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20. Abstract (Continued)

These areas of sparse data in the WMO compilation have been covered in this
investigation. The tentative , first estimate of the distribution of lightning dis-
charges over a large area of Earth differed significantly from the distribution
of thunderstorm days for April and July, but the two distributions were simi-
lar for January and October. Centers of relatively high occurrence of
lightning discharge on a yearly basis were located over South Africa , the
Mediterranean Sea, Arabia , Southeast China , Southeast Asia , and Australia.
The occurrence of lightning discharge was shown to follow Sun northward
from January to the maximum poleward thrust in July. The occurrence of
lightning discharge receded equatorward from July to the end of tall in
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Hemisphere (0- 179E) in Januar~’I 972 and( X l 0  iec~~TTor April
1972.,~ There was evidence thaw in general, the areal concentra~ on of
lightnt g discharge in the Nor em Hemisphere (0- 179E) decreasè~ with geo-
~raPhi3 latitude. 
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The Distribution of Thunderstorm Days ,
Li ghtn ing Discharges , and the

Incidence of Li ghtn ing Discharge
Derived From VIF Sferks Data

I. l\1ROIH t:

1. 1 \ei-d (or l i i i ’ , ln~c’.tiga 1ion

Sc ien t i s ts  have s tudied e lec t r ica l  ac t i v i t y  in the a tmosphere  f I r  t i r e  than
200 year, , 1 vet  there  remain  gaps in our knowledge of the na t i  re I f  t t r e , e  comp lex

phenomena.  The l i g h t n i n g  d i scharge  is perhaps the most  d r a m a t i c  e l e c t r i c a l  event
in na ture  and one of the most misunders tood .  2 There i-i a need to un i t e r  st and
be t te r  all  a ip e ~ t s  of the l ightning d i scha rge , inc luding i ts  c I i m a t I iI g’~.

h o m er ~ta ted  that  there  is  a requi rement  in r ad io  sc ience  f o r  a be t te r  under-
,t a n d i n g  of the tempora l  and spat ia l  d i s t r i b u t i o n  of the  areal  dens i ty  of l ightn ing

d i scha rge . He wrote :
If a more comp lete knowledge existed of t he  densi t ies  of lig h tn ing

discharges in different parts of the world , it could he coupled v. i th  a
kno~~led~ I I f  the e n e rgy  radia ted  by an average di5eharge to give the
world d i s t r i b u t i o n  of r a d i a t e d  power . H i t h e r t o  th i s  d i s t r i b u t i o n  has

(R e c e i v e d  for p u b ) l c r I i r I n 17 M a y  1977)

1. (‘ hi — ( lien , I .  , and Ch i — Z h a n g ,  L. ( 1 966) A F’CR L, ( o n t ra c t  A l 1 9 ( 6 2 8 ) — 5 0 7 3 ,
E m n r - 6 7 — 1 6 5  T r a n s l a t i o n s , T r a n s l a t e d  f r o m  Acta  M e t e l l r l l l o g ica Sinica
3 6 : 2 75 -2 7 9 . 

-. _____________

2. V i e r r i e r s t e r , P . E. ( l 9 f l l  The Ligh tn ing  flook, Doubleday , N e w  York , 316 pp.

3. h o m er , 1 . ( 1964 ) Advances in Radio Research,  Vol . 2 , Academic  Press ,
New York , pp. 121-204 .
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been a . -sumed to fol low the  d i s t r i b u t i o n  of t h u n d e r s t o r m  days , f o r  want

of a b e t t e r  index .
M a r t i n  and lh i ldebrand 4 have e x p r es sed  the need f I r  a ( h i m a t ( I I I gv I f  t h u n d e r s t o r m

and l ig h tn ing  p a r a m e t e r s , as s tated:
Many sc ien t i f i c  and eng m n, e r in g  d i s c i p l i n es  have an in te res t  in the

geographic d i s t r i b u t i o n  of t h u n d e r s t o r m  a c t i v i t y  . . . In much  of th is
work  there is need for i n f or m a t i o n  regard ing  the expected t h u n d e r , t o r m

a c t i v i t y  at var ious  geographic locations around the  wor ld  to enable

a s s e s s m e n t  of i ts  con t r i bu tion  to the total  a tmospher ic  noise level at
any other  geographic locat ion.  On a wor ldwide  bas i s , knowled ge con-
cern ing  the number  and location of l igh tn ing  discharges , w h i c h  create

large amounts  of radio frequency energy , is s t i l l  very meager  and based
to a large extent  upon studies made in 1925.

