g h t  a d i rec t  l i g h t n i n g  s t r i k e  t o  t h e  nose boom occurred.  The p i l o t  
e s t i m a t e d  t h e  v i s i b i l i t y  as a b o u t  152 m (500 f t )  w i t h  heavy r a i n  and moderate turbu-  
lence .  The e s t i m a t e d  d iameter  of t h e  l i g h t n i n g  channel  w a s  15 t o  20 c m  ( 6  t o  8 i n . ) .  
The p i l o t  s a w  t h e  f l a s h  s t r i k e  t h e  nose boom and sp i ra l  down t h e  l e f t  side of t h e  
a i r p l a n e .  A llzap, c r a c k l e "  w a s  heard  d u r i n g  t h e  e v e n t ,  b u t  t h e r e  w a s  no r a d i o  n o i s e  
t o  warn of the impending s t r i k e .  

Fol lowing t h e  s t r i k e ,  the p i l o t  t e r m i n a t e d  t h e  miss ion  and r e t u r n e d  d i r e c t l y  t o  
base. The p o s t f l i g h t  i n s p e c t i o n  r e v e a l e d  t h e  l i g h t n i n g  a t t a c h m e n t  p o i n t s  shown i n  
f i g u r e  3. The i n i t i a l  e n t r y  p o i n t  w a s  t h e  angle-of -a t tack  vane on t h e  l e f t  side of 
t h e  nose boom. The m e t a l  s p i n d l e  t o  which t h e  balsa wood vane w a s  g lued  w a s  p i t t e d  
and a s m a l l  smoke s t r e a k  w a s  l e f t  on t h e  vane. (See f ig .  4 ( a ) . )  The s t r o k e  t h e n  
r e a t t a c h e d  a t  t h e  top of t h e  nose boom a t  t h e  radome j u n c t i o n ,  then  a t  a r i v e t  on t h e  
l e f t  s i d e  of t h e  f i b e r g l a s s  radome ( f i g .  4 ( b )  1, a t  s e v e r a l  places a l o n g  t h e  l e f t  
s i d e  of t h e  f u s e l a g e  i n c l u d i n g  t h e  t r a i l i n g  edges of t w o  fuselage-mounted probes, and 
a t  several p o i n t s  on t h e  top of t h e  l e f t  wing n e a r  t h e  root. One of t h e s e  p o i n t s  
( f i g .  4 ( c ) )  w a s  i n  t h e  middle of a wing p a n e l  and n o t  a t  a p a n e l  edge or on a 
f a s t e n e r .  The l o c a t i o n  of t h i s  p o i n t ,  which w a s  t h e  d e e p e s t  l i g h t n i n g  p e n e t r a t i o n  
found i n  1980, is shown i n  f i g u r e  3. E x i t  p o i n t s  w e r e  found on t h e  t r a i l i n g  edge of 
t h e  l e f t  wing t i p  ( f i g s .  4 ( d )  and 4 ( e ) )  and t h e  t r a i l i n g  t i p  of t h e  v e r t i c a l - f i n  cap  
( f i g .  4 ( f ) ) .  

Based on t h e  a t tachment  p o i n t  l o c a t i o n s  and t h e  p i l o t  comments, t h e  s t r i k e  
s c e n a r i o  shown s c h e m a t i c a l l y  i n  f i g u r e  5 w a s  developed. It i s  b e l i e v e d  t h a t  t h e  
s t r i k e  e n t e r e d  from above and t o  t h e  l e f t  of t h e  a i r p l a n e  and e x i t e d  t o  t h e  r i g h t  
and downward. 

The r e l a t i v e  l o c a t i o n  of t h e  a i r p l a n e  i n  t h e  thunders torm a t  t h e  t i m e  of t h e  
d i r e c t  s t r i k e  is shown i n  f i g u r e  6, i n  which t h e  a i r p l a n e  ground t r a c k  h a s  been 
superimposed on a contour  map of p r e c i p i t a t i o n  r e f l e c t i v i t y  f a c t o r  measured by t h e  
NSSL Doppler r a d a r  a t  Norman, Okla. The r e f l e c t i v i t y  d a t a  have been i n t e r p o l a t e d  t o  
a c o n s t a n t  a l t i t u d e  of 4.5 km (14 800 f t ) ,  whereas t h e  a i r p l a n e  a l t i t u d e  a t  t h e  t i y e  
of the s t r i k e  w a s  5 km ( 1  6 400 f t )  . The t i m e  of t h e  s t r i k e  and t h e  accompanying D 
measurement are i n d i c a t e d  by a l i g h t n i n g  symbol and c i rc le  on t h e  ground t r a c k .  As 
can be seen,  t h e  a i r p l a n e  w a s  i n  an  area i n d i c a t i n g  20 dBZ of r e f l e c t i v i t y .  
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S t r i k e s  2 and 3, f l i g h t  80-019, June 17, 1980.- Two d i r ec t  l i g h t n i n g  s t r i k e s  
o c c u r r e d - d u r i n g  the second f l i g h t  on June 17, 1980. During a t u r n  180° t o  t h e  r i g h t  
t o  begin  a p e n e t r a t i o n ,  a direct  s t r i k e  t o  t h e  nose boom occurred.  The p i l o t  
r e p o r t e d  t h a t  the s t r i k e  h i t  t h e  nose boom and t h e  streamer s w e p t  down both  s i d e s  of 
the a i r p l a n e .  Because t h e  l i g h t n i n g  produced no a d v e r s e  effects ,  t h e  f l i g h t  con- 
t i n u e d .  
s t r i k e .  On a subsequent  p e n e t r a t i o n ,  a second d i r e c t  l i g h t n i n g  s t r i k e  occurred.  The 
p i l o t  r e p o r t e d  a - d i r e c t  s t r i k e  t o  t h e  nose boom which "ducked under" t h e  nose of t h e  
a i r c r a f t .  The D s e n s o r  recorded a t r a n s i e n t  s imul taneous  w i t h  t h e  p i l o t ' s  c a l l  on 
t h e  r a d i o .  

The d i r e c t - s t r i k e - l i g h t n i n g  i n s t r u m e n t a t i o n  system d i d  n o t  respond t o  t h i s  

The l i g h t n i n g  a t t a c h m e n t  p o i n t  l o c a t i o n s  are shown i n  f i g u r e  7. Based on t h e  
p i l o t  comments, the a t t a c h m e n t  p o i n t s  plotted i n  f i g u r e  8 w e r e  a s c r i b e d  t o  s t r i k e  2. 
The s m a l l  "x" symbols i n  f i g u r e s  7 and 8 d e n o t e  a t t a c h m e n t  p o i n t s  on t h e  u n d e r s i d e  
of the wing, and the s m a l l ,  s o l i d  symbols denote  p o i n t s  on t h e  near  s i d e  of t h e  air-  
p lane .  Some of the cosmetic damage i s  shown i n  t h e  photographs of f i g u r e  9. The 
s p i n d l e  of t h e  s i d e s l i p  vane, which w a s  mounted i n  t h e  ver t ica l  p l a n e  benea th  t h e  
nose  boom, w a s  p i t ted  (f ig .  9 ( a ) ) .  The burn marks on t h e  t r a i l i n g  edge of t h e  l e f t  
e levon and t h e  l e f t  wing t i p  are shown i n  f i g u r e s  9 ( b )  and 9 ( c ) .  The l i g h t n i n g  
s t r i k e  s c e n a r i o  f o r  s t r i k e  2 is  g iven  i n  f i g u r e  IO.  For t h i s  s t r i k e ,  t h e  i n i t i a l  
e n t r y  and e x i t  p o i n t s  are presumed t o  have occurred  on t h e  nose boom. Although t h e  
s i d e s l i p  vane may have a c t u a l l y  been involved  i n  s t r i k e  3 r a t h e r  t h a n  i n  s t r i k e  2, 
t h e  i n i t i a l  e n t r y  and e x i t  p o i n t s  f o r  s t r i k e  2 probably  s t i l l  occurred  somewhere on 
t h e  nose boom because of t h e  geometry of t h e  p o i n t s .  In  t h i s  s t r i k e ,  as t h e  a i r p l a n e  
moved forward,  t h e  e n t r y  p o i n t  s w e p t  down t h e  r i g h t  s i d e  of t h e  f u s e l a g e  and benea th  
t h e  r i g h t  wing across t h e  midspan area ( f i g .  8 ) .  The e x i t  p o i n t ,  on t h e  o t h e r  hand, 
swept back t o  t h e  l e f t  wing, where t h e  f l a s h  branched. One branch s w e p t  down t h e  
l e a d i n g  edge t o  t h e  wing t i p  and t h e  o t h e r  branch s w e p t  across t h e  t o p  of t h e  wing i n  
the midspan area. The g e n e r a l  o r i e n t a t i o n  of t h e  channel  ( f i g .  10)  gave a n  e n t r y  
from b e l o w  and t o  t h e  r i g h t  of t h e  a i r p l a n e ,  w i t h  a n  e x i t  o f f  t h e  e x t r e m i t i e s  upwards 
t o  t h e  l e f t .  The e x i t  p o i n t s  w e r e  presumed t o  be on t h e  l e f t  wing because more 
s e v e r e  damage w a s  found on t h e  l e f t  e levon and t h e  l e f t  wing t i p  than w a s  found on 
t h e  t r a i l i n g  edge of t h e  r i g h t  e levon.  These f a c t o r s ,  i n  c o n j u n c t i o n  wi th  p i l o t  
comments f o r  s t r i k e s  2 and 3, make t h i s  and t h e  f o l l o w i n g  s c e n a r i o  f o r  s t r i k e  3 t h e  
m o s t  probable s c e n a r i o s  for  r e s o l v i n g  t h e  t w o  sets of a t t a c h m e n t  p o i n t  d a t a  g i v e n  
i n  f i g u r e  7. P r e c i p i t a t i o n  r e f l e c t i v i t y  contours  from ground-based r a d a r s  w e r e  n o t  
a v a i l a b l e  f o r  t h i s  p e n e t r a t i o n ;  however, the a i r b o r n e  r a d a r  showed p r e c i p i t a t i o n  
r e f l e c t i v i t y  v a l u e s  less t h a n  45 dBZ. 

Those p o i n t s  believed t o  have been caused by s t r i k e  3 are shown i n  f i g u r e  11. 
These p o i n t s  i n c l u d e d  t h o s e  found on t h e  under-nose P i t o t - s t a t i c  head and on t h e  VHF 
r a d i o  an tenna  on t h e  bottom of the f u s e l a g e  benea th  t h e  c o c k p i t .  The r e s u l t i n g  
l i g h t n i n g  s c e n a r i o  is  shown i n  f i g u r e  12. The i n i t i a l  e n t r y  and e x i t  p o i n t s  o c c u r r e d  
on t h e  nose boom, w i t h  the e n t r y  p o i n t  sweeping back a l o n g  t h e  f u s e l a g e  j u s t  b e l o w  
t h e  r i g h t  canopy r a i l  and t h e  e x i t  p o i n t  sweeping undernea th  the f u s e l a g e  t o  t h e  t w o  
probes under  t h e  nose. The channel  w a s  o r i e n t e d  f r o m  upper  r i g h t  t o  l o w e r  lef t .  

Photographs of t h e  a t t a c h m e n t  p o i n t s  a t  t h e  j u n c t i o n  between t h e  m e t a l  nose boom 
and t h e  f iberglass radome and a t  t h e  VHF r a d i o  an tenna  are p r e s e n t e d  i n  f i g u r e s  1 3 ( a )  
and 1 3 ( b ) .  The radome damage c o n s i s t e d  of a vapor ized  area a b o u t  2.0 c m  (0.8 i n . )  i n  
diameter j u s t  a f t  of t h e  nose-boom f i t t i n g .  N o  p u n c t u r e  occurred ,  however. The VHF 
r a d i o  an tenna  ( f ig .  1 3 ( b ) )  had a burn mark on t h e  l e a d i n g  edge and a burn on t h e  s i d e  
of t h e  a n t e n n a  4.1 c m  (1.6 i n . )  a f t  of the l e a d i n g  edge. The thermal  d i s c o l o r a t i o n  
on the b l a c k  p a i n t  is visible.  (The e x t e n s i v e  e r o s i o n  of t h e  b l a c k  p a i n t  a l o n g  t h e  
l e a d i n g  edge w a s  caused  by r a i n . )  
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The a i r p l a n e  ground t r a c k  and t h e  p r e c i p i t a t i o n  r e f l e c t i v i t y  c o n t o u r s  f o r  t h e  
second p e n e t r a t i o n  of f l i g h t  80-019 are shown i n  f i g u r e  14. For t h i s  p e n e t r a t i o n ,  
t h e  r e f l e c t i v i t y  d a t a  have been i n t e r p o l a t e d  to  a c o n s t a n t  a l t i t u d e  of 4.5 km 
(14 800 f t ) .  ( A i r p l a n e  a l t i t u d e  a t  t h e  t i m e  of t h e  s t r i k e  w a s  4.8 k m  (15  900 f t ) . )  
A t  t h e  t i m e  of t h e  s t r i k e ,  denoted by t h e  l i q h t n i n g  symbol and c i rc le ,  t h e  a i r p l a n e  
w a s  on t h e  edge of a 20-dBZ contour .  During t h e  p e n e t r a t i o n ,  t h e  a i r p l a n e  f l e w  
w i t h i n  about  4 t o  13 k m  ( 2  t o  7 n.mi.1 of t w o  40-dBZ c o n t o u r s .  

