
https://ntrs.nasa.gov/search.jsp?R=19860014619 2020-03-20T15:42:45+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42841411?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


TECH LIBRARY KAFB, NY 

NASA 
Technical 
Paper 
2252 

1984 

National  Aeronautics 
and  Space  Administration 

Scientific  and Technical 
Information Office 

00b8005 

Statistical Analysis 
of Direct-Strike 
Lightning  Data 
(1980 to 1982) 

Larry D. Lee, 
George B. Fineui, 
Mitchel E. Thomas, 
and Felix L. Pitts 
Langley Research Center 
Hampton,  Virginia 

I I I I I111 I1 I111 



INTRODUCTION 

The o b j e c t i v e  of t h e  NASA L a n g l e y   R e s e a r c h   C e n t e r   d i r e c t - s t r i k e   l i g h t n i n g  
r e s e a r c h  is to aid i n   c h a r a c t e r i z a t i o n   o f  the d i r e c t - s t r i k e   l i g h t n i n g   e n v i r o n m e n t  
a f f e c t i n g  aircraft. The r e s e a r c h  is mot iva t ed   by   t he   need   fo r   r e f ined   cha rac t e r i za -  
t i o n  of the l i g h t n i n g - a i r c r a f t   e n v i r o n m e n t   i n   s u p p o r t   o f   a d v a n c e d   a i r c r a f t   d e s i g n s  
t h a t   c o n t a i n   c o m p o s i t e   s t r u c t u r e s   a n d   d i g i t a l   e l e c t r o n i c   s y s t e m s .  

A s p e c i a l l y   i n s t r u m e n t e d  F-l06B a i r c r a f t  is used i n   t h e   r e s e a r c h  to  p e n e t r a t e  
thunderstorms  and e l i c i t  direct s t r i k e s .  Measurements   o f   the   l igh tn ing-a i rc raf t  
e l e c t r o m a g n e t i c   i n t e r a c t i o n  process are made wi th   s enso r s   de r ived  from those   des igns  
developed for nuclear   e lectromagnet ic   pulse   measurements .   Nine  sensors   with  band-  
wid ths   g rea t e r   t han   100  MHz are located a b o u t   t h e   a i r c r a f t  and  measure  the rates of 
change  of  magnetic  and electric f l u x   d e n s i t y  and c u r r e n t   i n   t h e   n o s e  boom. Two 
t r a n s i e n t  recorders with  bandwidths  of  50 MHz each ( 1  00 MHz sample rates) r eco rd   t he  
output   o f  t w o  s e l e c t e d   s e n s o r s ,   a n d   t h e   t r i g g e r   c o n f i g u r a t i o n  allows time c o r r e l a t i o n  
of  simultaneously  recorded  waveforms. Two o t h e r   t r a n s i e n t  recorders, t r iggered   inde-  
pendent ly   and   opera t ing  a t  a sample rate of 60 MHz, record nose-boom and ver t ical  
t a i l - f i n   c u r r e n t s .  An a i r b o r n e   f i e l d  m i l l  system  gives  a con t inuous   i nd ica t ion   o f  
c h a r g e   p o l a r i t y  on t h e   a i r c r a f t  as w e l l  as v e r t i c a l  and la teral  e lectr ic  f ie lds  from 
dc to  10 Hz. ( A  l i s t  of  symbols  used i n  this paper appears  a f te r  the   r e f e rences . )  
Photographic  time h i s t o r i e s  o f   l i gh tn ing   a t t achmen t s  to  one  wing  and t o  t h e   v e r t i c a l  
t a i l  have  been  acquired  with a 16-mm movie camera wi th  a wide-angle  lens.  A time- 
code   genera tor   enables  time c o r r e l a t i o n  of 1 msec between  the  photographic  data and 
o t h e r  recorded a i r c r a f t  and  ground-based  measurements.  Ground-based  measurements 
i n c l u d e   f a s t   a n d  slow electr ic  f ie ld   changes   and  radio f requency   spher ics   genera ted  
b y   l i g h t n i n g   i n  storms p e n e t r a t e d  by t h e   a i r c r a f t .  

The i n s t r u m e n t a t i o n   s y s t e m ,   t r a n s i e n t   r e c o r d e r s ,   s e n s o r s ,   a n d  a summary overview 
o f   t h e  tests are p r e s e n t e d   i n   r e f e r e n c e s  1 t o  5. I n t e r p r e t a t i o n ,   a n a l y s i s ,   a n d   g e n -  
e r a l i z a t i o n  of t h e   d i r e c t - s t r i k e   d a t a   i n v o l v e s  a methodology for  d e r i v i n g   t h e   l i g h t -  
ning  source  f rom  the  response  measurements   using  e lectromagnet ic   coupl ing  codes as 
described i n   r e f e r e n c e  6 a long   wi th   t ime-domain   re f lec tomet ry   t echniques   us ing  lab- 
o r a t o r y   a i r c r a f t  scale models fo r   r e sonan t   f r equency   i den t i f i ca t ion   and   compar i son  
w i t h   f l i g h t   d a t a  as d e s c r i b e d   i n   r e f e r e n c e s  7 and 8. The complete set  of  waveforms 
r e c o r d e d   i n  1980,  1981,  and  1982 are r e p o r t e d   i n   r e f e r e n c e s  9, 10, and 11. 

D a t a  from  10 s t r i k e s  t o  t h e   a i r c r a f t  were recorded   dur ing   each  of t h e  f i r s t  
2 yea r s  of tests i n  1980  and  1981 . I n  1982 , data were recorded  f rom  156  s t r ikes .  
The s i g n i f i c a n t   i n c r e a s e   i n   t h e  number  of s t r i k e s   i n  1982 w a s  brought   about   by 
improved  operat ional   procedures .  An a i rc raf t  fue l   sys tem  modi f ica t ion   provided   an  
addi t iona l   1 /2-hour   miss ion  time f o r  a to ta l  miss ion  time of 1 1/2  hours,   the  pene- 
t r a t i o n s  were made a t  g e n e r a l l y   h i g h e r   a l t i t u d e s  of 25 000 to  35 000 f t ,  and  guidance 
to  s p e c i f i c   a l t i t u d e s  o f   l i g h t n i n g   a c t i v i t y  w a s  ob ta ined  based on UHF radar r e t u r n s  
f rom  l i gh tn ing   channe l   i on iza t ion .  