l lvI ’r , s  explained tha t  meteorologists have a special in teres t  in a tmospher ic , elec-
t r i ca l  phenomena:

The main fea ture  that  d is t inguishes  meteorology from the other
sciences that  might  concern themselves wi th  the a tmosphere is i t s
emphasis  on c i rcu la t ions .  These circulat ions , ranging from smal l
tu rbu len t  eddies to the a i r  flow over the p lanet as a whole , influence
th e  d i s t r i b u t i o n  of e lec t r ica l  p rope r t i e s .  Thus , a two-way  relat ion
between li ghtning, as well  as all other e l ec t r i ca l  phenomena , and mete-
orological conditions cx is t.s .

A b e t t e r  knowledge of the dis t r ibut ion (If  l ightning discharges  would be useful in the
p lann ing  of a i rcraf t  routes , especially over remote areas.

Ex t .~n s iv e  data are available on some aspects of the spatial  and temporal occur-
rence of t h u n d e r s t o r m s . ‘I here is a relat ive pauci ty  of inform ation on the  occur-
rence of li ghtning.

1.2 l , i t e ra t u r p  R4 l e w :  “ t i I tO .I I I . of rhund -rsoi~~ and l ightning Parameters

A thunder s to rm day is defined as a local day on which  thunder is heard at a
wea the r  st a t i o n .  The observation of li ghtning with out  the sonic noise that  it  pro-
duces ( t h u n d e r )  is not a suf f ic ien t  c r it e r i o n  for a thunder s to rm day to be recorded. 6

The t h u n d e r s t o r m  day is the only planetary-scale es t imate  of thunders to rm occur-
rence that  is avai lable ,  A l thou gh  a usefu l st a t i s t i c , it has obvious deficiencies .

4. M a r t i n , 3. N. , and Ilildebrand , V. W . ( 1965) NOl C Rept .  628 Project No.
V~H5-00ti 2, Naval Ordnance Laboratory, Corona , Calif .  • 95 pp.

~~. f lyers , 11. R .  (1965) Problems of A t m o sp heric and Space Elect r ic i ty ,  Elsevier
Pub. Co . , A m st e r d a m , pp. 491-496 . 

—______

6 , ~ ( I r i d  P~lc te or ci logica l  Organizat ion  (1953) Part 1, Publ . No . 21 , TP 6.
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Th u n d er s t o r m — d a ~ data  prov ide  fi l l  e s t  i i r i a t e  of d i u r n a l  v a r i t t i o n , d u r a t i o n , or

e le c t r i c a l  i n t e n s i t y  c i f  t h u n d e r s t o r m s . A t h u n d e r s t o r m  d ay  is r ecer I I ’ I t  at a ~t a t i o n

w h e t h er  t he re  occurred a s ing le , i so l a t ed  t h u n d e r st o r m  or several  t h u n d e r s t o r m s

dur ing  the day . Moreover , the  e f f ic a c~ i f  t h u n d e r s t o r m — d a y  ~ t ’ i t i  1 i s is based on

the  i h V i I  u - s ly  fa lse  p r e i n i  so t h a t  t h u n d e r  a l w a y s  i.s heard no m a t t e r  w h e re  it  o ccu r

I ‘ecsonn et  of the  W orld M ete oro log i c a l  ( )rgani  / at  ion ( \V~~l ) comp i led t h e

t h u n d e r s t l , r m — d a v  s t a t i s t i c s  f rom raw r n ; i t * ’ c i : t l  , i i l i r i i i t t e r l  by the ne t e r ,r o l og i c a l

se rv ice . s  of the member n a t i o n s .  ‘I he i l h i w i n g  q u o t a t i o n  is taken  f rom P a r t  2 of

the d a t a  p r e s e n t a t i o n .

It should be made c l ea r  t h a t  t h i s  p re i ec t  is not  a deta  led c l i m a t o —

logical st u dy  ( I f  t h u n d e r s t l , r r r i  n i t  i v i t v  l I v e r  th e  wor ld  - . . The maps can—
ni ’ he I I , n - , idered to be in m v  w a y  f i na l ;  t h e y  are  ~ u h i e c t  I I ,  r ev i s ion  in
l ig ht of new data .