Nearby f l a s h e s  1 t o  4, f l i g h t  80-023, J u l y  22, 1980.- On t h e  second p e n e t r a t i o n  
of t h i s  f l i g h t ,  th ree-  l i g h t n i n g  t r a n s i e n t s  w e r e  recorded  onboard t h e  airplane , 
a l though no d i r e c t  l i g h t n i n g  s t r i k e s  occurred.  The a i r p l a n e  ground t r a c k  d u r i n g  t h e  
second p e n e t r a t i o n  is shown i n  f i g u r e  15 superimposed on t h e  p r e c i p i t a t i o n  r e f l e c t i v -  
i t y  contours  measured by t h e  WFC SPANDAR. The r e f l e c t i v i t y  v a l u e s  approximate t h o s e  
a t  t h e  nominal p e n e t r a t i o n  a l t i t u d e  of 4.6 km (15 000 f t )  because t h e  SPANDAR w a s  a t  
a tilt a n g l e  of Oo. Accounting f o r  c u r v a t u r e  of t h e  E a r t h ,  the r e f l e c t i v i t y  d a t a  
w e r e  sampled a t  a h e i g h t  of  305 m (1000 f t )  i n  t h e  middle of t h e  storm shown i n  f i g -  
u r e  15. 
f i g u r e  15. On t h e  f i r s t  f l a s h ,  t h e  B s e n s o r  recorded  a waveform, whereas t h e  D 
s e n s o r  recorded  a waveform on each of t h e  n e x t  t w o  f l a s h e s .  A t  c loud e n t r y  
(20:34:08 Greenwich mean t i m e  (GMT) ), t h e  p i l o t  r e p o r t e d  "downdraft ,  heavy r a i n . "  

A t  20: 34: 33 GMT t h e  p i l o t  r e p o r t e d  " a u d i b l e  and v i s i b l e  l i g h t n i n g ,  t u r b u l e n c e ,  r a i n ,  
good t u r b u l e n c e ,  good r a i n ,  2500 f t /min  updraf t . "  A t  20:34:55 GMT, " lots  of  r a i n ,  
f l a s h e s  a l l  around" w a s  r e p o r t e d .  A t  t h e  end of t h e  p e n e t r a t i o n ,  t h e  p i l o t  summa- 
r i z e d  t h e  run as "no d i r e c t  s t r i k e s ,  b u t  heavy r a i n . "  According t o  t h e  approximate 
r e f l e c t i v i t y  va lues  given i n  f i g u r e  15, t h e  f i r s t  two nearby f l a s h e s  occurred  i n  t h e  
core of t h e  s torm i n  30 t o  40 dBZ of r e f l e c t i v i t y ,  and t h e  t h i r d  nearby f l a s h  
o c c u r r e d  on t h e  f r i n g e s  of t h e  s torm i n  less t h a n  10 dBZ of r e f l e c t i v i t y .  

The t h r e e  nearby f l a s h e s  a r e . i n d i c a t e d  by t h e  symbols on t h e  ground t r a c t  i n  

A t  t h e  beginning  of th? seventh  p e n e t r a t i o n  on f l i g h t  80-023, t h e  f o u r t h  nearby  
f l a s h  was recorded by t h e  D s e n s o r .  The a i r p l a n e  ground t r a c k  and WFC SPANDAR 
r e f l e c t i v i t y  c o n t o u r s  f o r  t h i s  p e n e t r a t i o n  a r e  shown i n  f i g u r e  16. The waveform was 
recorded c o i n c i d e n t  wi th  t h e  p i l o t  report " j u s t  going i n t o  c l o u d ,  s t a r t i n g  t o  r a i n . "  
No mention w a s  made of l i g h t n i n g ,  however. According t o  t h e  d a t a  i n  f i q u r e  16, t h e  
a i r p l a n e  w a s  i n  less than 10 dBZ of r e f l e c t i v i t y  a t  t h e  t i m e  of t h e  f l a s h .  

This  storm was w i t h i n  range of t h e  s l o w - e l e c t r i c - f i e l d - c h a n g e  system o p e r a t e d  by 
NASA Goddard Space F l i g h t  Center  a t  WFC, and r e c o r d s  of s low e l e c t r i c - f i e l d  changes 
and RF r a d i a t i o n  w e r e  o b t a i n e d  f o r  t h i s  storm. These d a t a  a r e  p r e s e n t e d  i n  r e f e r -  
ence 33, where t h e  i d e n t i f i a b l e  l i q h t n i n g  e v e n t s  i n  1-minute i n t e r v a l s  w e r e  counted.  
The number of e v e n t s  w a s  p l o t t e d  as a f u n c t i o n  of t i m e  and w a s  used t o  de te rmine  
a f l a s h i n g  rate f o r  t h i s  s torm.  Nearby f l a s h e s  1 to  3 o c c u r r e d  d u r i n g  a peak i n  t h e  
a c t i v i t y ,  and nearby f l a s h  4 occurred  a f t e r  t h e  peak,  probably  d u r i n q  t h e  decaying  
phase of t h i s  par t icu lar  cell .  The waveforms of t h e  slow e l e c t r i c - f i e l d  d a t a  mea- 
s u r e d  a t  t h e  ground w e r e  s u g g e s t i v e  of i n t r a c l o u d  l i g h t n i n g  a t  t h e  t i m e s  of nearby 
f l a s h e s  1 ,  2, and 4, and of cloud-to-ground l i g h t n i n g  a t  t h e  t i m e  of nearby f l a s h  3. 
I n  a d d i t i o n ,  a t  20:34:33 GMT (when t h e  p i l o t  r e p o r t e d  " a u d i b l e  and v i s i b l e  l i g h t -  
n i n g " ) ,  a f i e l d  change s u g g e s t i v e  of an i n t r a c l o u d  d i s c h a r g e  was recorded.  It should  
be noted t h a t  nearby f l a s h  1 showed r e l a t i v e l y  poor c o r r e l a t i o n  wi th  an e lectr ic-  
f i e l d  change measured on t h e  ground, as d e s c r i b e d  i n  r e f e r e n c e  33. A thorough p o s t -  
f l i g h t  i n s p e c t i o n  of t h e  a i r p l a n e  d i d  n o t  r e v e a l  any ev idence  of a d i r e c t  l i g h t n i n g  
s t r i k e  d u r i n g  t h i s  f l i g h t .  

S t r i k e  4 and nearby f l a s h  5, f l i g h t  80-029, August 12, 1980.- The storm of 
i n t e r e s t  on August 1 2 ,  1980, w a s  imbedded w i t h i n  a widespread area of p r e c i p i t a t i o n  
o v e r  t h e  A t l a n t i c  Ocean eas t  of V i r g i n i a  Beach, Va. The storm w a s  t o o  f a r  from t h e  
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WFC SPANDAR t o  r e c o r d  t h e  r e f l e c t i v i t y  d a t a ,  and t h e  AIS and t h e  INS had been removed 
f o r  repair; however, t h e  D L i t e  system w a s  o p e r a t i o n a l ,  and a l t i t u d e  w a s  t aken  from 
t h e  p i l o t ' s  notes .  While r e v e r s i n g  c o u r s e  a t  a n  e s t i m a t e d  a l t i t u d e  of 5.2 km 
(17 000 f t ) ,  a v i s u a l l y  s p e c t a c u l a r  s t r i k e  occurred .  The f l i g h t  observer  d e s c r i h e d  
t h e  s t r i k e  as f o l l o w s :  'I... a f l a s h  of l i g h t n i n g  appeared overhead, moving from 
r i g h t  t o  l e f t .  The channel  seemed t o  d i p  down i n  t h e  middle towards t h e  a i r c r a f t .  
A s  t h e  a i r c r a f t  moved forward, t h e  channel  seemed to  break  up i n  slow motion, l e a v i n g  
chunks of wispy yel low plasma suspended i n  t h e  a i r ,  d r i f t i n g  by t h e  c o c k p i t .  P r i o r  
t o  breakup,  t h e  channel  w a s  yel low and appeared t o  be a t i g h t  h e l i x .  A t  f i r s t ,  we 
w e r e n ' t  s u r e  t h e  channel  had a c t u a l l y  s t r u c k  t h e  a i r p l a n e .  Although w e  had j u s t  come 
through a n  area of t u r b u l e n c e ,  r a i n ,  and v i s i b l e  l i g h t n i n g ,  the r i d e  w a s  q u i t e  
smooth, w i t h  o n l y  l i g h t  r a i n  a t  t h e  t i m e  of t h e  s t r i k e . "  The l i g h t n i n g  a t tachment  
p o i n t  l o c a t i o n s  are shown i n  f i g u r e  17, and t h e  cor respondinq  l i g h t n i n g  s c e n a r i o  is 
shown i n  f i g u r e  18. No  l i g h t n i n g  e x i t  p o i n t  could be found f o r  s t r i k e  4. Although 
no a t tachment  p o i n t s  w e r e  found on t h e  nose boom, it is  b e l i e v e d  t h a t  t h e  i n i t i a l  
e n t r y  p o i n t  could  have been on t h e  nose boom because of t h e  l o w  p r o b a b i l i t y  of a n  
i n i t i a l  e n t r y  o c c u r r i n g  on t h e  canopy overhead r a i l ,  where t h e r e  are no pro tuber -  
ances .  The main l i q h t n i n g  channel  overhead w a s  very  h r i g h t  and could have s h i e l d e d  a 
smaller l e a d e r  t o  t h e  nose. R e f e r r i n g  t o  t a b l e  I V ,  one can see t h a t  t h i s  w a s  t h e  
second d i r e c t  l i g h t n i n g  s t r i k e  i n  which no l i g h t n i n g  waveforms w e r e  measured. 

During t h e  second p e n e t r a t i o n ,  t h e  D s e n s o r  recorded  a waveform (nearby  
f l a s h  5)  a t  an  e s t i m a t e d  a l t i t u d e  of 5.8 km (19 000 f t ) .  A t  21:07:00 GMT, t h e  p i l o t  
had c a l l e d  "good l i g h t n i n g  - real  close." A t  21:09:00 GMT, t h e  p i l o t  s a i d  " l o t s  of 
l i g h t n i n g ,  more t u r b u l e n c e ,  3000 f t /min downdraft ."  

Nearby f l a s h  6 , - f l i g h t  80-030, August 15, 1980.- The s t o r m  of i n t e r e s t  on 
August 15, 1980, w a s  l o c a t e d  over  e a s t e r n  North C a r o l i n a  approximate ly  50 km 
(27  n.mi.) w e s t  and 100 km (54 n.mi.) s o u t h  of WFC. The extreme d i s t a n c e  from WFC 
n e c e s s i t a t e d  a nominal p e n e t r a t i o n  a l t i t u d e  of 6.4 km (21 000 f t )  t o  provide  l i n e -  
o f - s i g h t  communications t o  p r o j e c t  c o n t r o l  a t  LaRC and t o  t h e  SPANDAR c r e w .  The 
SPANDAR provided s o m e  real-time guidance t o  t h e  f l i g h t  c r e w ,  h u t  t h e  p i l o t  r e l i e d  
mostly on t h e  onboard weather  r a d a r  and v i s u a l  c loud  r e f e r e n c e s .  A s  was t h e  c a s e  
wi th  f l i g h t  80-029, t h e  s t o r m  w a s  too d i s t a n t  f o r  r e c o r d i n g  r e f l e c t i v i t y  d a t a  by t h e  
SPANDAR and t h e  INS w a s  n o t  used;  t h e r e f o r e ,  p i t c h  and bank a n g l e s  w e r e  n o t  recorded.  
(See table  I V . )  . 