The measurements made y i t h  the d i r e c t - s t r i k e  data system are nose-boom c u r r e n t  
; and its rate of change I, rate of  change  of electric and   magnet ic   f lux   dens i ty  
D and B, and s ta t ic  elcctric f i e l d  E. The nominal   sensor   loca t ions  are shown i n  
f i g u r e  1 . . The I and I s e n s o r s  are loca ted  a t  the base of  the  nose b o o m  a t  posi- 
t i o n  1 ; D s e n s o r s  are located under the f u s e l a g e  a t  p o s i t i o n  2,  under the wings a t  
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p o s i t i o n s  9 and 1 1 ,  and   on   the  port  s i d e  of t h e  ver t ical  f i n  a t  p o s i t i o n   1 2  ccrre- 
sponding t o  t h e   r e s p e c t i v e   s i g n   c o n v e n t i o n s  for  DF, DW L, DW,R, and  DT; B sen-  
sors are l o c a t e d  a t  opposite sides of t h e  a f t  f u s e l a g e  a t  p o s i t l o n s  6 and 7 and   under  
the wings a t  p o s i t i o n s  8 and 10  cor responding  t o  t h e  respective s i g n   c o n v e n t i o n s  
fo r  BL (starboard s ide ) ,  BT (port  s i d e ) ,  %,L, and %,R; and E s e n s o r s  are 
l o c a t e d  a t  p o s i t i o n  3 corresponding  t o  s i g n   c o n v e n t i o n s  for  EZ and a t  p o s i t i o n s  4 
and 5 corresponding  t o  Ey. The s i g n   c o n v e n t i o n s   e s t a b l i s h e d  for  t h e  measurements 
shown i n   f i g u r e  1 i n d i c a t e  posit ive q u a n t i t i e s   i n   t h e   d i r e c t i o n  of t h e  arrows; t h e  
r e l a t i o n   b e t w e e n   t h e   s i g n   c o n v e n t i o n s   o f   t h e  variables D, B, and I a n d   t h e i r  
d e r i v a t i v e s  are a l so  shown i n   f i g u r e  1 i n   t h e  measurement p c l a r i t y  time h i s t o r y .  A l l  
t h e   d g t a  reported a n d   a n a l y z e d   i n   t h i s  pape? are from t h e  B sensor a t  p o s i t i o n  6, 
t h e  D s e n s o r  a t  p o s i t i o n  2, and I and I s e n s o r s  a t  posi t ion 1. 

The s ta t i s t ica l  a n a l y s e s   a n d   r e s u l t s   p r e s e n t e d   i n   t h i s  report p r o v i d e   i n s i g h t  
i n to   t he   expec ted   r anges  of the   e lec t romagnet ic   envi ronment  when f i g h t e r - c l a s s  a i r -  
c r a f t  are s t r u c k   i n   t h u n d e r s t o r m s  a t  a l t i t u d e s  of 20 000 t o  35 000 f t .  I t  should be 
n o t e d   t h a t   t h e   s t a t i s t i c s   c h a r a c t e r i z e   t h e   f i r s t   t r a n s i e n t  of t h e   l i g h t n i n g  process 
which is grea te r   than   the   sys tem  threshold   and   which   occurs   wi th in   the   f i r s t  
1300 p s e c  of t h e  time t h e   t h r e s h o l d  is exceeded. D a t a  acqui red   subsequent ly   bu t  too 
l a t e  f o r   i n c l u s i o n   i n   t h e  1982 s t a t i s t i c a l  a n a l y s i s   d a t a  base i n d i c a t e  these statis- 
tics are a c t u a l l y   r e p r e s e n t a t i v e   o f   t h e   e n t i r e   l i g h t n i n g   p r o c e s s .  I t  is known from 
l imi ted   bandwidth   cont inuous   record ings  that t h e  t o t a l  l i g h t n i n g  process c o n s i s t s   o f  
a moderate number o f   d i s c r e t e   e l e c t r o m a g n e t i c   p u l s e s   d i s t r i b u t e d   o v e r  a second or so 
( r e f .  7 ) .  The c o n t i n u o u s   r e c o r d s   i n d i c a t e   t h e   t r a n s i e n t   r e c o r d e r   t h r e s h o l d  is  suf -  
f i c i e n t l y   h i g h  so t h a t   t h e  time of its exceedance is d i s t r i b u t e d   o v e r   t h e   d u r a t i o n   o f  
t h e   l i g h t n i n g  process (and   no t   l imi t ed  t o  p a r t i c u l a r  time i n t e r v a l s   i n   t h e  process), 
and  wide-band  peak d e t e c t o r s  which  monitor   the  peak  ampli tudes  of   the   ent i re   process  
y i e l d e d   r e s u l t s  commensurate  with  the  1982  data s ta t i s t ica l  p r e d i c t i o n s .  

The pr imary   ob jec t ives   o f   the  s ta t i s t ica l  a n a l y s i s  are: to  i d e n t i f y  a loca t ion -  
scale f a m i l y   o f   d i s t r i b u t i o n s   c o n s i s t e n t   w i t h  the data, and to  u s e   t h e   r e s u l t i n g  
model t o  compute estimates o f   t h e   q u a n t i l e s .   G r a p h i c a l   d i s p l a y  of t h e   d a t a   s u g g e s t s  
a l o g n o r m a l   d i s t r i b u t i o n  :or some s u b s e t s .  S t a t i s t i c a l  s i g n i f i c a n c e  tests suppor t  
t h e   h y p o t h e s i s   t h a t   t h e   a n d  I measurements are lognorma l ly   d i s t r ibu ted .   Fo r  
t h e s e   d a t a ,  and f o r   t h e  B measurements ,   quant i les   and  confidence limits are 
e s t a b l i s h e d .  