Brooks , 8 in a c lass ic  paper , pe i n~ed out t h a t  t h u n d e r s t o r m — d a y  records may
be inaccura te .  l Ie sa id :

T h u n d e r s t o r m s  which  pass d i r e c t l y  i , v e r  the  s t a t ion  m ay  he n ot e d ,

hut those w h i c h  occur at a d i s t a n c e  of ~eve i - a l  mi les  are i f t e n  ignor ’ed ;
t} 1i  is especial l y the case in t rop ical  s t a t i o n s  where  t h u n d e r~ t ’ r n I s  a re
severe hut  e x t r e m e l y local — at ce r t a i n  t imes  ( I f  the  day in the  r a i ny

season d i s t a n t  t h u n d e r  is  so C o rYIr l i n t h a t  it s i m p ly does flot occur  to
the ( l b - se rve r  to  enter  i t  in t h e  reg i s t e r  — in f ac t , he may net  he C e f l —

scil u sly aware  of i ts occu r r ence

In the same paper , Brook s tt e s t i ma t e d  f rom a review of s t a t i o n  r -ep ort .s  t h a t
there  are : c p p r ox i ma t e ly  1800 t h u n d e r s t o r m s  in e x i s i l i i l I ’ (In E a r t h  at a ny  one t i m e
and t h a t  roughl y 100 d i sc h a r g e - . occur per  si ’ 1 end . h l e v d t  and Volland~

t used a
heterod yne type of receiver t o  s t ud y the a m p l i t u d e  spect ra  of received a t m o s p h e r i c s .
They e s t i m a t e d , based fl coun t s  of s ignals  at f r e q u e r i i i t  I f  S kihi , 10 k l l v , and
40 k }Iz tha t  a p p r o x i i i : I t e l v  120 d i scharge s occur per second. T h i s  r e su l t  i.s in
close  agreement  w i t h  t h a t  of B r I l I k s , espec ia l ly  when one consider.s Ih e  d i s p a r a t e
methods  of ana ly s i s .

A iya 10 used l i g h t n i n g  f lash counte rs  to e , t i m a t e  t h a t  a local t h u n d e r  s t , i m  in
Ind ia  l a s t s  3 hours  n t i e  a ver a g e  and p roduces  about e r i e  d i s c h a r g e  ( I i  k m .  T h i s
( l r r I ’ ~~p I) nd s  t ( I  an inc idence  lI f  d i s c h a r g e  of a p p r o x i m a t e ly  P ~ IO~~ km —2 sec 

-

7 . W rId Mete r l d ,  g i r t h  ( )r g a n t t ’a t i on  (1 956 )  Part  2 , Puh l .  No . 2 1 , TP 6 .

8. Brook., , C’ . E. P. ( 1925)  M i t . Of f i ce  Ge l lp h ys . I~Ienr.  and Profi .  Notes ,  N m , , 24 ,
London , 14 7 — 1 6 4 .  - 

‘~~. h l o v d t , G. , and Volland , I I .  ( 1964 )  3. A t o l l s . T e r m . l ’hys . 2 t i : l t T1 — 104.
10. Aiya , S. V. (‘ . (196 8) Electro-Technology ,  J. Soc. E l e i t ron ic i :ngineers

(Bangalore)  12d No . l) :l  — 12.
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h l I r ner  r -~’viev ed da ta  b ased on va r iou s sources ( fo r examp le , li gh t n in g  flash

(‘( t i n t e r - , , s t r i k e s  to power l ines , and radio noi e) and es t imated  that  the incidence

for  t h e  “ ma in  t h u n d e rst o r m  areas ” of the  wor ld  is 10
_ c  

km 2 sec 1. l ie  a l s o

e s t i m a t e d  t h a t  t he  incidence for the  wor ld  as a whole is of the order  10
_ 6 

km 2

sec ’. N e i t h e r  Aiva  nor  l i l I r n e r  indicated over what period the respect ive  esti-

mate~ of inc idence  were averaged. By a s s u m i n g  tha t  ofl the  average l l f l C  thunder-

st o r m  occurs  per t hunde r s to rm day, one may infer  f rom Brook’ s work 8 that  the

i n c idence of di.-,charge  is I f the order If b ”4 kni ’2  sec ”’ for the world a, a whole.