During t h e  f o u r t h  p e n e t r a t i o n  a t  an  a l t i t u d e  of 6.4 km (21 000 f t ) ,  t h e  B 
s e n s o r  recorded  a t r a n s i e n t .  T h i r t y  seconds p r i o r  t o  t h e  f l a s h ,  t h e  p i l o t  had 
r e p o r t e d  a " l i t t l e  glow" i n  t h e  c louds .  Right  a f t e r  t h e  nearby f l a s h ,  he r e p o r t e d  
heavy r a i n  and moderate turbulence .  S i g n i f i c a n t l y ,  t h e  p i l o t  a l s o  said "s t i l l  no 
s i g n i f i c a n t  l i g h t n i n g  t o  speak o f "  i n  d e s c r i b i n g  t h e  f l i g h t  up t o  t h a t  t i m e .  
Although areas of r e f l e c t i v i t y  i n  e x c e s s  of 50 dBZ w e r e  i d e n t i f i e d  i n  t h e  s torm by 
t h e  SPANDAR and by t h e  onboard r a d a r ,  t h e  a i r p l a n e  w a s  never  i n  an  area exceeding  
50 dBZ. 

S t r i k e  5, f l i g h t  80-036, September 1, 1980.- On September 1, 1980, t h e  a i r p l a n e  
f l e w  i n t o  a " p e r f e c t ,  i s o l a t e d  s t o r m "  approximate ly  160 km (86  n.mi.1 w e s t  and 230 km 
(124 n.mi.) s o u t h  of WFC. A nominal p e n e t r a t i o n  a l t i t u d e  of 6.4 k m  (21 000 f t )  w a s  
a g a i n  chosen f o r  communications purposes .  The WFC SPANDAR w a s  n o t  able t o  p r o v i d e  
p o s t f l i g h t  c o n t o u r  d a t a  because of t h e  extreme range. 
t h e  a i r p l a n e  o c c u r r e d  which s i m u l t a n e o u s l y  t r i g g e r e d  t h e  D and R s e n s o r s .  T h i s  
w a s  t h e  f i r s t  l i g h t n i n g  e v e n t  i n  which t w o  s e n s o r s  had recorded  s imul taneous  d a t a  
d u r i n g  t h e  Storm Hazards '80 Program. The p i lo t  s ta ted  t h a t  he "was  looking  r i g h t  a t  
t h e  nose - a s m a l l  one [ s t r i k e ] . "  A series of s o f t  c r a c k l e s  can  be heard  on t h e  

A d i r e c t  s t r i k e  t o  t h e  nose of 
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v o i c e  tape a t  t h e  t i m e  of t h e  s t r i k e .  The p e n e t r a t i o n  o n l y  l a s t e d  41 sec from cloud 
e n t r y  t o  c loud  e x i t ,  w i t h  t h e  s t r i k e  o c c u r r i n g  2 sec a f t e r  c loud  e n t r y .  Immediately 
p r i o r  to  cloud e x i t ,  $he p i l o t  r e p o r t e d  " lots  of t u r b u l e n c e ,  n o t  much p r e c i p i t a t i o n . ' '  
All t h a t  could be determined from t h e  a i r b o r n e  weather  radar w a s  t h a t  t h e  a i r p l a n e  
w a s  i n  p r e c i p i t a t i o n  r e f l e c t i v i t i e s  less than  50 dBZ throuqhout  the p e n e t r a t i o n ,  
a l though t h e  a c t u a l  r e f l e c t i v i t y  v a l u e s  must have been much less. 

The l i g h t n i n g  s t r i k e  a t tachment  p o i n t s  and t h e  l i g h t n i n g  s t r i k e  s c e n a r i o  f o r  
s t r i k e  5 are g iven  i n  f i g u r e s  19 and 20. No e x i t  p o i n t  could  be i d e n t i f i e d  for  t h i s  
s t r i k e .  Although no e n t r y  p o i n t  could  be found on t h e  nose boom, t h e  i n i t i a l  e n t r y  
p o i n t  probably  o c c u r r e d  h e r e  because of t h e  geometry of t h e  p o i n t s  and t h e  p i l o t ' s  
comments. As t h e  a i r p l a n e  moved forward, t h e  e n t r y  p o i n t  jumped back t o  t h e  l e a d i n g  
edge of t h e  l e f t  wing and t o  t h e  unders ide  of t h e  wing a c r o s s  t h e  midspan area. The 
e n t r y  channel  hung o n t o  t h e  t r a i l i n g  edge of t h e  l e f t  e levon u n t i l  t h e  f l a s h  w a s  
over. The geometry of t h e  p o i n t s  i n d i c a t e s  t h e  f l a s h  s t r u c k  t h e  a i r p l a n e  from below 
and to  t h e  l e f t .  This  w a s  t h e  second s t r i k e  o c c u r r i n g  d u r i n g  1980 i n  which t h e  f l a s h  
s w e p t  back a c r o s s  t h e  midspan of t h e  wing wi th  no upstream a t t r a c t i n g  p o i n t .  The 
f l a s h  would normally be expec ted  t o  s w e e p  back a l o n g  t h e  wing l e a d i n g  edge t o  t h e  
wing t i p .  (See ref. 34.) 

S t r i k e s  6 t o  10, f l i g h t  80-038, September 3, 1980.- Five of t h e  t e n  d i r e c t  
l i g h t n i n g  s t r i k e s  t o  t h e  a i r p l a n e  i n  1980 occurred  d u r i n g  a s i n g l e  thunderstorm pene- 
t r a t i o n  through two a d j a c e n t  cells  on September 3, 1980. The storm w a s  approxi -  
mately 170 km (92 n.mi.) w e s t  and 180 km (97 n.mi.) s o u t h  of WFC over  North C a r o l i n a .  
Because of t h e  d i s t a n c e  from t h e  storm, t h e  WFC ground-based r a d a r s  could n o t  be 
used; t h e r e f o r e ,  p e n e t r a t i o n  guidance w a s  p rovided  by t h e  a i r b o r n e  weather  r a d a r .  To 
main ta in  voice  communications wi th  LaRC, an  a l t i t u d e  of 10.1 km ( 3 3  000 f t )  w a s  nec- 
e s s a r y .  The a i r b o r n e  weather r a d a r  i n d i c a t e d  two levels of r e f l e c t i v i t y  (30 t o  40  
and 40 t o  50 dBZ) a l o n g  t h e  a i r p l a n e  f l i g h t  path.  

Before t h e  . p r e c i p i t a t i o n  s t a r t e d ,  t h e  f i r s t  d i r e c t  s t r i k e  ( s t r i k e  6 )  o c c u r r e d ,  
w i t h  both t h e  B and I s e n s y s  r e c o r d i n g  waveforms. Two seconds l a te r  
(20:27:55.4 GMT) t h e  6 and I s e n s o r s  recorded  waveforms. The p i l o t  counted t h i s  
second s e t  of waveforms A t  20:28:04 GMT t h e  
p i l o t  s a i d  "maybe h i t  a g a i n , "  and t h e  B and I s e n s o r s  w e r e  t r i g g e r e d  a t  t h i s  t i m e  
( s t r i k e  8 ) .  His n e x t  comment w a s  "a l o t  of l i g h t n i n g  and a l o t  of t u r b u l e n c e ,  l o t  of 
p r e c i p i t a t i o n ,  h e r e  comes heavy r a i n . "  By 20:29:20 GMT t h e  r i d e  had smoothed o u t  and 
t h e  a i r p l a n e  w a s  between t h e  two cel ls ,  a l though s t i l l  i n  t h e  c louds .  The a i r b o r n e  
r a d a r  showed a d i s t a n c e  between cel ls  of 18.5 km (10 n.mi.). The t u r b u l e n c e  and r a i n  
w e r e  bo th  l i g h t .  J u s t  p r i o r  t o  pene t ra t ing . the . second $e l l ,  t h e  f o u r t h  s t r i k e  of t h e  
p e n e t r a t i o n  ( s t r i k e  9 )  occur red ,  wi th  t h e  D, B, and I s e n s o r s  a l l  responding.  
Immediately a f t e r w a r d ,  t h e  a i r p l a n e  f lew i n t o  heavy r a i n  and " lots  of tu rbulence ."  
In t h e  middle of t h i s  cell ,  t h e  f i f t h  s t r i k e  of t h e  p e n e t r a t i o n  ( s t r i k e  1 0 )  o c c u r r e d  
w i t h  t h e  same t h r e e  q u a n t i t i e s  measured as i n  s t r i k e  9. The p i l o t  then  e l e c t e d  t o  
t e r m i n a t e  t h e  p e n e t r a t i o n ,  t u r n i n g  n o r t h  t o  e x i t  t h e  storm. The a i r b o r n e  r a d a r  
showed two l e v e l s  of r e f l e c t i v i t y  (30  t o  40 and 40 t o  50 dBZ) d u r i n g  t h e  p e n e t r a t i o n .  

( s t r i k e  7) as p?rt of tQe f i r s t  s t r i k e .  

The l i g h t n i n g  a t tachment  p o i n t s  f o r  s t r i k e s  6 t o  10 are shown i n  f i g u r e  21. The 
p i l o t  comments w e r e  too s p a r s e  t o  a s s i g n  t h e  p o i n t s  t o  a p a r t i c u l a r  s t r i k e .  The 
f l i g h t  o b s e r v e r  thought  a l l .  t h e  s t r i k e s  occurred  a t  t h e  nose,  f a v o r i n g  t h e  l e f t  s i d e .  
The p i l o t ,  on t h e  o t h e r  hand, d i d  n o t  b e l i e v e  t h e  s t r i k e s  favored  e i t h e r  s i d e .  Note 
t h a t  t h e r e  is a s t r i n g  of p o i n t s  benea th  t h e  r i g h t  wing n e a r  t h e  wing-fuselage 
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j u n c t u r e .  Unlike t h e  a t tachment  p o i n t s  from s t r i k e s  2 and 5 on f l i g h t s  80-019 
and 80-036, a t tachment  po in t s  i n  t h i s  area of t h e  wing are n o t  unexpected because of 
t h e i r  p roximi ty  t o  t h e  a i r p l a n e  c e n t e r l i n e .  (See ref. 34.) 

DISCUSSION OF RESULTS 

A l t i t u d e  and Wmperature  

The p e n e t r a t i o n s ,  s t r i k e s ,  and nearby f l a s h e s  are plot ted as a f u n c t i o n  of a l t i -  
t u d e  i n  0.3-km (1000-f t )  a l t i t u d e  bands i n  f i g u r e  22. The p e n e t r a t i o n s  g e n e r a l l y  are 
d i v i d e d  i n t o  two groups centered a t  approximately 4.6 and 6.4 k m  (15 000 and 
21 000 f t ) ,  w i t h  a s i n g l e  p e n e t r a t i o n  a t  about 10.1 km ( 3 3  000 f t ) .  The p e n e t r a t i o n s  
c e n t e r e d  around 4.6 km r e f l e c t  t h e  procedure of  conduct ing  thunderstorm o p e r a t i o n s  a t  
or  n e a r  t h e  f r e e z i n g  level, where l i g h t n i n g  s t r i k e s  t o  o p e r a t i o n a l  a i r c r a f t  are 
expec ted  t o  be p r e v a l e n t .  (See ref.  11.) M o s t  of t h e  p e n e t r a t i o n s  c e n t e r e d  a t  about  
6.4 and 10.1 km w e r e  made d u r i n g  t h o s e  f l i g h t s  i n  which h i g h e r  a l t i t u d e s  w e r e  
r e q u i r e d  for communications purposes .  Five d i r e c t  l i g h t n i n g  s t r i k e s ,  r e p r e s e n t i n g  
one-half  of t h e  1980 l i g h t n i n g  s t r i k e s ,  occur red  d u r i n g  t h e  s i n q l e  p e n e t r a t i o n  
between 9.9 and 10.2 km (32 500 and 33 500 f t ) .  With so l i t t l e  d a t a ,  t h i s  p e n e t r a -  
t i o n  n a t u r a l l y  r e s u l t e d  i n  t h e  h i g h e s t  s t r i k e  ra te  of 5 s t r i k e s  p e r  p e n e t r a t i o n .  The 
n e x t  h i g h e s t  value w a s  0.32 s t r i k e  p e r  p e n e t r a t i o n  i n  t h e  a l t i t u d e  band from 4.7 t o  
5.0 k m  (15 500 to  16 500 f t ) .  