The c u m u l a t i v e   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  base i n c l u d e s  a l l  the waveforms 
recorded   dur ing  3 yea r s  of f l i g h t  tests (1980 to  1 9 8 2 )   w i t h   t r a n s i e n t   r e c o r d e r s .  The 
r eco rded   da t a  are ca t egor i zed  as r e s u l t i n g  from d i r e c t   l i g h t n i n g   s t r i k e s  or from 
n e a r b y   l i g h t n i n g   e v e n t s .   I f   t h e   l i g h t n i n g   a t t a c h m e n t  to  t h e  a i rc raf t  was observed  by 
t h e   f l i g h t  crew or by the  onboard  cameras, or i f   t h e   c u r r e n t   s e n s o r s   i n d i c a t e d   c u r -  
r e n t   f l o w ,   t h e   l i g h t n i n g   e v e n t  was i d e n t i f i e d  as a " s t r i k e . "   O t h e r   l i g h t n i n g  occur- 
rences,  which were no t   con f i rmed   a s   s t r i kes   by  the above cr i ter ia ,  w e r e  termed 
"nearby"  events .  The n o t a t i o n  to  i d e n t i f y  cata i n   t h e s e  Gwo c a t e q o r i e s   f o r   t h e  sta- 
t i s t i c a l  ana lyses  is as fo l lows:  % and DN i d e n t i f y  B and D data fo r   nea rby  

events ,   and is and As i d e n t i f y  I; and 6 d a t a   f o r   s t r i k e s ;  I and  data  
r e s u l t   o n l y  from s t r i k e s .  
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STATISTICAL RESULTS 

The span   ( range)  of the  recorded  waveforms was a r b i t r a r i l y   c h o s e n  as t h e  random 
v a r i a b l e   i n   t h e   s t a t i s t i c a l   a n a l y s e s .  The span is the   d i f fe rence   be tween  the  maximum 
p o s i t i v e  and the  maximum negat ive   ampl i tude  of the  measured  waveforms.  Table 1 shows 
t h e  number  of r eco rds   acqu i r ed   fo r   each  of t h e   s i x   d i s t i n c t   d a t a   s e t s   ( r e f e r r e d   t o  as 
samples) and  shows the   range  of  span  values  for  each  sample.  

For  each of the samples ,   f requency-of-occurrence  tables  were genera ted  to  sug- 
g e s t   t h e   u n d e r l y i n g   d i s t r i b u t i o n  of t h e  random v a r i a b l e .   ( S e e   t a b l e s  2 t o  7.) For 
each of t h e s e   t a b l e s ,   t h e   r a n g e  of t h e  particular d a t a  set is broken   in to   10   equal ly  
s i z e d   i n t e r v a l s .  The lower limit of e a c h   i n t e r v a l  is shown i n   t h e   f i r s t  column.  The 
second  column  shows the   f requency  of d a t a   v a l u e s  which a r e   g r e a t e r   t h a n   o r  equa; t o  
t h a t  $wer limit b u t  less than  the  lower limit of the   next   in te rva l .   Samples  BN 
and DN were   exc luded   f rom  fur ther   ana lys i s   s ince   the   var iab le   span- i s   dependent  
on t h e   d i s t a n c e  to t h e   l i g h t n i n g   s o u r c e  , which was no t  known. The I sample w a s  
a l so   exc luded  from t h e   f o l l o w i n g   a n a l y s i s  on t h e   b a s i s  of i n s u f f i c i e n t   s a m p l e   s i z e .  

P r o b a b i l i t y   P l o t s  

The p r o b a b i l i t y   p l o t t i n g  method desc r ibed   i n   t he   append ix   and  known a s   t h e  PQ 
p l o t   ( r e f .  1 2 )  i s  used  to   judge  the  adequacy  of   the  lognormal   and  the  type I1 extreme 
v a l u e   d i s t r i b u t i o n  of l a r g e s t   v a l u e s .   S i n c e   t h i s   p l o t t i n g  method i s  u s e f u l   o n l y   f o r  
j udg ing   t he   adequacy   o f   l oca t ion   and   s ca l e   pa rame te r   mode l s ,   t he   o r ig ina l   s ample  
v a l u e s   x l ,  x , ..., x a r e   r e p l a c e d  by t h e i r   n a t u r a l   l o g a r i t h m s ,  so  t h a t  
yi = l n ( x i )  $or i = 1 , 2, ..., n. This   t ransformat ion   a l so   conver t s   the   lognormal  
and  type I1 ex t r eme   va lue   d i s t r ibu t ions   t o   t he   no rma l   and   t ype  I ext reme  va lue   d i s -  
t r i b u t i o n s ,  which a re   l oca t ion   and   s ca l e   pa rame te r   mode l s .  

n 

Members of t h e   s e t  y, y2,  . . . , yn a r e   o r d e r e d   f r o m   s m a l l e s t   t o   l a r g e s t ,   a n d  
t h e   i t h   o r d e r e d   v a l u e  i s  p a l r e d   w i t h  a   measure  of   locat ion  of   the  i th   ordered  value 
i n  a   s ample   f rom  the   t heo re t i ca l   d i s t r ibu t ion .   In   t he   p lo t s ,   depa r tu re s   f rom  l i nea r -  
i t y  sugges t   tha t   the   lognormal   and   type  I1 e x t r e m e   v a l u e   d i s t r i b u t i o n s   a r e   n o t   a d e -  
quate  models.   Tables 8 t o  10 a r e   a l s o   h e l p f u l  i n  judging  the  adequacy of t h e s e  
d i s t r i b u t i o n s  when c o m p a r e d   w i t h   t h e   t h e o r e t i c a l   d i s t r i b u t i o n s .  