1 . 2 .  1 THE 1 . I G I I T N I N ( ;  DISCHARGE

Lig h tn ing ,  in general , i- s the visible electr ical  discharge produced by thunder-

s to r m s . The li ghtning discharge is a series of electr ical  processes by which

charge  is t r ans fe r red  between centers  of opposite polar i ty .  12 Lightn ing  di~ c i i : ir g e~
a lni st a l w a y s  are accompanied by thunder .  In Apr i l  I tPr S, f ive  “ b r i l l i a n t  f lashes”

of li ghtning were  seen to s t r ike  the Washington Monument  wi thou t  an~ observat ion

(if t h u n d e r . However , I l t i se rvat ion s  of this  na ture  are extremely rare. 2 The ty p e s

1’f d i , ch a r g e  which are w i t h i n  the scope of th is  stud y include c loud-to-ground and

cloud discharges.  other  types of discharge (fo r examp le , c loud-to-a i r , and

c loud- to-c loud)  occur very ra~ elv .  13, 2

The  c loud- to-ground d i scharge  is a composi te  and compl ica ted  event . ft may

he s tud ied  convenient l y in three s tages :  (1) The in i t ia l  stage of the - t e p  leaders

forms the conductive pa th  to ground and ends at the f irs t  r e tu rn  stroke; (2)  the

i n t e r m e d i a t e  s t age  includes all re turn  s trokes;  and (3) the  f inal  s tage comprises

the residual va r i a t i ons  in e lec t r ic  field a f t er  the last r e t u r n  s t roke .  14

The leaders follow a ‘stepped , t o r t u o u s  t ra jec tory  f rom the cloud to the ground

and ionize a conduct ive  path which  typical l y connects the negative center  ( If  charge

in the  cloud to an induced , positive center  on the ground.  The re turn  s t roke gives

off l ig ht as it apparent l y moves upward from ground to cloud . This  visual disp lay

is popularl y t e r m ed “l ightning. ” The r e t u r n  s t roke ac tua l l y moves downward ,
t y p i c a l l y  c a r ry ing nega t ive  charges from cloud to ground . 15

11. h o m er , I . ( 1965)  Planet Space Sri. 1 3 : l l i 7 - 1 1 6 0 .
12 . ff u s ch k e , H . I~. , I d . (1 959 )  Glossary of Meteorology, A m .  M eteor’ . Soc .

Boston , 638 PP.
13. Ishikawa , 11. ( P 6 0 )  Proc . R e .  l n ,t . A t mos . , Nagoya t i n y . , 8 A : l — 2 7 4 .
14. P i e r c e , E. ‘I. ci al (1 96 2)  l i r i a l  i l i ’p t . SRI Pr o t e c t  N I  . 3738~ Contract  No.

AF33(65 7) -7009 , Stanford  R ’ .si~arch In s t i t u t e , Menlo Park , Cal i f . • 132 pp.
15 . ( halme rs , J.  A.  ( 196 7)  A t I i o l . l lh e r l c  E l e c t r t c i ty .  2nd ed . , I’ergamon , New

York, 515 pp.
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There are mu l t i p le return strokes in most cloud-to-ground discharges. The
16 17 18 19number of re turn  strokes may vary f rom one to as many as 20.

Pierce 2° developed empir ica l  rules for the var ia t ion  wi th  lat i tude of the average

number of return strokes per cloud-to-ground ‘~(scharge and the proportion of all

discharges that  go to ground.  lie found that wi th  geographic la t it ude the propor t ion

of d i s cha rges - to -g round  increases , and the number of return strokes per discharge
decreases.

Th e nat u re of the cloud discharge is not clearly understood . Smith ”1 obse rved
that  mi st (36 percent) cloud discharges transfer negative charge upward from a

negat ive center of charge near the cloud base to  a positive center  above . Ogawa

and Brook 22 (Ibserved that the di rect ion of propagation i~ f charge was predominantl y
(75 percent of cases studied)  from the positive center of charge downward to the
negative center  of charge . Takagi 23 observed in Japan that  the main process of

cloud discharge involves a positive s t r eamer  that  propagates downward  f rom a
24 -posi t ive to a negative center of charge . Moyer observed from aloft a line storm

in which  about 75 percent of the discharges appeared to parallel the bases of s ing le

clouds wi th  the s t roke typical ly emerging from one ex t remi ty  and re-entering an

opposite ex t remi ty .  This observation was made on 12 November 1972 at a location

south of Dallas , Texas.