A t o t a l  of 233.03 minutes  was s p e n t  i n s i d e  t h e  c l o u d s  (c loud  e n t r y  to  cloud 
e x i t )  d u r i n g  t h e  Storm Hazards '80 Program. The d i s t r i b u t i o n  of p e n e t r a t i o n  t i m e  
w i t h  a l t i t u d e  i s  shown i n  f i g u r e  22. As would be expec ted ,  t h e  d i s t r i b u t i o n  of t i m e  
w i t h  a l t i t u d e  i s  very  similar t o  t h e  a l t i t u d e  d i s t r i b u t i o n  of t h e  p e n e t r a t i o n s .  The 
s i n g l e  h i g h - a l t i t u d e  p e n e t r a t i o n  l a s t e d  4.27 minutes.  When t h e  ratios of s t r i k e s  per 
minute are computed, t h e  s t r i k e  rates range from a h i g h  of 1.2 s t r i k e s  per minute f o r  
t h e  h i g h - a l t i t u d e  p e n e t r a t i o n  t o  a b o u t  0.1 s t r i k e  per minute f o r  t h e  o t h e r  t h r e e  
a l t i t u d e  bands i n  which s t r i k e s  occurred .  

The d i s t r i b u t i o n  of l i g h t n i n g  e v e n t s  w i t h  ambient tempera ture  is p l o t t e d  i n  f i g -  
u re  23. S i x  of t h e  t e n  d i r e c t  l i g h t n i n g  s t r i k e s  o c c u r r e d  a t  tempera tures  c o l d e r  than  
-2OoC, whereas p u b l i s h e d  a i r c r a f t  l i g h t n i n g  s t r i k e  s t a t i s t i c s  (ref. 11) i n d i c a t e  t h a t  
m o s t  r e p o r t e d  l i g h t n i n g  s t r i k e s  t o  a i r c r a f t  have o c c u r r e d  a t  or near  t h e  f r e e z i n g  
l e v e l .  Only two d i r e c t  l i g h t n i n g  s t r i k e s  and f i v e  nearby f l a s h e s  occurred  a t  
tempera tures  between O°C and -1OOC. The l i g h t n i n g  s t r i k e  t r e n d  shown by t h e s e  d a t a  
is  i n  g e n e r a l  agreement,  however, wi th  t h e  r e s u l t s  of r e f e r e n c e s  35 and 36, i n  which 
t h e  maximum l i g h t n i n g  a c t i v i t y  i n  thunderstorms w a s  found t o  occur  nea r  9.1 km 
(30  000 f t )  a t  a b o u t  -4OOC. The d i f f e r e n c e s  between s ta t is t ics  such as t h o s e  i n  
r e f e r e n c e  11 and t h e  d a t a  i n  references 35 and 36 w e r e  r e l a t e d  t o  t h r e e  f e a t u r e s  of  
normal o p e r a t i o n s  of commercial aircraft: avoidance of obvious thunderstorm areas; 
t h e  d u r a t i o n  of l o w e r  a l t i t u d e  h o l d i n g  p a t t e r n s  i n  bad t e r m i n a l  weather ;  and f re-  
quency of i n s t r u m e n t  f l i g h t  r u l e s  (IFR) a l t i t u d e  assignments .  Therefore ,  t h e  l i g h t -  
n ing  even t  d i s t r i b u t i o n  w i t h  t empera ture  found i n  the Storm Hazards Program may be 
t h e  r e s u l t  of the h i g h e r  p e r c e n t a g e  of f l i g h t  t i m e  s p e n t  by the r e s e a r c h  a i r p l a n e  a t  
a l t i t udes  above t h e  f r e e z i n g  level compared w i t h  t h e  l o w  percentage  of t i m e  s p e n t  a t  
t h e s e  a l t i t u d e s  by commercial aircraft  d u r i n g  weather  p e n e t r a t i o n s  i n  r o u t i n e  opera-  
t i o n s .  These f i n d i n g s  i n d i c a t e  t h a t  f u t u r e  Storm Hazards Program miss ions  should  
c o n c e n t r a t e  on thunderstorm p e n e t r a t i o n s  a t  h i g h e r  a l t i t u d e s  and c o l d e r  tempera tures  
t o  maximize t h e  a i r p l a n e  l i g h t n i n g  s t r i k e  rate.  
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Turbulence and P r e c i p i t a t i o n  

In g e n e r a l ,  t h e  l i g h t n i n g  e v e n t s  occurred  i n  areas of t h e  thunderstorms i n  which 
t h e  p i lo t s  c h a r a c t e r i z e d  t h e  t u r b u l e n c e  as l i g h t  to  moderate and t h e  r a i n f a l l  as 
moderate. However, some of t h e  l i g h t n i n g  e v e n t s  took place w i t h  no t u r b u l e n c e  and no 
p r e c i p i t a t i o n ,  and s t i l l  o t h e r s  took place i n  heavy r a i n  and heavy turbulence .  A l l  
t h e  l i g h t n i n g  e v e n t s  o c c u r r e d  i n s i d e  t h e  c loud  boundar ies ,  a l t h o u g h  one d i r e c t  
l i g h t n i n g  s t r i k e  ( s t r i k e  5)  o c c u r r e d  o n l y  2 sec a f t e r  c loud  e n t r y .  These d a t a  i n d i -  
cate a poor c o r r e l a t i o n  of l i g h t n i n g  s t r i k e s  w i t h  t u r b u l e n c e  and p r e c i p i t a t i o n .  me 
r e s u l t s  of t h e  Storm Hazards '80 Program s u p p o r t  t h e  f o l l o w i n g  c o n c l u s i o n s  made i n  
t h e  Storm Hazards '78  Program (ref .  1 ) : t h e  p r e s e n c e  and l o c a t i o n  of l i g h t n i n g  d o  
n o t  n e c e s s a r i l y  i n d i c a t e  t h e  presence  and l o c a t i o n  of hazardous p r e c i p i t a t i o n  and 
t u r b u l e n c e .  

S t r i k e  P a t t e r n s  

In  a d d i t i o n  t o  t h e  l i g h t n i n g  s t u d i e s  u s i n g  t h e  NASA F-106B a i r p l a n e ,  l i g h t n i n g  
a t t a c h m e n t  p o i n t s  w e r e  a lso l o c a t e d  on t h r e e  U.S. Air Force F-106A a i r p l a n e s  t h a t  
w e r e  s t r u c k  d u r i n g  miss ions ,  as d e s c r i b e d  i n  t h e  appendix.  The l igh tn ing-a t tachment -  
p o i n t  p a t t e r n s  on t h e  t h r e e  U.S. Air Force a i r p l a n e s  w e r e  s imi l a r  t o  t h o s e  found on 
t h e  NASA a i r p l a n e .  This s t u d y  p r o v i d e s  f u r t h e r  i n s i g h t s  i n t o  t h e  way i n  which a n  
a i r p l a n e  i n t e r a c t s  w i t h  a l i g h t n i n g  s t r i k e  channel ,  e s p e c i a l l y  t h e  manner i n  which 
f l a s h e s  sweep a f t  from i n i t i a l  l i g h t n i n g  a t tachment  p o i n t s .  These d a t a  conf i rm t h a t  
i n i t i a l  e n t r y  and e x i t  p o i n t s  f r e q u e n t l y  occur  a t  a i r p l a n e  e x t r e m i t i e s ,  i n  t h i s  
case t h e  nose boom, t h e  wing t i p s ,  and t h e  v e r t i c a l - f i n  cap. H o w e v e r ,  o n l y  3 of  
10 s t r i k e s  a c t u a l l y  had confirmed i n i t i a l  e n t r i e s  a t  t h e  nose boom. Swept-f lash 
a t tachment  p o i n t s  w e r e  observed a l o n g  t h e  f u l l  l e n g t h  of  t h e  f u s e l a g e ,  as is common 
i n  o t h e r  a i r p l a n e s  of t h i s  g e n e r a l  s i z e ,  f o l l o w i n g  i n i t i a l  s t r i k e s  a t  t h e  nose. 
Unexpectedly, 20 p e r c e n t  of t h e  f l a s h e s  s w e p t  a f t  across t h e  midspan s u r f a c e s  of  t h e  
d e l t a  wing ( s t r i k e s  2 and 5, f i g s .  8 and 1 9 ) .  Swept-stroke a t tachments  a c r o s s  
unswept wings on a i r p l a n e s  w i t h o u t  upstream a t t a c h m e n t  p o i n t s  such as engine  n a c e l l e s  
or drop  t a n k s  are ext remely  rare (see ref. 3 4 ) ,  and o n l y  a few midspan s t r i k e s  t o  
o t h e r  del ta-wing a i r p l a n e s  have been r e p o r t e d .  

L i g h t n i n g  Dwell Times 

D w e l l  t i m e s  w e r e  computed for t h e  i n d i v i d u a l  swept - f lash  a t tachment  p o i n t s  fo r  
s t r i k e s  1 t o  5, which w e r e  t h e  s t r i k e s  for which t h e  l i g h t n i n g  a t tachment  p o i n t s  
could be i n d i v i d u a l l y  i d e n t i f i e d .  A t y p i c a l  s e t  of dwell- t ime computat ions is  
shown i n  table V, i n  which t h e  dwell t i m e s  for  each of t h e  p o i n t s  f o r  s t r i k e  1 ,  
f l i g h t  80-018, are given.  The cor responding  l i g h t n i n g  a t t a c h m e n t  p o i n t s ,  p l o t t e d  
i n  f i g u r e  3, are numbered i n  table V i n  sequence from t h e  t i p  of t h e  nose boom a f t  
a long  t h e  a i r p l a n e .  For t h e  f i v e  s t r i k e s  ana lyzed ,  dwel l  t i m e s  a t  i n d i v i d u a l  
a d j a c e n t  swept - f lash  a t tachment  p o i n t s  ranged from 1 t o  6 msec on p a i n t e d  metal s u r -  
f a c e s .  Higher dwel l  times occurred ,  however, where t h e  s w e p t  f l a s h e s  jumped across 
t h e  f i b e r g l a s s  radome o r  jumped from t h e  f u s e l a g e  t o  a wing. This  e f f e c t  can he seen  
a t  p o i n t s  2 and 13  i n  table V (12.6 and 10.3 msec, r e s p e c t i v e l y ) .  P o i n t s  2 and 3 
b r a c k e t  t h e  radome, and p o i n t s  1 3  and 14 b r a c k e t  t h e  jump of t h e  f l a s h  across t h e  
engine  i n l e t  from t h e  f u s e l a g e  to  t h e  l e f t  wing. 

The maximum d e p t h  of p e n e t r a t i o n  i n t o  a p a i n t e d  aluminum s k i n  w a s  approximate ly  
0.06 c m  (0.025 i n . )  i n  a s k i n  0.15 c m  (0.059 i n . )  t h i c k .  A photograph of t h i s  p o i n t  
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i s  g iven  i n  f i g u r e  4 ( c ) ,  and t h e  l o c a t i o n  of t h e  p o i n t  is shown i n  f i g u r e  3. The 
p e n e t r a t i o n  d e p t h s  on unpain ted  s u r f a c e s  should  be less t h a n  on p a i n t e d  s u r f a c e s  for  
t h e  reasons  g iven  i n  r e f e r e n c e  11. The dwell-t ime d a t a  p r e s e n t e d  i n  r e f e r e n c e  11 
show that bare metall ic e x t e r n a l  f i n i s h e s  have t h e  l o w e s t  dwel l  t i m e s ,  s i n c e  m o s t  
p a i n t s  and o t h e r  c o a t i n g s  act  t o  c o n c e n t r a t e  t h e  a t tachment  a t  more widely s e p a r a t e d  
p o i n t s  for  c o r r e s p o n d i n g l y  longer  t i m e s  than  does a bare s u r f a c e .  Although t h e  p o i n t  
shown i n  f i g u r e  4 ( c )  o c c u r r e d  i n  t h e  middle of a smooth wing panel ,  m o s t  of t h e  
swept-f lash a t t a c h m e n t s  o c c u r r e d  e i t h e r  a t  t h e  edges of f l u s h  r i v e t s  or f a s t e n e r s  
(even when t h e s e  w e r e  c o a t e d  w i t h  p a i n t  and i n v i s i b l e  t o  t h e  e y e )  or a t  e x t e r n a l  
an tennas  and probes .  