F igures  2 t o  4 show p l o t s  of the  ordered  t ransformed  samples   .versus   the  theo-  
r e t i c a l   q u a n t i l e s  of t he   s t anda rd   no rma l   d i s t r ibu t ion .  For t h e  DS and I samples 
( f i g s .  3 and 4 )  , the p l o t s   a r e   n e a r l y   l i n e a r ,   s u g g e s t i n g  a good f i t   t o   t h e  normal 
d i s t r i b u t i o n .   T h u s ,   t h e   l o g n o r m a l   d i s t r i b u t i o n  is an  adequate  model f o r   t h e   t r u e  
p a r e n t   d i s t r i b u t i ? n   g i v i n g   r i s e   t o   t h e   u n t r a n s f o r m e d   s a m p l e  x1 , x2, . . . , x n. ~n 
the   case  of t h e  BS sample ( f i g .  2 )  , t h e   p l o t   e x h i b i t s  a concave  shape  and  suggests 
tha t   nega t ive   skewness  is a proper ty   possessed  by t h e  t r u e  p a r e n t   d i s t r i b u t i o n  of 

suppor t s   t he   conc lus ion   t ha t   t he   concave   shape  is a s i g n i f i c a n t   d e p a r t u r e  from t h e  
l inear   shape   expec ted   under   normal i ty .  

Y1 I Y2' * . * I  yn. The s i g n i f i c a n c e  test f o r   n o r m a l i t y ,  which i s  p resen ted  later,  

Figures 5 t o  7 show p l o t s  of   the  ordered  t ransformed  samples   versus   the  theo-  
retical  q u a n t i l e s   o f   t h e   t y p e  I e x t r e m e   v a l u e   d i s t r i b u t i o n   o f   l a r g e s t   v a l u e s .  Gen- 
e ra l ly ,  none  of t h e s e  plots i n d i c a t e   t h a t   t h e   f i t  t o  the  extreme  value  model is  
better t h a n   t h e   f i t   t o   t h e   n o r m a l   d i s t r i b u t i o n  model.  However, t h e   h e a v i e r   u p p e r  
t a i l   ( p o s i t i v e   s k e w n e s s )  of the  extreme  value  model   and a p o s s i b l e   l i n k   o f   t h i s  model 
w i t h   t h e   p h y s i c a l   f e a t u r e   t h a t   s p a n   v a l u e s  are themse lves   l a rges t   va lues   mo t iva t ed  
t h e  a p r i o r i   s e l e c t i o n  of the  extreme  value model. 
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A s i g n i f i c a n c e  test for adequacy of the  lognormal  model  can be based on t h e  
p r o b a b i l i t y  p lo t  c o r r e l a t i o n   c o e f f i c i e n t  (ref. 131..  The small o b s e r v e d   s i g n i f i c a n c e  
level (less than  0.005 1 shown i n  table 11 for t h e  BS sample sugges t s  a s i g n i f i c a n t  
d e p a r t u r e  fr?m t h e   l o g n o r m a l   d i s t r i b u t i o n  model. As a n t i c i p a t e d  from the p r o b a b i l i t y  
plots, t h e  DS and I samples d o   n o t   y i e l d   s i g n i f i c a n t   v a l u e s  of t h e   c o r r e l a t i o n  
s ta t i s t ic ,  i n d i c a t i n g   t h e  data s u p p o r t   t h e   h y p o t h e s i s  that the under ly ing  d is t r ibu-  
t i o n s  are lognormal. 

m a n t i l e  Estimates 

Asympto t i ca l ly   unb ia sed   quan t i l e  estimators as d e v e l o p e d   i n   r e f e r e n c e   1 4   a n d  
d e s c r i b e d   i n   t h e   a p p e n d i x  are applied t o  estimate t h e   u p p e r   q u a n t i l e s  y of t h e  
t r u e   p a r e n t   d i s t r i b u t i o n  for  y l ,   y2 ,  .. ., y,. Then t h e   t r a n s f o r m a t i o n  
x5  = exp(  y ) g i v e s   a n  estimate o f   t h e   q u a n t l l e   o f   t h e   t r u e   p a r e n t   d i s t r i b u t i o n  
f o r   x l ,   x 2 ,  . .., xn. Tables  1 2 ,  13 ,  and  14 show of t h e   q u a n t i l e  

ah: U f o r   t h e  RS, DS, and I samples. 

5 
x i t s  e s t i m a t e d - v a r i p c e ,   a n d   t h e   9 5 - p e r c e n t   l o w e r   a n d   u p p e r   i d e n c e  limits L 

Sample  Size 

O f  p a r t i c u l a r   i m p o r t a n c e   i n   d i r e c t - s t r i k e   l i g h t n i n g   e x p e r i m e n t s  is the  problem 
o f   e s t i m a t i n g   t h e  "worst case" va lues  of t h e   d i s t r i b u t i o n  of the  measurements.  The 
e x t r e m e   q u a n t i l e s  of most i n t e r e s t   r e q u i r e   l a r g e  sample s i z e s  to  o b t a i n  "good" pre- 
c i s i o n   f o r   t h e  estimates. P r e c i s i o n  is commonly measured  by  the  length  of i ts asso- 
c i a t e d   c o n f i d e n c e   i n t e r v a l .  However, b e c a u s e   t h e   t h e o r e t i c a l   c o n f i d e n c e  limits have 
an  expected  length  depending on the unknown q u a n t i l e ,   p r e c i s i o n  as measured  by  length 
would a l s o  depend  on t h e  unknown q u a n t i l e .  To a v o i d   t h i s  problem, we examine t h e  
e f f e c t  of sample s i z e  on the r a t io  R = U/L. A g e n e r a l   r e p r e s e n t a t i o n  of the sample 
s i z e  needed t o   e n s u r e   t h a t  ( 1 - a) 100-percent   confidence limits have a ra t io  n o t  
exceeding a s p e c i f i e d  Ro i s  g i v e n   i n   t h e   a p p e n d i x .  