1. 2. 2 ATMOSPHERICS

A t m o s p herics are electromagnetic si gnals which emanate from l ightning
discharges.  The term “ atmos pherics” ’i s  frequently shortened to “ sferics. ”

Popov , 25 work ing  a’t the Pavlovsk Magnetic and Meteorological Observatory, was

the f i r s t  investi gator to stud y the phenomena wi th  the use of a detector. Recent

advances in sferics work have been largel y ref inements  and extensions of p ioneer
work accomplished before 1940 . Acc ording to h o m er , the princi pal earl y
workers  were App leton and Watson-Watt  in the United Kingdom, Schonland in

16. Pierce , E .T .  ( 1955) Quart. 3. Roy . Meteorol. Soc. 8 1:2 11-228.

17. MacKerras , 0. (1968) J. Geophys. Res. 73:1175-1183.

18. Takeut i , T. ( 1965) Proc. Res. Inst. Atmos . ,  Nagoya Universi ty ,  12A :1-70.

19. Workman , E. G. , Brook , M. , and Kitagawa , N. (1960) J. Geophys. Res.
65:1513— 1517 .

20. Pierce, E.T.  (1970) J. Appl. Meteor. 9:194-195 .
21. Smi th , L. G. ( 1957) Quart. J. Roy . Meteor. Soc. 83:103-111.
22. Ogawa, T., and Brook, M. (1964) 3. Geophys. Res, 69:5141-5150.

23. Takagi , M. ( 1961) h’roc. Re ’s. Inst. Atmo s .,  Nagoya University, 8B:1-105.
24. Moyer , V .E.  ( 1974) Personal c’mmunication.

25. Popov , A , S .  ( 1896) 3. Russ. Phys. Chem. Soc. 28:7-9.
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1~ South Afr ica , Bureau in France , Lugeon in Switzerland , Austin in the Unit ed

States, and Norinder in Sweden.

A common method used to stud y aferics is the examination of the amplitude

freque ncy spectrum of the received sferlc wave form. A broadband receiver may

be used to record incident sferic waveform’s for analysis. By using electromag-

netic propagation laws for very low frequency (VLF), one may make inference-s

concerning the amp litude spectrum of the source from a study of the received
14spec t rum.

Leushin 26 studied the geographic correspondence of centers of sferic act ivi ty

and thunderstorms in the Soviet Union and concluded th-it there is a one-to-one

correspondenc& between them. Barkalova27 found that there was a good correla-

t i ( ’n  ( r a n gi n g  f rom 0. 73 to 0. 97) between the nu.~nber of thunderstorms and the

count of 4ferics (recorded above a threshold) at two stations in the Soviet Union.

It should be ment ioned that sfe r ics  may originate in Sun or the other ‘star ’s as wel l

as in lightning,

1. 2. 3 SFERICS IN THE FORM OF DISCRETE PULSES

Sferics , in general, are continuous , e lectromagnet ic  phenomena. Cloud-to-

ground d ischarges , or more precisely, the associated re turn  s t rokes , produce

intense energy in the V 1~F portion of the spect rum.  The noise thus  produced is of

the form of intermittent pulses superimposed on the continuous , background

noise. 28 , 29 , 30, 23 Hom er and Bradley3’ report  tha t  the t r an , it i on  from essen-

t ia l ly  discrete  puls ?s to continuous waveforms occurs between 40 and 550 kHz .

The re turn stroke of the cloud-to-ground discharge also generate’s s ign i f i can t

sferics (K pulses) at VLF that are perhaps one-tenth the magn i tude  of the largest

pulses. 13 Recoil streamer’s, which occur when a propagating s t reamer  meets a

center of charge opposite in sign to the s t reamer , produce re la t ive l y smal l  K

pulses. The leader also generates K pulses, but these are very small in magni-

tude. 14 Although the various types of K pulses are much less intense than the

large, discre te , VI. F pulses , they are more numerous and must  be considered
when analyzing received sferics. 32

21;. Leushin , N. E. ( 1964) AFC’Rl ., Contract AF 19(628)-3880 , Am. Meteor. Soc.
Translation,

27. I3arkalova , K. N. (1964) AFCRL, Contract AFI9(628)3880, Am. Meteor. Soc.
Translat ion.

28 . l i l Ir n er , 1’ . (1958) J. Atinos. Term.  Phys. 13:140-154.
29. Malan, D.J, (1958) Recent Advances in Atmospheric Electricity, Pergamon.