The swept - f lash  a t tachment  p a t h s  and burn marks found i n  t h i s  program i n d i c a t e  
t h a t  the midspan areas of swept-wing a i r p l a n e s  may be more s u s c e p t i b l e  t o  l i g h t n i n g  
a t tachment  t h a n  is c u r r e n t l y  be l ieved .  If so, g r e a t e r  a t t e n t i o n  t o  l i g h t n i n g  protec- 
t i o n  may be r e q u i r e d  for  t h e  i n t e r n a l  s t r u c t u r e  and t h e  e x t e r n a l  wing s u r f a c e s  of  
i n t e g r a l  wing f u e l  t a n k s  i n  swept-wing a i r p l a n e s  now b e i n g  designed,  e s p e c i a l l y  when 
composite materials and adhes ive  bonding w i l l  be used. 

Because of t h e  absence of wel l -def ined  ev idence  of r e t u r n - s t r o k e  f l a s h  a t t a c h -  
ments on the a i r p l a n e  f o r  t h e  10 s t r i k e s ,  it w a s  n o t  possible to  determine t h e  d i s -  
t a n c e  swept by the l i g h t n i n g  leader p r i o r  to  r e t u r n - s t r o k e  a r r iva l  a t  t h e  a i r p l a n e .  
However, i n  s t r i k e  2 ( f i g .  8 ) ,  t h e  appearance of a l o c a l i z e d  "splatter" of a t t a c h m e n t  
p o i n t s  a t  t h e  r ight-wing l e a d i n g  edge s u g g e s t s  a possible r e t u r n - s t r o k e  a t tachment ,  
o r  c u r r e n t  peak, a t  t h i s  l o c a t i o n .  The p h y s i c a l  marks l e f t  by a l l  t h e  s t r i k e s  
i n d i c a t e  t h e y  w e r e  of l o w  i n t e n s i t y ,  i n s u f f i c i e n t  t o  produce n o t i c e a b l e  damage t o  t h e  
s u r f a c e s  of a metal a i rcraf t .  

L i g h t n i n g  P r o t e c t i o n  

There w e r e  no a d v e r s e  e f f e c t s  t o  t h e  a i r p l a n e  or t h e  f l i g h t  c r e w  from any of t h e  
d i r e c t  l i g h t n i n g  s t r i k e s  or nearby f l a s h e s .  There w e r e  no d i s c e r n i b l e  l i g h t n i n q  
t r a n s i e n t s  induced i n  any e lec t r ica l  system, t h e r e  w e r e  no blown c i r c u i t  b r e a k e r s  or 
f u s e s  i n  t h e  a i r p l a n e ,  and t h e r e  w e r e  no d a t a  dropouts  on any of t h e  ins t rumenta-  
t i o n  systems. The Storm Hazards '80 l i g h t n i n g  s t r i k e  e x p e r i e n c e s ,  a long  w i t h  t h o s e  
d e s c r i b e d  i n  t h e  appendix and r e f e r e n c e  8, i n d i c a t e  t h a t  a i r c r a f t  wi th  meta l l ic  
s t r u c t u r e s  and w i t h  a v i o n i c s  of c u r r e n t  des ign  can be p r o t e c t e d  from t h e  d i r e c t  o r  
i n d i r e c t  e f f e c t s  of l i g h t n i n g  by c a r e f u l  a t t e n t i o n  t o  proper d e s i g n  and bondinq of 
a l l  m e t a l  s t r u c t u r a l  components and by s u i t a b l e  i s o l a t i o n ,  r o u t i n g ,  and p h y s i c a l  
r e s t r a i n t  of t h e  e lectr ical  systems. 

SUMMARY OF RESULTS 

As part  of t h e  NASA Langley Research Center  Storm Hazards Program, 69 thunder-  
storm p e n e t r a t i o n s  w e r e  made i n  1980 w i t h  an  F-106B a i r p l a n e  i n  order t o  r e c o r d  
direct l i g h t n i n g  s t r i k e  data and the associated f l i g h t  c o n d i t i o n s .  This s t u d y  pro- 
duced t h e  f o l l o w i n g  r e s u l t s :  

1. Six of t h e  t e n  d i r e c t  l i g h t n i n g  s t r i k e s  o c c u r r e d  a t  tempera tures  c o l d e r  t h a n  
-20°C, whereas p u b l i s h e d  a i rcraf t  l i g h t n i n g  s t r i k e  s t a t i s t i c s  i n d i c a t e  m o s t  reported 
s t r i k e s  have o c c u r r e d  a t  or n e a r  the f r e e z i n g  level ( O O C ) .  

2. The data i n d i c a t e  a poor c o r r e l a t i o n  of l i g h t n i n g  s t r i k e s  wi th  t u r b u l e n c e  and  
p r e c i p i t a t i o n .  The 1980 r e s u l t s  s u p p o r t  t h e  c o n c l u s i o n s  made from t h e  1978 r e s u l t s ,  
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t h a t  t h e  presence  and l o c a t i o n  of l i g h t n i n g  do n o t  n e c e s s a r i l y  i n d i c a t e  t h e  p r e s e n c e  
and l o c a t i o n  of hazardous p r e c i p i t a t i o n  and t u r b u l e n c e .  

3.  The d a t a  conf i rm t h a t  i n i t i a l  e n t r y  and e x i t  p o i n t s  of s t r i k e s  f r e q u e n t l y  
occur  a t  a i r p l a n e  e x t r e m i t i e s ,  i n  t h i s  case t h e  nose boom, t h e  wing t ips ,  and t h e  
v e r t i c a l - f i n  cap. However, o n l y  3 of 10 s t r i k e s  a c t u a l l y  had confirmed i n i t i a l  
e n t r i e s  a t  t h e  nose boom. Swept-flash a t tachment  p o i n t s  w e r e  observed a l o n g  t h e  f u l l  
l e n g t h  of t h e  f u s e l a g e ,  as is  common i n  o t h e r  a i r p l a n e s  of t h i s  g e n e r a l  s i z e ,  fol low- 
i n g  i n i t i a l  s t r i k e s  t o  t h e  nose. Unexpectedly,  20 p e r c e n t  of t h e  f l a s h e s  s w e p t  a f t  
across t h e  midspan s u r f a c e  of t h e  d e l t a  wing. 

4. The maximum depth  of p e n e t r a t i o n  of any l i q h t n i n g  a t t a c h m e n t  p o i n t  i n t o  a 
p a i n t e d  aluminum s k i n  w a s  approximately 0.06 c m  (0.025 i n . )  i n t o  a s k i n  t h i c k n e s s  of 
0.15 c m  (0.059 i n . ) .  Although t h e  p o i n t  of d e e p e s t  p e n e t r a t i o n  o c c u r r e d  i n  t h e  mid- 
d l e  of a smooth wing p a n e l ,  m o s t  of  t h e  swept - f lash  a t t a c h m e n t  p o i n t s  o c c u r r e d  e i t h e r  
a t  t h e  edges of f l u s h  r i v e t s  or f a s t e n e r s  (even when t h e s e  w e r e  c o a t e d  w i t h  p a i n t  and 
i n v i s i b l e  t o  t h e  e y e )  or a t  e x t e r n a l  a n t e n n a s  and probes .  

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
October 20, 1982 
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APPENDIX 

LIGHTNING STRIKE REPORTS FOR THREE F-106A AIRPLANES I N  ROUTINE OPERATIONS 

Backg round 

During t h e  NASA Langley Research Center  Storm Hazards '80 Program, NASA 
r e s e a r c h e r s  w e r e  p rovided  t h e  o p p o r t u n i t y  t o  i n s p e c t  t h r e e  U.S. Air Force F-106A 
a i r p l a n e s  f o l l o w i n g  direct  l i g h t n i n g  s t r i k e s  which o c c u r r e d  d u r i n g  r o u t i n e  opera-  
t i o n s .  The NASA r e s e a r c h e r s  a lso i n t e r v i e w e d  t h e  p i lo t s ,  whose comments are t h e  
basis of t h e  d e s c r i p t i o n s  which fo l low.  Study of t h e s e  i n c i d e n t s  expands t h e  Storm 
Hazards Program d a t a  base. 

P a i r  of L i g h t n i n g  S t r i k e s  t o  Two F-106A A i r p l a n e s  F l y i n g  i n  Formation 

Two F-106A a i r p l a n e s  w e r e  f l y i n g  i n  close format ion  w i t h  about 1.2 t o  1.8 m 
( 4  t o  6 f t )  between wing t ips  as shown i n  f i g u r e  24. The t w o  w e r e  l o c a t e d  a b o u t  
185 to  204 km (100 to  110 n.mi.1 east of t h e  Capes of  V i r q i n i a .  The two a i r p l a n e s  
w e r e  a t  an  a l t i t u d e  of 7.6 k m  (25 000 f t )  a t  a n  i n d i c a t e d  a i r s p e e d  of 400 k n o t s  
(Mach 0.88) i n  l i g h t  c i r r u s  c l o u d s  w i t h  no t u r b u l e n c e  and no p r e c i p i t a t i o n .  A 
l i g h t n i n g  f l a s h  came s t r a i g h t  a t  t h e  format ion  from head-on a t  t h e  same a l t i t u d e  as 
t h e  a i r p l a n e s .  The wingman s a w  t h e  channel  d i v i d e  and s i m u l t a n e o u s l y  s t r i k e  t h e  nose 
booms of b o t h  a i r p l a n e s .  This p o r t i o n  of t h e  channel  was yel lowish-white  i n  c o l o r .  
The wingman could a l s o  see a blue-green haze e x t e n d i n g  down t h e  l e f t  s i d e  of t h e  
nose  of t h e  l e a d  a i r p l a n e  and down t h e  l e a d i n g  edge of t h a t  a i r p l a n e ' s  l e f t  wing 
towards i t s  wing t i p  d u r i n g  t h e  s t r i k e .  P e r i p h e r a l l y ,  t h e  wingman could see numer- 
ous  streamers e x t e n d i n g  towards h i s  r i g h t  wing t i p .  The wingman could  n o t  see i f  
t h e  streamers w e r e  a c t u a l l y  a t t a c h e d  t o  h i s  a i r p l a n e ,  however. A t  t h e  t i m e  of t h e  
s t r i k e ,  t h e  wingman r e c e i v e d  a s m a l l  e lec t r ica l  shock t o  b o t h  hands,  which w e r e  
gloved. H i s  l e f t  hand w a s  on t h e  th ro t t le  and h i s  r i g h t  hand w a s  on t h e  r i g h t  horn  
of  t h e  c o n t r o l  s t i c k .  Roth of h i s  f e e t  w e r e  on t h e  rudder  p e d a l s .  The wingman 
e s t i m a t e d  t h a t  t h e  shock w a s  l i k e  one r e c e i v e s  from a n  e lec t ros ta t ic  d i s c h a r g e  f o r  
s h u f f l i n g  o n e ' s  f e e t  a c r o s s  a carpet. The wingman s t a t e d  t h a t  t h e  l i g h t  i n t e n s i t y  of 
t h e  e n t i r e  l i g h t n i n g  channel  f l u c t u a t e d  d u r i n g  t h e  e v e n t .  

The l e a d  p i l o t  compared t h e  f l a s h  to  f l y i n g  through a wispy yellow-white r ibbon 
which extended from 30° l e f t  t o  40° r i g h t  of c e n t e r l i n e  and 5O above t h e  hor izon .  
The l e a d  p i l o t  d i d  n o t  experience a n  e l ec t r i ca l  shock. 

Following t h e  s t r i k e ,  t h e  t w o  a i r p l a n e s  s e p a r a t e d  t o  approximate ly  two wing 
spans  between wing t ips ,  as shown i n  f i g u r e  25, and cl imbed t o  a n  a l t i t u d e  of 7.9 km 
(26 000 f t ) .  Once a g a i n  t h e  t w o  airplanes w e r e  s t r u c k  by l i g h t n i n g .  The p i l o t  
d e s c r i p t i o n s  of t h i s  second s t r i k e  w e r e  s i m i l a r  t o  t h o s e  of t h e  f i r s t ,  i n c l u d i n g  t h e  
e lectr ical  shock t o  t h e  wingman's t w o  gloved hands,  N e i t h e r  p i l o t  exper ienced  f l a s h  
b l i n d n e s s ,  nor  d i d  t h e y  hear any a u d i b l e  reports o r  e lectr ical  r a d i o  s ta t ic .  N e i t h e r  
a i r p l a n e  exper ienced  any d i s t u r b a n c e s  t o  t h e  e lectr ical  systems.  Following t h e  
second s t r i k e ,  the t w o  a i r p l a n e s  climbed o u t  of t h e  c i r r u s , c l o u d s  and r e t u r n e d  t o  
base w i t h o u t  f u r t h e r  i n c i d e n t .  During t h e  p o s t f l i g h t  i n s p e c t i o n s ,  t h e  l i g h t n i n g  sup- 
p r e s s o r  k i t  (see ref. 8) i n  each a i r p l a n e  w a s  t e s t e d  and found to  be w i t h i n  
s p e c i f i c a t i o n s .  