Table   15 shows how t h e   s a m p l e   s i z e   v a r i e s   w i t h   t h e   r e q u i r e d   p r e c i s i o n  as mea- 
su red  by R. The computations were made fo r   95 -pe rcen t   con f idence  limit: f o r  
a s suming   t ha t   e s t ima t ion  is accord ing  to  the   no rma l   d i s t r ibu t ion .   Fo r  DS samples 
and for e s t i m a t i n g  x.95, a sample of s i z e  n = 46 y i e l d s   a n  Ro = 2.0, whereas   for  
e s t i m a t i n g  x it t a k e s  a sample of s i z e  n = 144 t o   y i e l d   t h e  same p r e c i s i o n .  
S imi l a r   conc lus lons  are o b t a i n e d   f o r   o t h e r  samples by  examining table 15. 

xs 

.99 

CONCLUDING REMARKS 

S t a t i s t i c a l  me thods   have   been   app l i ed   i n   t he   ana lys i s   and   i n t e rp re t a t ion  of 
e l e c t r o m a g n e t i c   d a t a   a c q u i r e d   d u r i n g   1 7 6   d i r e c t   s t r i k e s  to  t h e  F-106B a i r c r a f t .  
P r o b a b i l i t y  plots and s i g n t f i c a n c e  tests s u g g e s t   t h a t   t h e   d a t a   f o r   t h e  rate of  change 
of electric f l u x   d e n s i t y  D and f o r   t h e   c u r r e n t  I are h g n o r m a l l y   d i s t r i b u t e d .  
The d a t a   f o r   t h e  rate of change   of   magnet ic   f lux   dens i ty  B, on the   o ther   hand ,  
appear more u n i f o r m l y   d i s t r i b u t e d .  An exp lana t ion  is  t h a t   t r u n c a t i o n   o c c u r r e d   i n  the 
measurement process - some of t h e   d a t a   p o i n t s   i n   t h e   u p p e r   i n t e r v a l  are a t  t h e   f u l l -  
scale limits of the measurement  system,  for  example. 

Techniques were p r e s e n t e d   f o r   e s t i m a t i n g   t h e   q u a n t i l e s  of t h e   d i s t r i b u t i o n s  of 
B, D ,  and I measurements:  The estimate of t h e   t h e o r e t i c a l   9 0 t h   q u a n t i l e   o f   t h e  
d i s t r i b u t i o n   y i e l d i n g   t h e  B sample for  d i r e c t   l i g h t n i n g   s t r i k e s  is 1497.09 T/sec, 

4 
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and  95-percent   conf idence   1 imi ts . for   th i s   quant i le   range   f rom  1075.83  T/sec t o  
2083.31 T sec. Similar1 f o r  D t h e  estimate i s  16.10 A/m , w i t h  limits of 
13.23 A/m and  19.58 A/m , a n d   f o r  I t h e  estimate is 9156.66 A, w i t h  limits of 
7032.07 A and 11 923.15 A. The l a rges t   ob?e rv$d   va lues   fo r  d i rec t  s t r i k e s  were 
1727 T/sec, 30.60 A/m2, and  13  900 A f o r  B, D, and I. An i n s u f f i c i e n t  number  of 
samples f o r  rate of  change of c u r r e n t  1 measurem$nts f o r  s ta t is t ical  ana lys i s   have  
b e e n   r e c o r d e d   t o   d a t e .  The maximum zero-to-peak I reco rded ,   hwever ,   exceeded   t he  
f u l l - s c a l e   p e a k  of 48 G A / s e c ;  t he   co r re spond ing  maximum I de r ived   g raph ica l ly   f rom 
the   l ead ing   edge   o f   t he   s imu l t aneous ly   r eco rded   cu r ren t  waveform w a s  130 G A / s e c .  

4 S I  
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APPENDIX 

STATISTICAL DATA  ANALYSIS 

P r o b a b i l i t y   P l o t t i n g  Method 

The e s t i m a t i o n  method used assumes t h a t   t h e   p a r e n t   d i s t r i b u t i o n   f o r  
y1 I y2, . . ., yn be longs  to  some loca t ion-sca le   fami ly .   Such  a fami ly   has   the  
r e p r e s e n t a t i o n  

w i t h   d e n s i t y  

where  Go(z) is a known d i s t r i b u t i o n ,   a n d  r) and  6 are unknown loca t ion   and  scale 
parameters .  We r e f e r   t o   t h e   g e n e r a t o r   d i s t r i b u t i o n   G o ( z )  as a s t a n d a r d i z e d   d i s t r i -  
bu t ion   because  i t  is  t h e   d i s t r i b u t i o n   o f   t h e   s t a n d a r d i z e d   v a r i a b l e  Z = ( Y  - q) /6 
and  se rves  t o  s p e c i f y   t h e   l o c a t i o n - s c a l e   f a m i l y .  

L e t  Z be a s t a n d a r d i z e d   v a r i a b l e   h a v i n g   d i s t r i b u t i o n   G o ( z ) .  L e t  G(y)  be 
t h e   t r u e   d i s t r i b u t i o n  of Y = l n ( x ) .   I f   G o ( z )   a n d   G ( y )   d i f f e r   o n l y  by l o c a t i o n  
and scale parameters, then  a p lo t  of t h e   t h e o r e t i c a l   z - q u a n t i l e s   v e r s u s   t h e   t h e o -  
re t ica l  y -quan t i l e s   shou ld   y i e ld  a l i n e a r  plot .  Depa r tu re s   f rom  l i nea r i ty   i nd ica t e  
tha t   G(y )   does   no t   be long  to  the   f ami ly   de f ined   by  Go(z).  

The theoretical v e r s u s   e m p i r i c a l  p lo t  is  cons t ruc t ed  from the pairs ( M i ,  y( i )  
f o r  i = 1 I 2 ,  . . . I  n,  where is the   o rde red  sample and 

p o s i t l o n s   s u g g e s t e d   i n   r e f e r e n c e   1 3  are c a l c u l a t e d   w i t h  Mi = Go ( m i ) ,  where 
M1 I MZI ..., Mn are the   o f   Go(z) .  The p l o t t i n g  

-1 

m = 1 - m  
i n ( i  = 1 )  

m = (i - 0.3175)/(n + 0.3650) ( i  = 2, 3 ,  ..., n - 1 )  
i 

The p l o t s  shown i n   f i g u r e s  2 t o  4 are cons t ruc t ed  by p l o t t i n g  the ordered   t rans-  
formed sample v a l u e s   a g a i n s t   t h e   t h e o r e t i c a l   q u a n t i l e s   o f   t h e   s t a n d a r d   n o r m a l  
d i s t r i b u t i o n  