New Yor k , 557-56 3.
‘10. Kltagawa, N., and Brook, M. (1960) J. Geophys. Res. 65:1927-1931.

31. h o m er , F. , and Bradley, P .A .  ( 1964) 3. Atmos. Terr, Phys. 26 :1155-1166 .

32 . Fierce , E.T. ( 1973) Personal communicat ion.
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The cloud discharge generate’s quasi-discrete K pulses at V1~F that  are

remarkably s imi l a r  to those of the cloud-to-ground discharges.  The recoil

st r e a m e r  process is thought to cause these pulse’s. 14 It is clear that the dominant

energy at VLF generated by cloud discharges is due to K pulses. 29 , 33

In summary ,  both cloud-to-ground and cloud discharges generate ‘significant
sferics at V l .F  in the form of quasi-discrete pulse ’s. The largest pulses , associ-

ated w i t h  cloud-to-ground discharges , are due to the ini t ia l  and subsequent re turn

~,tmo ke s . Both the return stroke (cloud-to-ground discharge) and recoil s t reamer

(cloud-to-ground and cloud discharges) produce quas i -d iscre te  K pulses , which

are less  intense but more numerous than the “ main , ” VLF pulse’s. The leader

‘stage of a discharge produces sferic pulses at VLI , but these are very weak in

magnitude.

1.3 Objeelke and Seope oF Repo rt

The objective of this stud y was to contribute information on the following

aspect’s  of the climatology of thunders torms  and lightning, wi th  special emphasis

on thei r  spatial  dis tr ibut ion:  an est imation If the distr ibution ove r much of the

Eastern Hemisphere, thunderstorm day’s; the numher  of li ghtning discharge’s ;  the

incidence of l ightning discharge; and the ameal concentration of l ightning discharge.

2. FIll . S*’l’ Kli~ fl~ T-~

2.1 lh’Iinjti,,n and ~our, e

The .s ferics da ta  which were available for th i s  study are count’s of electromag-

netic s ignals  (above a threshold in ten ’s i t  ) which emanate from li ghtning discharges.
Personnel of the U .  S. A i r  Force collected these data in 1972 from a large network

of sferic sensors capable of recording incident  s fer ics  on a global basis.

2.2 ihi. ~kri~~ Reeorder~

Although sophisticated electronically, the recorder’s are essentially cathode -

ray tube direction finders of  the type introduced by Watson-Wat t  in the United

Kingdom more than 40 years ago. The recorders , called ‘signal monitors , are
passive remote sensors that detect , c lass ify ,  and record the vertically polarized

component of incident sfem ics .  The location on Earth of a sferic is determined by

*The Eastern  Hemisphere was selected because of the ava i lab i l i ty  of data from
that  area.

33. Hom er , F. (1960) J. Atmos,  Ter res. Phys. 2 1:13-25.
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the use of three or more stations . The time of arrival at each station is recorded;
then the difference in t ime of arriva l between stations Is converted to distance by

the use of the estimated propagation rate at VLF. Finally, the location or ° flx” of

the sferic is determ ined by a straightforward application of spherical trigonometry.

Sferic s incident upon the antennas are recorded on a selective basis. The criteria

for recording a si gnal are the azimuth of arriva l (sectoring) , the waveform cycle

cha rac t eri st ics , and the relative intensity of the waveform (thresholding) . All
Incident sferics that are recorded have peak energies in the broadband frequency -

r an ge of 250 Hz to 60 kH z . Most of the energy from VLF sferics Is concentrated
3near 6 kHz .

All sferlc waveforms recorded by the ~.ignal monitors satisfied the time and
half-cycle c r i te r ia  i l lus t rated in Figure 1. Also in Figure 1 are examples of

actual , large-source-strengt h sferic waveforms taken from a paper by Kalakowsky

and Lewis. 35 The wave forms of VLF sfericis (at distances greater than about
60 km) are of the form of sinusoidal waves that build to a peak and then decay to

zero. The cri teria for recording a wave form are that the half-cycle of maximum
amplitude must occur wi th in  the first  300 ~ sec of the waveform and that the total

waveform trace must  be no greater than 1000 Macc in duration. The actual wave-
forms ‘shown in Figure 1 were recorded simultaneously at Chicopee and Bedford ,

Massachusetts, which are 68. 6 mi apart. These sferies occurred as single events

associated, usually, wi th  cold fronts and squall lines, in close proximity to the

monitored area. Since these sferics were very large in peak field strength

(20 V m~~ at 50 nmi  m i n i m u m) , it is not surprising that all of them meet the cri-

ter ia  shown in Figure 1.