The l i g h t n i n g  a t t a c h m e n t  p o i n t s  found on t h e  t w o  a i r p l a n e s  f o l l o w i n g  the p a i r  of 
s t r i k e s  are shown i n  f i g u r e  26. The f o l l o w i n g  l i g h t n i n g  damage w a s  found on t h e  l e a d  
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airplane: burn marks on t h e  p i t o t  head and a l o n g  t h e  nose  boom; weld- l ike  marks a t  
t h e  f o r e  and a f t  seams of t h e  g l y c o l  r i n g  on t h e  nose boom; evaporated material from 
t h e  f i b e r g l a s s  radome j u s t  a f t  of t h e  metal nose-boom a d a p t e r ;  c o n s i d e r a b l e  e r o s i o n  
on l e f t  wing t i p ;  and burns a t  t h e  top and bottom of t h e  v e r t i c a l - f i n  cap a t  the 
t r a i l i n g  edge. On t h e  wing a i r p l a n e ,  t h e  l i g h t n i n g  a t t a c h m e n t  p o i n t s  w e r e  a t  t h e  
f o l l o w i n g  l o c a t i o n s :  a l o n g  t h e  nose boom; several a t  t h e  boom-radome j u n c t u r e ;  t w o  
p o i n t s  on t h e  r i g h t  s i d e  of t h e  radome several c e n t i m e t e r s  ( i n c h e s )  a f t  of the metal 
boom a d a p t e r ;  one on t h e  r i g h t  s i d e  of the radome h i g h  and ahead of t h e  mounting 
r i n g ;  one on t h e  load  r i n g  seam; b o t h  l a t c h e s  on t h e  r i g h t - s i d e  nose door and two 
i n  between t h e  l a t c h e s ;  one on t h e  seam under t h e  windshie ld ;  one i n  t h e  middle of 
t h e  s tar  i n  t h e  e m b l e m ;  numerous a l o n g  t h e  top of t h e  f u s e l a g e ;  numerous a l o n g  t h e  
l e a d i n g  edge of t h e  v e r t i c a l  f i n ;  s e v e r a l  a l o n g  t h e  l e f t  s i d e  of t h e  ver t ical  f i n ;  
one large burn on t h e  t r a i l i n g  edge of t h e  rudder ;  one on t h e  top of t h e  r i g h t  wing 
near  t h e  f u s e l a g e  j u n c t u r e ;  t w o  on t h e  bottom of t h e  end of t h e  r i g h t  pylon tank  
and t w o  on t h e  back of t h e  tank; and two on t h e  l e f t  wing t i p  and t h r e e  on t h e  r i g h t  
wing t i p .  

The l i g h t n i n g  a t tachment  p o i n t s  and the s c e n a r i o  developed f o r  t h e  f i r s t  l i g h t -  
n ing  s t r i k e  (wi th  t h e  t w o  a i r p l a n e s  i n  close format ion ,  f i g .  24) are shown i n  f ig -  
u r e  27. The l i g h t n i n g  channel  is  shown d i v i d e d  i n t o  t w o  branches ,  w i t h  t h e  i n i t i a l  
e n t r y  p o i n t  of each branch a t  t h e  nose-boom p i t o t  head on t h e  a i r p l a n e s .  The i n i t i a l  
e n t r y  p o i n t  for branch 1 t h e n  jumped back t o  t h e  l e f t  wing t i p  of t h e  l e a d  a i r p l a n e ,  
and then across t h e  gap between t h e  wing t ips  of t h e  two a i r p l a n e s  t o  t h e  r i g h t  wing 
t i p  and r i g h t  e x t e r n a l  f u e l  tank  on t h e  wing a i r p l a n e .  A p robable  rea t tachment  p o i n t  
w a s  t h e  l e a d i n g  edge of t h e  e x t e r n a l  tank ,  b u t  no a t t a c h m e n t  p o i n t s  w e r e  found t h e r e  
i n  t h e  p o s t f l i g h t  i n s p e c t i o n .  Branch 1 e x i t e d  from t h e  v e r t i c a l  f i n  of t h e  l e a d  a i r -  
p lane .  The e n t r y  p o i n t  f o r  branch 2 jumped back from t h e  nose boom t o  t h e  r i g h t  wing 
n e a r  t h e  f u s e l a g e  on t h e  wing a i r p l a n e .  Branch 2 e x i t e d  from t h e  l e f t  wing t i p  of 
t h e  wing a i r p l a n e .  

The l i q h t n i n g  a t tachment  p o i n t s  and t h e  cor responding  s t r i k e  s c e n a r i o  conjec-  
t u r e d  f o r  t h e  second s t r i k e  are shown i n  f i g u r e  28. As w a s  t h e  case f o r  t h e  f i r s t  
s t r i k e ,  t h e  l i g h t n i n g  channel  d i v i d e d  i n t o  t w o  branches ,  w i t h  i n i t i a l  a t tachments  t o  
each a i r p l a n e  on t h e  nose booms. The e n t r y  p o i n t  €or branch 1 then s w e p t  back a l o n g  
t h e  nose boom t o  t h e  radome of t h e  l e a d  a i r p l a n e ,  where t h e  f l a s h  ended. The e x i t  
p o i n t  f o r  branch 1 w a s  on t h e  v e r t i c a l  f i n  of t h e  l e a d  a i r p l a n e .  The e n t r y  p o i n t  of  
branch 2 swept back a long  t h e  e n t i r e  l e n g t h  of t h e  a i r p l a n e ,  wi th  t h e  f i n a l  e n t r y  
p o i n t  s t reaming o f f  t h e  rudder .  The i n i t i a l  e x i t  p o i n t  f o r  branch 2 o c c u r r e d  on t h e  
l e f t  wing t i p  of t h e  wing a i r p l a n e .  Unlike t h e  f i r s t  s t r i k e ,  t h e  l i g h t n i n g  channel  
i s  n o t  shown jumping a c r o s s  t h e  gap between t h e  wing t i p s  of t h e  t w o  a i r p l a n e s ,  as it 
i s  b e l i e v e d  t h a t  t h e  d i s t a n c e  between t h e  t w o  a i r p l a n e s  w a s  t o o  l a r g e  f o r  such an  arc  
t o  have taken  p l a c e  d u r i n g  t h e  second s t r i k e .  

M u l t i p l e  S t r i k e s  t o  a S i n g l e  F-lO6A Airp lane  

During a cross -count ry  f l i g h t ,  a s i n g l e  F-106A p e n e t r a t e d  a l i n e  of thunder-  
s torms a t  a n  a l t i t u d e  of 13.7 km ( 4 5  000 f t )  en  r o u t e  t o  Tinker  Air  Force Base, 
Okla. For s e v e r a l  minutes t h e  p i l o t  f l e w  through heavy p r e c i p i t a t i o n  and turbu-  
lence .  The p r e c i p i t a t i o n  caused c o n s i d e r a b l e  a i r f r a m e  n o i s e ,  and t h e  t u r b u l e n c e  
produced a i r p l a n e  normal a c c e l e r a t i o n  response from -1.2g t o  3.7~~. Suddenly, the 
p r e c i p i t a t i o n  and t u r b u l e n c e  r a p i d l y  d e c r e a s e d  t o  z e r o ,  and t h e  a i r p l a n e  f l e w  i n t o  a 
cavern- l ike  area w i t h  v i s i b i l i t y  of  1.9 km (1  n.mi.1. A t  t h i s  t i m e ,  a l i g h t n i n g  b o l t  
h i t  t h e  nose boom from head-on. The p i l o t  f e l t  a t i n g l e  i n  h i s  r i g h t  hand which he 
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d e s c r i b e d  as b e i n g  no more than  a buzz. The p i l o t ' s  hands w e r e  gloved; h i s  r i g h t  
hand w a s  on t h e  s t i c k ,  h i s  l e f t  hand w a s  on t h e  t h r o t t l e ,  and b o t h  f e e t  w e r e  on t h e  
p e d a l s .  

S h o r t l y  afterwards, t h e  p i l o t  s a w  a double  ( f o r k e d )  c h a n n e l  305 m (1000 f t )  
ahead of t h e  a i r p l a n e  p a s s i n g  from r i g h t  to  l e f t .  The a i r p l a n e  f lew through b o t h  
f o r k s  i n  success ion .  The p i l o t  could  n o t  t e l l  i f  t h e  t w o  f o r k s  w e r e  o r i e n t e d  above 
or behind one a n o t h e r .  Following a nearby f l a s h  t o  t h e  l e f t  of the a i r p l a n e ,  t h e  
p i l o t  climbed t o  14.3 km (47 000 f t )  and broke o u t  of t h e  weather.  

Following each of t h e  s t r i k e s ,  t h e  p i l o t  n o t i c e d  f l u c t u a t i o n s  i n  a i r s p e e d  and  
Mach number which seemed e x c e s s i v e  even for  t h e  weather  s i t u a t i o n .  I n  about  1 min- 
u t e ,  t h e  f l u c t u a t i o n s  would clear up. N o  e lec t r ica l  d i s t u r b a n c e s  w e r e  no ted ,  
a l though a c r a c k l e  i n  t h e  VHF communications w a s  no ted  a t  t h e  t i m e  of each s t r i k e .  
During t h e  p o s t f l i g h t  i n s p e c t i o n ,  t h e  l i g h t n i n g  s u p p r e s s o r  k i t  w a s  i n s p e c t e d  and 
found to  be w i t h i n  s p e c i f i c a t i o n s .  (See r e f .  8.) 

The l i g h t n i n g  a t t a c h m e n t  p o i n t s  found on t h e  a i r p l a n e  are shown i n  f i q u r e  29. 
The geometry of t h e  p o i n t s  i n d i c a t e s  t h e  a i r p l a n e  w a s  s t r u c k  t w i c e  d u r i n g  t h e  f l i g h t ,  
w i t h  t h e  p o i n t s  a s c r i b e d  t o  each s t r i k e  shown i n  f i g u r e s  30 and 31. 

The l i g h t n i n g  a t tachment  p o i n t s  i n  f i g u r e  30 are b e l i e v e d  t o  have been caused by 
t h e  f i r s t  (head-on) s t r i k e  d e s c r i b e d  by t h e  p i l o t .  The l i g h t n i n g  s c e n a r i o  developed 
f o r  t h i s  s t r i k e  i s  shown i n  f i g u r e  32. The i n i t i a l  e n t r y  p o i n t  was t h e  nose boom, 
w i t h  t h e  f l a s h  e n t r y  sweeping back a l o n g  t h e  l e f t  s i d e  of t h e  nose boom, jumping back 
t o  t h e  radome-fuselage j u n c t u r e  and t h e n  t o  t h e  angle-of - a t t a c k  s e n s o r ,  and f i n a l l y  
jumping t o  t h e  l e a d i n g  edge of t h e  i n l e t  l i p .  The i n i t i a l  e x i t  p o i n t  w a s  t h e  r i g h t  
wing t i p .  The f l a s h  channel  e n t e r e d  from above and t o  t h e  l e f t  of t h e  a i r p l a n e  
f l i g h t  p a t h  and e x i t e d  downward and t o  t h e  r i g h t .  

The second s t r i k e ,  f i g u r e s  31 and 33, was produced by one of t h e  branches of t h e  
f o r k e d  l i g h t n i n g  f l a s h .  I n i t i a l  e n t r y  i s  presumed t o  have occurred  on t h e  nose boom, 
wi th  t h e  e n t r y  p o i n t  jumping back t o  t h e  nose-boom/radome j u n c t u r e ,  then hack t o  t h e  
i n l e t ,  and f i n a l l y  back t o  t h e  r i g h t  wing t i p ,  hanging on t h e r e  u n t i l  t h e  f l a s h  
ended. The i n i t i a l  e x i t  p o i n t  w a s  t h e  l e f t  wing t i p .  This  p o i n t  geometry implies 
t h a t  t h e  f l a s h  e n t e r e d  from above and from t h e  r i g h t  of t h e  f l i g h t  p a t h  and e x i t e d  
downward and t o  t h e  l e f t .  This  o r i e n t a t i o n  is i n  agreement  wi th  t h e  p i l o t ' s  d e s c r i p -  
t i o n  of t h e  f l a s h  o r i e n t a t i o n  of t h e  forked  f l a s h .  