6 
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Those   p lo t s  shown i n   f i g u r e s  5 t o  7 are cons t ruc ted   wi th  the t h e o r e t i c a l   q u a n t i l e s  of 
t he   t ype  I e x t r e m e   v a l u e   d i s t r i b u t i o n  of l a r g e s t   v a l u e s ,  G,(z) = exp(-e-z)   for  
-0) < z < 00. Whenever a l i n e a r   p l o t   s u g g e s t s  a good f i t  to the   f ami ly  of d i s t r i b u -  
t i o n s   d e f i n e d  by Go(z) ,  the d i s t r i b u t i o n   F ( x )  = G o ( [ l n ( x )  - q]/6) f o r  x > 0 is 
judged   t o  be c o n s i s t e n t  w i t h  the o r ig ina l   s ample  x1 , x2,  .. . , For  example, a 
s t a n d a r d   n o r m a l   d i s t r i b u t i o n   G o ( z )   l e a d s   t o  a l o g n o r m a l   d i s t r i b u t i o n  F ( x ) ,  whereas 
the   t ype  1 ex t r eme   va lue   d i s t r ibu t ion   Go(z )   g ives  a type I1 ex t reme   va lue   d i s t r ibu -  
t i o n   F ( x ) .  

The p r o b a b i l i t y   p l o t   c o r r e l a t i o n   c o e f f i c i e n t   ( r e f .  13) used earlier f o r   t e s t i n g  
the   adequacy   for   the   lognormal  model is 

n 
n 

1 

where 

'n = ($ 
and 

( Y i  - 

With t h i s  test  the n o r m a l   d i s t r i b u t i o n   ( f o r  y1 , y2, . . . , yn) is rejected whenever 
r t akes  a va lue   i n   t he   l ower  t a i l  of i ts s a m p l i n g   d i s t r i b u t i o n  ( r  is always  posi-  
t i ve ) .   Pe rcen tage   po in t s   needed   t o   de f ine  the upper limits of t h e   r e j e c t i o n   r e g i o n s  
are a v a i l a b l e   i n   r e f e r e n c e  13 f o r   v a r i o u s   s i g n i f i c a n c e   l e v e l s .  A similar test is 
a v a i l a b l e   ( r e f .  15) f o r   t e s t i n g   t h e   a d e q u a c y  of the  extreme  value model. 

Quan t i l e   Es t ima to r s  

L e t  yi = ln( x i )   f o r  i = 1 , 2,  . . . , n denote   the  t ransformed sample va lues  
and l e t  ye denote  t h e   e t h   q u a n t i l e  of t h e   t r u e   d i s t r i b u t i o n   G ( y ) .   A s y m p t o t i c a l l y  
unbiased   es t imators  o r i g i n a l l y   p r o p o s e d  i n   r e f e r e n c e  14 are desc r ibed  below. 

A 

The estimator ye of yc is computed  from the   o rde red  sample 

'(1) ' ' (2) ' . e *  ' Y(n) as the l i n e a r   f u n c t i o n  

7 
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where  y(L) < y(M) are chosen from the   o rde red  sample w i t h   i n d i c e s  

L = [nql + 1 

and  [npl  and  [nql are t h e   i n t e g r a l  parts of the real values  np  and  nq.  For a 
s p e c i f i e d  5, t h e A q u a n t i t i e s  0 < q < 5 < p < 1 and 0 < c < 1 are chosen so t h a t  
the va r i ance  of  y5 is minimized.   These  quant i t ies  are reproduced  f rom  reference  14 
i n  table A1 f o r   t h e  case of a p a r e n t   n o r m a l   d i s t r i b u t i o n .  

The va r i ance  T~ of   the  estimator ye A from  reference  14 is  
T~ = ( s2 /n )  v (p ,q ) ,  where 

v(p,q)  = c p + (1 - c)  q + 2 c ( l  - c)q  
2 1 - p  2 1 - q  f - P  

go2(zp)  go2(zq)  g o ( z  P 1 go(z 9 1 

and g o ( z )  is  t h e   d e n s i t y   f u n c t i o n   o f   t h e   s t a n d a r d i z e d   v a r i a b l e  Z = (Y - n ) / & ;  
z and z are t h e o r e t i c a l   q u a n t i l e s  of t h e   d i s t r i b u t i o n  Go(z). 

P 9 

I n   t h e  case of a n o r m a l   d i s t r i b u t i o n ,  go(z) is  the   s t anda rd   no rma l   dens i ty  
and z and z are q u a n t i l e s  of t h e   s t a n d a r d   n o r m a l   d i s t r i b u t i o n .   F o r   t h i s  case, 

t h e  estimator ; of T~ is computed  by r e p l a c i n g  s2  by its estimator I t h e  sample 
variance  Sy,  which is computed  from  yl , y2, . . . , yn.  Computed values   of  V ( p , q )  
are shown i n  table A1 . 

P q 

2 

A A A 

The t r ans fo rma t ion  xs = exp(y5)   conve r t s   t he  estimator y5 of ys t o   a n  

estimator o f   t h e   q u a n t i l e  x5  of t h e   d i s t r i b u t i o n   F ( x ) .  The  approximate  var iance 

of is shown i n  tables 3 t o  5 is  computed  with  var(x^ 1 = T~ e x p ( 2 j 5 )  I wi th   t he  

approximate form obtained  from a Taylor  series expansion of exp(y5).   (See  method 
d i scussed  on p. 302 of ref. 16.)   Confidence limits f o r   x 5   f o l l o w  from t h e   r e s u l t  

t h a t  ;-' ln(;  /x ) = T-' ( y s  - y5)   has  a l i m i t i n g   n o r m a l   d i s t r i b u t i o n  (as  n + OD)  
with  mean equa l  to  zero and  var iance   equal  t o  one   ( r e f .   14  1 . The  upper  and lower 
limits u and L f o r  a ( 1 - a )  1 00 -pe rcen t   con f idence   i n t e rva l  are 

5 
A 

A A  

5 5  

A A 

L = x exp(-z  5 ( 1  -a)/2T) 

where z 
d i s t r i b u t l o n .  