2.3 ‘irra oF I)ata t;o~erage

The area of data coverage for this study is shown in Figure 2 . The area of

coverage was determined by a combination of simple azimuthal sectoring and sy’s-

ter .n thresholdlng . The best estimate of the area of data coverage in the mean for
1972 in the Eastern Hemisphere is that area above the “ t hreshold-sector lines” in

Figure 2. Data generally were available north of the broke n line in Figure 2 for
the period January to July and north of the dash-dot line for the period Augus t to
December. Although the available data covered much of the world , exclusive of
parts of the Americas , only the Eastern Hemisphere was cons idered .

The threshold intensity, in decibels, at each grid point Is a mean estimate of
the minimum field strength below which no signal may be recorded. Virtually all

34. Bailey, T.W. (1972) Personal communication.

35. Kalakowsk y, C.B. , and Lewis, E ,A.  (1966) Physical Science Research
Papers , No. 261 , AFCRL Project 4603.
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r 1000 ~ SEC OR LESS

-
‘ ‘-300~~SEC OR LESS —.’~

(~~SEC)
4

(b )  ( I )  (2 )

Figure 1. The Time and Half-cycle Criteria (a) for a Sferic
Waveform to be Recorded ; and Examples (b) of Intense Wave-
forms Recorded at ( 1) Chicopee and (2) Bedford , Massach u-
setts , from the Same Source Thunderstorms. Arrows in (b )
ar e 300 psec apa rt and the vertical scale is in V m* (Af te r
Kalakowaky and Lewis , 1966)

sfe rics sensors operate abo ve a threshold l imi t , I ncluding the original ins t rument
designed and used by Popov in 1896. The threshold values used in th is  study were
determined by personnel of the U. S. Air Force using a computer-based model.

The model inputs were the geographic locat ton  ol’ the ‘sensors, propagation law ’s  at

VLF, and the individual sensor threshold’s (20 dli minimum abo ve a I mV m ” 1

reference). The model output ~a, two ‘v~teni threshold arrays (ove r the grid
shown in FIgure 2) that give mean threshold values for the o i l  d~ January t o  J uly

and August to December of 1972. Sample calculations u s tn g  these arrays will be
presented in Section 3,
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Figure 2. The Area of Data Coverage in the Eastern Hemisphere with Grid Points.
Each grid point is centered within a data block bounded by parallels and meridians
lO-d eg apart . The broken line is an estimate of the threshold-sector line for the
period January to July 1972. The dash-dot line Is the threshold-sector line for the
period Augu st  to December 1972, No data were expected south of the threshold-
sector lines during the respective periods.

2. 1 % ggregulion and ‘,o lume of Data

There are over 150, 000 dat um points (individual counts of signals) available
over the Eastern Hemisphere for 1972. The data are aggregated in four synoptic
time steps daily (0000-0600Z, 0600-1200Z , l200- l800 Z, l800-2400Z) and the areal -
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resol ution i-i by  lO-deg la t i tude and li ngitude blo( ks centered about the grid points

shown in Fi gure 2 .
A sum mary of the comp le teness ( I f  the avai lable  data , by synoptic t ime incre-

ments , 1 3  given in Table I. Missing data occurred either at random or toward the
middle  of the month.  Therefore, st ra ightforward , linea r corrections for missing
data were user~ whe re necessary .