CONCLUDING COMMENTS 

The only  s i g n i f i c a n t  d i f f e r e n c e  between t h e  e f f e c t s  of t h e  d i r e c t  l i g h t n i n g  
s t r i k e s  t o  t h e  Storm Hazards Program F-106B and t h e  t h r e e  o p e r a t i o n a l  a i r p l a n e s  d i s -  
cussed  i n  t h i s  appendix are t h e  r e p o r t e d  minor e lectr ical  shocks t o  t w o  of t h e  U.S. 
Air Force p i lo t s .  It should  be noted  t h a t  n e i t h e r  t h e  l e a d  p i l o t  i n  t h e  format ion  of 
t w o  F-106A a i r p l a n e s  nor  t h e  t w o  p i lo t s  involved  i n  t h e  severe l i g h t n i n g  s t r i k e s  
reported i n  reference 8 r e p o r t e d  c r e w  shocks.  I n  response  t o  t h e  c r e w  shock reports, 
t h e  l i g h t n i n g  s a f e t y  c o n s u l t a n t  f o r  t h e  Storm Hazards Progr.am, M r .  J. Anderson Plumer 
of L i g h t n i n g  Technologies ,  Inc. ,  i n s p e c t e d  t h e  d i f f e r e n t  d e s i g n s  of t h e  F-l06A canopy 
and t h e  F-106B canopy. He found t h a t  t h e  F-106A canopy i s  h e a t e d  and defogged by 
blown h o t  a i r .  The F-106B canopy, on t h e  o t h e r  hand, h a s  g o l d  mesh w i r i n g  imbedded 
i n  and around t h e  glass for  t h e s e  purposes. I n  a d d i t i o n ,  t h e  F-106B canopy h a s  a 
c e n t e r  overhead r a i l  running  the l e n g t h  of t h e  canopy (see f ig .  l ) ,  whereas a l l  
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F-106A canopies  have been upgraded t o  a new d e s i g n  i n  which a s i n g l e  s h e e t  of 
s t r e t c h e d  a c r y l i c  is used and t h e  overhead r a i l  h a s  been deleted. M r .  Plumer 
b e l i e v e s  t h a t  because of t h e  t w o  d i f f e r e n c e s  o u t l i n e d  above, the F-106A canopy pro- 
v i d e s  a l a r g e r  a p e r t u r e  for  l i g h t n i n g  c o u p l i n g  i n t o  t h e  c o c k p i t ,  and hence a h i g h e r  
p r o b a b i l i t y  of r e c e i v i n g  a minor e lec t r ic  shock from l i g h t n i n g  i n  a n  F-106A t h a n  i n  
a n  F-106R. 
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TABLE I.- SUMMARY OF N I N E  AIRBORNE EXPERIMENTS I N  1980 

Experiment 

D i r e c t - s t r i k e  l i g h t n i n g  
measurements 

Direct-s t r i k e  l i g h t n i n g  
measurements 

E f f e c t  of l i g h t n i n g  on 
composite materials 

Yeasurement of l i g h t n i n g  
op t ica l  waveforms 

Yeasurement of l i g h t n i n g  
X-ray emiss ions  

deasurement of trace 
gases  from l i g h t n i n g  - 
Atmospheric Chemistry 
Experiment 

Lightning a t t a c h m e n t  
p o i n t  d e t e r m i n a t i o n  

rurbulence and wind 
s h e a r  measurements 

jtorm hazards  c o r r e l a t i o n  

D a t a  system 

D L i t e  system 

D a t a  Logger 

~ 

F i b e r g l a s s  v e r t i c a l - f i n  
cap flame sprayed  
w i t h  aluminum 

Lightn ing  optical  
s i g n a t u r e  s e n s o r  

Lightn ing  X-ray 
d e t e c t o r  

Atmospheric c h e m i s t r y  
a i r  sampler system 

.. 

~ 

F- 1 06B 

Yircraf t Ins t rumenta t ion  
System ( A I S )  

I n e r t i a  1 Naviga t ion  
System ( I N S )  

- ~~ 

Airborne l i g h t n i n g  
locator 

Airborne X-band r a d a r  

Cockpi t  vo ice  r e c o r d e r  
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TABLE 11.- CHARACTERISTICS OF F-106B RESEARCH AIRPLANE 

Length. m ( f t )  ........................................................ 21.54 (70.67) 
Height .  m ( f t )  ........................................................ 6.17 (20.25) 
Wing span.  m ( f t )  ..................................................... 8.62 (28.29) .......................................... 64.83 (697.83) 
Wing chord a t  root. m (ft) ............................................ 9.07 (29.77) 
A s p e c t  r a t i o  .................................................................. 2.198 
Wing sweepback a n g l e  ....................................................... 60O6'93" 
Empty weight. N (lhf) .............................................. 116 543 (26  200) 

Engine ................................................. 575-P-17 a x i a l  f l o w  t u r b o j e t  
T h r u s t  ( m i l i t a r y )  a t  sea level. N ( l b f )  ............................ 71 616 (16 100)  
Maximum t h r u s t .  N ( l h f )  ............................................ 108 981 (24  500) 

Wing area (gross).  m2 ( f t2)  

G r o s s  take-off weight. N ( l b f )  ..................................... 160 710 (36 129)  
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TABLE 111.- 1980 LIGHTNING TRANSIENT DATA SUMMARY 

F l i g h t  

80-01 8 
80-01 9 
80-01 9 

'80-023 

1 
80-029 
80-029 
80-030 
80-036 
80-038 

1 
To t a  Is 

[ "X" i n d i c a t e s  recorded  t r a n s i e n t ]  

Event 

S t r i k e  1 
S t r i k e  2 
S t r i k e  3 

Nearby f l a s h  1 
Nearby f l a s h  2 
Nearby f l a s h  3 
Nearby f l a s h  4 

Nearby f l a s h  5 
Nearby f l a s h  6 

S t r i k e  4 

S t r i k e  5 
S t r i k e  6 
S t r i k e  7 
S t r i k e  8 
S t r i k e  9 
S t r i k e  10 

10 s t r i k e s  

Event  recorded  by - 

6 
a s e n s o r  

X 

X 

X 
X 
X 

X 

X 

X 

X 
X 

10 

i 
s e n s o r a  

22 t r a n s i e n t s  I 6 nearby f l a s h e s  

b 
: 

s e n s o r  

X 
X 
X 
X 
X 

5 
- 

a D i g i t a l ,  expanded-memory, wide-band t ransient-waveform 

h i d e - b a n d  (6-MHz ) , 2-channel a n a l o g  t a p e  r e c o r d e r  

C S e n s i t i v i t y  of B and ? s e n s o r s  i n c r e a s e d  10 t i m e s  

r e c o r d e r  w i t h  1 0-nsec t i m e  r e s o l u t i o n .  

( 1 00-nsec s t e p  responsz  1.  

and 100 times, r e s p e c t i v e l y ,  f o r  a l l  subsequent  f l i g h t s .  
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TABLE 1V.- AIRPLANE F L I G H T  CONDITIONS DURING DIRECT STRIKES AND NEARBY FLASHES I N  1980 

5 
10  
12 
NA 
NA 
NA 
NA 
18  
NA 
NA 
20 
( a  1 
(a1 
( a  1 
( a )  
( a )  

Event 

1 ,  9 

2, 1 0  

12 
13  
1 4  

1 5  

3, 1 8  

5, 21 

7,  27 
8, 30 

S t r i k e  1 
S t r i k e  2 
S t r i k e  3 
Nearby f l a s h  1 
Nearby f l a s h  2 
Nearby f l a s h  3 
Nearby f l a s h  4 
S t r i k e  4 
Nearby f l a s h  5 
Nearby f l a s h  6 
S t r i k e  5 
S t r i k e  6 
S t r i k e  7 
S t r i k e  8 
S t r i k e  9 
S t r i k e  1 0  

I 

F l i g h t  

80-01 8 
80-01 9 
80-01 9 
80-023 

I 
80-029 
80-029 
80-030 
80-036 
80-038 

1 

Date 

June 17 
June 17  
June 17 
J u l y  22 

1 
Aug. 12 
Aug. 12 
Aug. 15  
Sept.  1 
Sept.  3 

1 

Time, GMT 

1 7 : 23 : 24 .O 
22: 28: 36.0 
22:33:50.0 
20: 34: 28.5 
20:34:40.6 
20: 35:Ol .O 
20:54:21 .9 
20: 54: 50.0 
21 :08:47 .O 
20: 40: 50.0 
21 :06:02 .O 
20: 27: 53.4 
20:27:55.4 
20:28:04.1 
20:30: 28.8 
20: 30: 54.7 

Attachment 
Research point 

s i t e  f i g u r e  

3 
8 

11 
NA 
NA 
NA 
NA 
17  
NA 
NA 
19 
21 

1 

/Fiqure  from r e f .  3 f o r  - 
Scenario I - 

0 

f i g u r e  I 5 B 

11 

1 6  
3, 17  
4,  19  

6, 23, 24 
7 ,26 
8, 29 

a 
I 

20 
22 
25 
2 8  
31 - 

a I n s u f f i c i e n t  information t o  formulate  scenar io .  



TABLE IV.- Concluded 

Pressure a l t i t u d e  

km f t  

5.0 16 400 
4.8 1 5  750 
4.8 15  900 
4.6 1 5  200 
4.9 16 000 
5.0 , 16 250 
4.7 15  350 

Event  Temperature, 
O C  

-20.1 
-1 .o 
- .4 

-1.3 
-3.9 
-4.1 
- .7 

rrue a i r s p e e d  P i t c h  
angle ,  

m/sec 

( e )  
( e )  I 

1 .4 
13.1 

S t r i k e  1 
S t r i k e  2 
S t r i k e  3 
Nearby f l a s h  1 
Nearby f l a s h  2 
Nearby f l a s h  3 
Nearby f l a s h  4 
S t r i k e  4 
Nearby f l a s h  5 
Nearby f l a s h  6 :  6.4 20 850 ' -7.7 222.2 

I 
S t r i k e  5 6.4 21 100 ' -11 .2 i 222.7 
S t r i k e  6 ' 10.1 ~ 33 150 I -38.8 240.2 

2nd of 2 
4 t h  of 6 
4 t h  of 8 
1st of 1 

21 2.3 
191.3 
201 .6 
220.9 
224.4 
227.1 
21 2 .o 

(e  1 
( e )  

S t r i k e  7 10 .I 33 250 j -39.6 ~ 250.9 487.7 I 3.8 4 .o 
S t r i k e  8 i 10.2 33 300 : -35.6 ' 255.9 ~ 497.4 e 8  '-12.2 
S t r i k e  9 1 10.2 , 33 500 : -43.7 j 269.3 ./ 523.5 ;  1 .8  ~ 16.5 

1:: k n o t s  

1 \l 

41 2.7 
371.9 
391 .9 
429.4 
436.2 
441.4 
41 2.1 

(e1 
( e )  

431.9 
432.9 
486.3 

5.1 
6.6 
3.5 
6.1 
4.8 
2.2 
2 .o 
( e )  
( e )  
(e 1 
1 .1 
4.5 



TABLE V.- TYPICAL DWELL-TIME DATA FOR L I G H T N I N G  STRIKE 1 TO THE F-106B AIRPLANE 

[ F l i g h t  80-01 8, June 17, 19801 

A t  tac hme n t 
p o i n t  

sequence 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
1 3  
14  
15  
16 
17 
1 8  
19 
20 
21 
22 
23 
24 

T o t a l  

Dis tance  t o  
n e x t  p o i n t  

m 

1.65 
2.31 

.79 
1.01 

.74 

.53 

.63 

.30 

.46 

.20 

.23 

.48 
1.88 

.20 

.28 

.41 

.23 

.36 

.30 

.34 

.43 
( b  1 
( b )  
(b) 

f t  

5.42 
7.58 
2.58 
3.33 
2.42 
1.75 
2.08 
1 .oo 
1.50 

.67 

.75 
1.58 
6.1 7 

.67 
-92  

1.33 
.75 

1 . I7  
1 .oo 
1.08 
1.42 
(b) 
( b )  
( b )  

Dwell t i m e ,  
m s  ec 

9.0 
12.6 

4.3 
5.6 
4.0 
2.9 
3.5 
1.7 
2.5 
1 . I  
1.3 
2.6 

10.3 
1 .I 
1.5 
2.2 
1.3 
2 .o 
1.7 
1.8 
2.4 

( b )  
(b)  
(b) 

75.4 

Remarks 

Nose boom ( i n i t i a l  e n t r y  p o i n t )  
Boom a t t achmen t  f i t t i n g  
Radome a t t achmen t  b o l t  
Fuse lage  

I n l e t  
Wing 

Wing ( f i n a l  e n t r y  p o i n t )  
Wing t i p  ( i n i t i a l  e x i t  p o i n t )  
V e r t i c a l - f i n  cap  ( i n i t i a l  e x i t  

p o i n t )  

a D w e l l  t i m e  is  d i s t a n c e  t o  n e x t  p o i n t  d i v i d e d  by 182.9 m/sec (600 f t / s e c ) .  
bNot p o s s i b l e  t o  compute d i s t a n c e  o r  dwel l  t i m e  - f l a s h  hung on t r a i l i n g  

edge. 
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-- Nose boom B sensor (right 
s i d e  o f  fuselage) 

Under-nose 
p i  t o t - s t a t i c  head 

Vert ica l - f in  I cap 

-- 
L-79-7204.1 

Figure 1.- NASA F-106B r e s e a r c h  a i r p l a n e  used i n  Storm Hazards Program. 