(1-a) /2  is the   upper   (1  - a ) / 2   p e r c e n t a g e   p o i n t  of the   s tandard   normal  

a 
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Sample S i z e  

Let R = U/L. From t h e   p r e c e d i n g   r e p r e s e n t a t i o n   o f  L and U, ln2R is a 
random va r i ab le   hav ing   expec ted   va lue  
sample s i z e   n e e d e d   t o   e n s u r e   t h a t   t h i s   e x p e c t e d   v a l u e   d o e s   n o t   e x c e e d  a p r e s c r i b e d  
value  ln2Ro is t h e  smallest n s a t i s f y i n g   4 ~ ; , - ~ ) / ~ ( 6 ~ / n )  V ( p , q )  4 ln2Ro. The 
s o l u t i o n  is  

4% -a) / 2  (1  -a)/2 
72 = 422 (62 /n )   v (p ,q ) .  The 

The sample s ize   depends  on the index 5 b u t   n o t  on t h e  parameter I t  a l s o  
depends on t h e   l e v e l  of  confidence. An estimate of the  scale parameter 6 is needed 
to  compute  n . 

xs 

The sample s i z e   f o r  a r e q u i r e d  R i n c r e a s e s   w i t h   i n c r e a s i n g  5. This  is no t  
su rp r i s ing   because  the s a m p l e s   y i e l d   r e l a t i v e l y  l i t t l e  i n f o r m a t i o n   c o n c e r n i n g   d i s t r i -  
bu t iona l   shape  a t  t h e  ta i ls .  For less ex t r eme   quan t i l e s  ( 5 < 0.95) ,   the   confidence 
limits are narrower  and  the  estimators  have good a s y m p t o t i c   r e l a t i v e   e f f i c i e n c i e s  
( ref .  1 4 ) .  

TABLE AI .- OPTIMAL SELECTION OF INDICES FOR PARENT NORMAL DISTRIBUTION 

5 
( a )  ( a )  ( a )  

Z q P C P Z v ( p , q )  

0.99 

1.63 .47 I .4a .680  .930 .371 .80 
2.36 .99 1 .88 .840  .970 .324 .90 
3.64 1 .41 2.17  .920 .985 .313 .95 

11.44  2.15 2.75  0.984  0.997 0.302 

aFrom reference   14 .  
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SYMBOLS 

B m a g n e t i c   f l u x   d e n s i t y ,  T 

Ji rate of  change of magnet ic   f lux   dens i ty ,   T /sec  

BN rate of change   of   magnet ic   f lux   dens i ty  for n e a r b y   l i g h t n i n g   s t r i k e ,   T / s e c  

rate of  change of magne t i c   f l ux   dens i ty  €or l i g h t n i n g   a t t a c h m e n t  to 
a i r c r a f t ,   T / s e c  

D electr ic  f l u x   d e n s i t y ,  c / m  2 

I5 rate of  change  of e lec t r ic  f l u x   d e n s i t y ,  A/m 2 

DN 

DS 

ra te  of  change  of electric f l u x   d e n s i t y   f o r   n e a r b y   l i g h t n i n g   s t r i k e ,  A/m2 

ra te  of  change  of electric f l u x   d e n s i t y   f o r   l i g h t n i n g   a t t a c h m e n t  to  
a i r c r a f t ,  A/m 2 

D ~ , D W , ~ , D W , ~ , D ~ ,  
B ~ ,  BT, %,L, %,RI  s i g n   c o n v e n t i o n s   f o r   e l e c t r o m a g n e t i c   v a r i a b l e s   o f   f i g u r e  1 
EX, Ey, EZ 

d i r e c t   c u r r e n t  

e lectr ic  f i e l d ,  V/m 

u n d e r l y i n g   d i s t r i b u t i o n  of X 

d i s t r i b u t i o n  of Y 

d i s t r i b u t i o n  of t h e   s t a n d a r d i z e d   v a r i a b l e  Z = (Y - n ) / 6  

dens i ty   func t ion   o f   G(y )  

d e n s i t y   f u n c t i o n  of Go( z 1 

c u r r e n t ,  A 

ra te  of  change  of  current,  A/sec 

lower conf idence  limit 

t h e o r e t i c a l   q u a n t i l e s  of   Go(y)   indexed  by  integers  

sample s i z e  

quan t i l e   i ndexes   u sed  when r e f e r r i n g  t o  t h e   d i s t r i b u t i o n   G o ( z )  

= U/L 

prescr ibed   va lue   o f  R 

p r o b a b i l i t y  p lo t  c o r r e l a t i o n   c o e f f i c i e n t  



U 

X 

x5 
A 

*5 
Y 

Y 
- 
Y 

A 

1 - a  

6 

rl 

5 
2 

T 

-2  T 

var iance   o f  the sample y, , y2, .. . , 
upper   confidence limit 

a f a c t o r   i n   t h e   r e p r e s e n t a t i o n   o f  T 

random variable r e p r e s e n t i n g  a span  measurement 

theoretical 5 t h   q u a n t i l e  of F(x) 

estimator of 

n a t u r a l   l o g a r i t h m  of X 

value  of  the random v a r i a b l e  Y 

Yn 

2 

xs 

mean of t h e  sample y, , y2, . . ., 
i t h   o r d e r e d   v a l u e   i n   t h e   s a m p l e  y, , y2, . . . , 
t h e o r e t i c a l  c th  quan t i l e   o f   G(y )  

e s t ima to r   o f  

t h e o r e t i c a l   p t h   a n d   q t h   q u a n t i l e  of Go(z) 

l eve l   o f   con f idence  

Yn 

Yn 

scale parameter of t h e   d i s t r i b u t i o n   G ( y )  

l o c a t i o n  parameter of t h e   d i s t r i b u t i o n   G ( y )  

q u a n t i l e   i n d e x  

t h e o r e t i c a l   v a r i a n c e  of 
A 

y5 

estimator of T 
2 
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TABLE 1.- SUMMARY OF DATA  ANALYZED 

Sample n 

?N T/sec .. .. . 
G S l  T/sec ..... 