Final entry 

/ 
I n i t i a l  entry 

/ 
/ 

( \ \ \ \ \ -  \ 

In i t i a l  e x i t  Final e x i t  

F igure 2.- Typical  pa th  of swept-f l a s h  at tachment  poin ts .  

CI 



W 
0 

Figure 3.- Lightning at tachment  p o i n t s  f o r  l i g h t n i n g  s t r i k e  1 ,  f l i g h t  80-01 8, 
June 17, 1980. 



I 

k 

Bottom 
L-82-192 

( a )  Angle-of-attack vane. 

Figure 4.- Lightn ing  damage t o  F-106B r e s e a r c h  a i r p l a n e  from s t r i k e  I ,  f l i g h t  80-018, 
June  17, 1980. 



L-82-193 
(b) Rivet head on l e f t  s i d e  of radome. 

F igu re  4 .- Continued. 

4 2  



Figure 4. - Continued. 

w 
W 



( d )  T r a i l i n g  edge o f  l e f t  wing, j u s t  inboard of t ip .  

F igure  4.- Continued. 

L-82-195 



Wing t i p  

L-82-196 
(e)  T r a i l i n g  edge of l e f t  wing, s l i g h t l y  inboard of view j.n f i g u r e  4 ( d ) .  

F igure  4.- Continued, 



W cn 

Burn 

L-82-197 
( f )  T i p  of v e r t i c a l - f i n  cap, looking  towards l e f t  wing t i p .  

Figure 4.- Concluded. 



4 I n i t i a l  / / 

Top view 

L e f t  s i d e  view 

Figure  5.- L igh tn ing  s t r i k e  s c e n a r i o  for s t r i k e  1 ,  f l i g h t  80-018, June 17,  1980. 
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L igh tn ing  s t r i k e  and t r a n s i e n t  

,20- R e f l e c t i v i t y  contour, dBZ 

East-west d is tance from Norman, n. m i .  

.5 

.o 

1 

1 

.5 

East-west d is tance from Norman, km 

Figure 6.- Airplane  ground t r a c k  and p r e c i p i t a t i o n  r e f l e c t i v i t y  c o n t o u r s  f o r  
l i g h t n i n g  s t r i k e  1 a t  17:23:24.0 GMT on June 17,  1980 ( f l i g h t  80-018). 
R e f l e c t i v i t y  d a t a  taken  from NSSL Doppler r a d a r  a t  Norman, Okla., and 
i n t e r p o l a t e d  t o  c o n s t a n t  h e i g h t  of 4.5 km (14 800 f t ) .  
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w 
UJ 

Po in ts  on near s i d e  

81 Po in ts  i n  hidden view 



P 
0 

. Poin ts  on near s i d e  

a Po in ts  i n  hidden view 

Figure 8.- Lightning at tachment  p o i n t s  fo r  s t r i k e  2, f l i g h t  80-019, June 17, 1980. 



Left s i d e  R i g h t  s 1 de 
L-82-198 

(a )  S i d e s l i p  vane. 

Figure 9.- L ightn inq  damage to F-106B r e s e a r c h  a i r p l a n e  from s t r i k e  2, f l i g h t  80-019, 
June 17, 1980. 



B 
N 

2-80-5356.1 
(b )  T r a i l i n g  edge  of l e f t  e l e v o n .  

F i g u r e  9.- Cont inued .  



IP 
w 



' inal  e x i t  

Final e x i t  

Front view 

F igure  10.- L igh tn ing  s t r i k e  s c e n a r i o  f o r  s t r i k e  2, f l i g h t  80-019, 
June 17,  1980. 
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a1 e x i t  

Figure 11 .- Lightning at tachment  p o i n t s  f o r  s t r i k e  3, f l i g h t  80-019, June 17, 1980. 



\ F i n a l  e x i t .  

Top v i e w  

F i n a l  e n t r y / \  

R i g h t  s i d e  v i e w  

Figure  12.- L igh tn ing  s t r i k e  scenario f o r  s t r i k e  3, f l i g h t  80-019, June 17, 1980. 
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b-80-5357 1 
( a )  Nose-boom/radome j u n c t i o n ,  

F igu re  13.- L igh tn ing  damage to F-106B r e s e a r c h  a i r p l a n e  from s t r i k e  3, f l i g h t  80-019, 
June 17, 1980. 



L-80-5358.1 
(b) VHF r a d i o  a n t e n n a .  

Figure 13.- Concluded. 
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Lightn ing  s t r ike  and t r a n s i e n t  
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Figure 14.- Ai rp lane  ground t r a c k  and p r e c i p i t a t i o n  r e f l e c t i v i t y  contours  f o r  
s t r i k e  3 a t  22:33:50.0 GMT on June 17, 1980 ( f l i g h t  80-019). R e f l e c t i v i t y  
d a t a  taken  from NSSL Doppler r a d a r  a t  Norman, Okla., and i n t e r p o l a t e d  t o  
c o n s t a n t  h e i g h t  of 4.5 k m  (14  800 f t ) .  
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East-west dis tance from WFC, n .  m i .  

-45 -40 -35 - 30 -25 -20 -1 5 -1 0 -5 
I I I 1 I I I I 

East-west dis tance from WFC, km 

Figure 15.- Airplane ground t r ack  and p r e c i p i t a t i o r  r e f l e c t i v i t y  contours f o r  nearby f l a shes  1-3 
(20:34:28.5, 20:34:40.6, and 20:35:31 GMT) , f l i g h t  80-023, July 22, 1980. 
Re f l ec t iv i ty  data  taken from NASA-Wallops SPANDAR radar  a t  20:31:57.3 GMT. 
Radar t i l t  angle = Oo. 
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Figure 16.- Airplane ground track and precipi ta t ion r e f l e c t i v i t y  contours for nearby f l a sh  4 
(20:54:21.9 GMT) , f l i g h t  80-023, July 22, 1980. 
from NASA-Wallops SPANDAR radar a t  20:56:51.5 GMT. 

Reflect ivi ty  data taken 
Radar t i l t  angle = 0'. 



P o i n t s  on near  s i d e  

I P o i n t s  on h idden view 

Figure 17.- Lightning at tachment  p o i n t s  f o r  s t r i k e  4, f l i g h t  80-029, Aug. 12, 1980. 
( N o  e x i t  p o i n t s  found.) 



Front  view 

Final entry 

I n i t i a l  
entry 

( presumed ) -------- 

- I 

- 

i r i i L i d i  

entry 
( presumed ) 

Right s ide view 

Figure 18.- L i g h t n i n g  s t r i k e  s c e n a r i o  f o r  s t r i k e  4, f l i g h t  80-029, Aug. 1 2 ,  1980. 
( N o  e x i t  p o i n t s  found.)  
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Points  on near s i d e  

R Po in ts  i n  hidden v iew 

Figure 19.- Lightning at tachment  p o i n t s  f o r  s t r i k e  5, f l i g h t  80-036, Sept.  1 ,  1980. 
( N o  e x i t  p o i n t s  found.) 



/-- I \  

I n i t i a l  entry 
(presumed) 

---- - - - - - 4 
Top view 

Left s ide  view 

entry 

entry 

F igu re  20.- L igh tn ing  s t r i k e  s c e n a r i o  €or s t r i k e  5, f l i g h t  80-036, Sept .  1,  1980. 
( N o  e x i t  p o i n t s  found.) 
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Po in ts  on near s i d e  

1 Po in ts  i n  hidden view 

Figure 21.- Lightning at tachment  p o i n t s  f o r  s t r i k e s  6 t o  10, f l i g h t  80-038, 
Sept.  3, 1980. 
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Figure 22.- Thunderstorm p e n e t r a t i o n  and l i g h t n i n g  s t a t i s t i c s  fo r  Storm Hazards '80 Program. 
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Figure  23.- Ambient tempera ture  a t  which d i r e c t  s t r i k e s  and nearby f l a s h e s  
occurred  d u r i n g  Storm Hazards '80 Program. ( N o  t empera ture  f o r  one of 
each. ) 
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Lead a i r p l a n e  

Wing a i r p l a n e  

- 1 . 2  t o  1.8 m ( 4  t o  6 f t )  

Figure  24.- Plan  v i e w  showing r e l a t i v e  l o c a t i o n  of two USAF F-106A 
a i r p l a n e s  a t  t i m e  of f i r s t  l i g h t n i n g  s t r i k e  t o  formation.  
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A p p r o x i m a t e l y  2 wing sp  

I 

I S  (17 .4  m (57 f t ) )  

Lead a i  rpl ane 

Figure  25.- Plan v i e w  showinq r e l a t i v e  l o c a t i o n  of t w o  USAF F-106A 
a i r p l a n e s  a t  t i m e  of second l i g h t n i n g  s t r i k e  t o  format ion .  
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. Points on near side 

~ 8 1  Points on opposite 
side or in hidden 
view 

Figure 26.- Lightning attachment po in t s  found on two USAF F-106A a i rp l anes  fol lowing a p a i r  
of l i gh tn ing  s t r i k e s  t o  the  formation. 



F i g r e  27.- L i g h t n i n g  s t r i k e  s c e n a r i o  f o r  f i r s t  l i g h t n i n g  s t r i k e  t o  t w o  USAF F-106A 
a i r p l a n e s  i n  close format ion .  
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Final e x i t  f o r  branch 1 

Ini i 

e x i t  f o r  branch 1 

Final en t rv  f o r  

Points on near s ide  

a Points on opposite s ide  

branch 2 

Lead a i rp lane  

Final en t ry  f o r  
f o r  branch 2 L--- 

m 
I n i t i a l  en t ry  f o r  branch 2 

F igu re  28.- L igh tn ing  s t r i k e  s c e n a r i o  f o r  second l i g h t n i n g  s t r i k e  t o  two USAF F-106A 
a i r p l a n e s .  A d i s t a n c e  of two wing spans  separate t h e  a i r p l a n e s .  
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P o i n t s  on near side 

Q Points on opposite side 

F igu re  29.- L igh tn ing  a t t achmen t  p o i n t s  found on U S A F  F-106A a i r p l a n e  
f o l l o w i n g  m u l t i p l e  s t r i k e s .  
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P o i n t s  on near s i d e  

Figure  30.- Lightning at tachment  p o i n t s  a s c r i b e d  t o  f i rs t  s t r i k e  of s i n g l e  
USAF F-106A a i r p l a n e .  



P o i n t s  on  near s ide  

Fi 

Figure 31.- Lightn inq  a t t achmen t  p o i n t s  ascribed t o  second s t r i k e  of s i n g l e  
USAF F-l06A a i r p l a n e .  



I n i t i a l  e x i t  2 

Top v iew 

I n i t i a l  exit\\ 1111 L i a i  C I I C I J  

Left s i d e  view 

Figure  32.- Lightninq s t r i k e  s c e n a r i o  f o r  f i r s t  s t r i k e  t o  s i n g l e  USAF F - 1 0 6 A  
a i rp l ane .  



-A.- ,L I n i t i a l  e x i t  
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-V,’ I \  

_ - - - - -  
/ / I n i t i a l  e n t r y  (presumed) 

I n i t i a l  e x i t  

R i g h t  s i d e  v iew 

F i g u r e  33 . -  Ligh tn ing  s t r i k e  s c e n a r i o  for second s t r i k e  t o  s i n g l e  USAF F-106A 
a i r p l a n e .  
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