22 
46 

QN, A/m2 2 . . . . . . 19 
DS, A/m .. . . .. 93 

A . . e . . . . . . .  27 I I ,  GA/sec... . . .  I 8 

M i n i m u m  

81 e52 
54.82 

0.7656 
1.524 

2003 
2.976 

Maximum 

1  727 
1  727 
19.21 
30.60 

13  900 
81 .85 

6.570  0.553 

2.056 
0.207 8.394 
0.393 

TABLE 2.- BN FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION 

L o w e r  limit 
of grouping, T/SeC 

Frequency 

245.6 
410.2 
574.8 
739.4 
904 .O 

1068.6 
1233.2 
1397.8 
1562.4 

14 



. 
TABLE 3 .- BS FREQUENCY-OF-OCCURRENCE 

DISTRIBUTION 

L o w e r  limit 
of grouping, T / s e c  

Frequency 

54 .o 
221.3 
388.6 
555.9 
723.2 
890.5 
1057.8 
1225.1 
1392.4 
1559.7 

4 
4 
6 
7 
4 
6 
4 
2 
4 
5 

TABLE 4.- DN FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION 

I I L o w e r  limit of 
grouping, A/m2 I Frequency 

I I 
0 
2 .o 
4 .O 
6 .O 
8 .O 
10 .o 
12.0 
14.0 
16 .O 
18 .O 

3 
0 
2 
5 
3 
4 
0 
1 
0 
1 

15 
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TABLE 5.- DS FREQUENCY-OF-OCCURRENCE 

DISTRIBUTION 

Lower limit of 
grouping , A/m 2 Frequency 

1 .o 
4 .o 
7 .O 

10.0 
13.0 
16.0 
19 .o 
22 .o 
25 .O 
28 .O 

15 
23 
15 
21 
10 

1 
5 
1 
1 
1 

TABLE 6.- I FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION 

Lower limit of 
grouping, A 

2 003.0 
3  192.7 
4 382.4 
5 572.1 
6 761 .8 
7 951 .5 
9 141 .2 

10 330.9 
11  520.6 
12 710.3 

Frequency 

6 
9 
4 
2 
4 
1 
0 
0 
0 
1 

16 
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TABLE 7.- I FREQUENCY-OF-OCCURRENCE 

DISTRIBUTION 

Lower l i m i t  of 
grouping, G A / s e c  

Frequency 

2.976 
10.860 
18.750 
26.640 
34.520 
42.41 0 
50.300 
58  .180 
66.070 
73.960 

2 
1 
1 
0 
0 
0 
1 
1 
1 
1 

TABLE 8 .- FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION FOR LQGARITHMICALLY 

TRANSFORMED  BS SAMPLE 

Lower limit of 
grouping, T/sec 

Frequency  

4 .O 
4.4 
4.8 
5.2 
5.6 
6 .O 
6.4 
6.8 
7.2 
7.6 

1 
1 
0 
2 
4 
6 

1 1  
12 
9 
0 

17 



TABLE 9.- FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION FOR  L-OGARITHMICALLY 

TRANSFORMED DS SAMPLE 

Lower limit of 
grouping, A/m 2 

Frequency 

0 
.4 
.8 

1.2 
1 .6 
2 .o 
2.4 
2.8 
3.2 
3.6 

0 
3 
6 

12 
22 
17 
24 

7 
2 
0 

TABLE 10 .- FREQUENCY-OF-OCCURRENCE 
DISTRIBUTION FOR LOGARITHMICALLY 

TRANSFORMED I SAMPLE 

L o w e r  limit of 
grouping, A 

Frequency 

7 .O 
7.3 
7.6 
7.9 
8.2 
8.5 
8.8 
9.1 
9.4 
9.7 

0 
0 
5 
5 
8 
3 
5 
0 
1 
0 

18 



TABLE 11 .- NORMAL PROBABILITY  PLOT 
CORRELATION COEFFICIENT r 

Sample r n significance 
level J 

?S 
DS 

46 

.980 27 I 

.933 93 
0.945 (0.005 

> .250 
> .250 

TABLE 12.- QUANTILE  ESTIMATES FOR is SAMPLE 

A A 

5 xs var(x 1 5 
0.99 1726.97 

1707.90 986.12 33 063.77 1297.77 .80 
2083.31 1075.83 63 702.34 1497.09  .90 
2601 .58 1146.40  130  343.63 1726.97 .95 
3573.02 834.71 41 0 369.59 

L U 

TABLE 13 .- QUANTILE  ESTIMATES FOR is SAMPLE 

A 

5 U L var(g 5 
0.99 

16.55 11.95 1.37 14.06 .80 
19.58 13.23 2.59 16.10 .90 
26.87 16.53 6.83 21  .07 .95 
42.07 17.76 36.16 27 .33 

L 
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TABLE 14 .- QUANTILE  ESTIMATES FOR I SAMPLE 

~ . .  . ~. . . ~-~ ~ "" ~ "" . ". .. ."" 
~~~~ 

A 

5 x5 v a r d  1 5 
0.99 13 900.00 

7 422.31 4785.88 445  145.03 5  960.06 .80 
11 923.15 7032.07 1 521  150.71 9  156.66 .90 
12 966.02 6736.88 2  436  825.02 9 346.66 .95 
24 847.52 7775.83 16  969  695.24 

L U 
~~~ ~ 

TABLE 15.- SAMPLE S I Z E  VARIATION WITH PRECISION 

20 
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Figure 1.- Electromagnet ic   s ign  convent ion  and  sensor   locat ion.  
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Figure  2.- Empir ica l   t ransformed is sample v e r s u s   t h e o r e t i c a l   q u a n t i l e s  of 

s t a n d a r d   n o r m a l   d i s t r i b u t i o n .  
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Figure 3.- Empirical t ransformed is s a m p l e   v e r s u s   t h e o r e t i c a l   q u a n t i l e  of 
s t a n d a r d   n o r m a l   d i s t r i b u t i o n .  
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Figure 4.- Empir ical   t ransformed I sample v e r s u s   t h e o r e t i c a l   q u a n t i l e  of 
s t a n d a r d   n o r m a l   d i s t r i b u t i o n .  
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Figure 5.-  Empirical transformed I& sample versus 
value  distribution. 
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Figure 7.- Empirical  transformed I sample versus   theoret ica l   quant i le  of 
extreme  value  distribution. 
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