Table 1. S u m m a r y  of Number of Calendar Days Data were Available by
Sy noptic Time Inc rements for Each Month of 1972 and for the Year

0000- 0600 - 1200- 1800-
Month  Days OGOO Z l200Z 1800Z 2400Z

Jan. 31 28 28 27 28

Feb. 29 29 29 29 29

Mar.  31 31 31 31 31

A p r .  30 30 30 30 30

May 31 31 31 31 31

Ju ne 30 27 27 26 26
Jul y 31 23 24 21 23

Aug.  31 31 31 31 31

Sep. 30 23 23 23 23

Oct. 31 29 30 28 29

~‘4 O V .  30 30 30 30 30

Dec. 31 30 30 31 29

Annual 366 342 344 338 340

i PIftft:I ;D1 R~~ ~\t) RE St LTS OF ~~ tI ,~ SI~

3.1 Thunder’8lorn. Ihyi~

An estimate of the number of thunderstorm days at each grid point (with avail-
able da ta ) was determined for selected months by ‘simply counting the number of
days on which signals occurred. The IBM 360/65 computer of the Data Processing
Center was programmed to count the days with signals. A practical constraint was
imposed: that the sum of the ‘signals for one day must be at least three in the
Northern Hemisphere to be counted. Thus , a zero was entered at those grid points
whe re the ‘sum of the ~ignal count for one day (fo r example, the sum of the data for
0000-0600 Z, 0600-l200Z , 120 0- lBO OZ , 1800-2400Z) was less than three. No
similar constraint was Imposed for the Southern Hemisphere data.
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The reason for the constraint  in the Northern Hemisphere was that  north of
the equator the threshold values were ‘sufficiently low allowing several spurious
and erroneous signal’s to be recorded. An important feature of the system thresh-
old arrays was that relativel y few signals were “ masked out” in north lat i tude~ ,
bu t many signals were masked in south latitudes. In tact , any signa l record ed in
high sou th la t i tudes  (say, poleward of 45S) was of relativel y great field strength
and certai nly of thunderstorm orig in. The effect of thre sholding will  be illus-

trated further in sample calculations in th is ‘section.
The m ean , global , th understorm-day chart of the WMO for January,  * is pre-

‘sented in Figure 3. The analyzed results of this stud y for January are presented

in Figure 4. It must be recalled that the results of th is  stud y are for the Eastern

Hemisphere only. Similar charts are presented for the other classic, climatologic

months of Apri l , July, and October . In each of the charts  produced in th i s  stud y,

there appears a heavy, dash-dot line (threshold-sector line) which delineate’s the

line south of which the combination of azimuthal sectoring and field-intensity
thresholding should have caused a data void. ~A gai n, recall that the threshold esti-
ma tes were averaged over two perIod ’s : January to Jul y and Aug u s t  to December ,
1972. Therefore , the ex tent to which the January results in Figure 4 were avail-
able “ south of the line” may have been a qual i ta t ive estimate of the closeness of
the actual  January da ta coverage to the estimate in the mean for the period January
to Jul y. On the other hand , the amount of data below the line may gi ve an indica -

tion of the sensitivity of thresholding. That is , if one assum es t ha t t he ave rage

threshold array for the period January to July was very close to that for January
and that the estimate of azimuthal sectoring was accurate , the degree of “ sp illover

south of the line gives a feel for the error in the threshold array estimate.
ft is very likely that the ‘spill-over effect is due to a combination of the cause’s

outlined in the foregoing paragraph. Regardless of the cause or causes of spillover ,
it was clear that the recorded data were valid; the problem arises in their treat-
m ent.

For the present purpose of estimating the thunderstorm-day distribution for
selected months , the spill-over problem is not very significant, because t he an aly-
sis invo l ves only the counting of signals. However , the problem of spillover be-
comes important later in this section. The results which appear below the thresh-
old-sector line are counts of days on which intense VLF signals due to lightning
discharges (namely, thunderstorms) were recorded. The only ambiguity arises at
grid points below the threshold-sector line where blank spaces occur. Here one
does not know whother this marks a true data void (that is , no signal occurred) , or

Reprodueed from the Handbook of Geophysics for A i r  Force Designers (1960).
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Figure 3. Thunders to rm-day  Chart of the WMO for January (al l  years
of record) fo r the World,  Isolines are in thunderstorm days . (Af te r
Handbook of Geophysics , 1960)
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Figure 4. Thunderstorm-day Chart of this Study for January 1972 for
the Eastern Hemisphere. The dash-dot line is the average, threshold-
sector line for the period January to July 1972. Full Isolines are in

4 thunderstorm days. Broken lines are intermediate Isolines
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the  e f fec ts  of thresholding and sectoring in combinat ion , el imina ting signals pro-

duced by li gh tning discharges.
The m aj o r  t h u n d e r s tor m  areas in the world , as de termined  by a review of the

W M( data , 1 are in North and South America , in W e s t , Central, and South Africa,

and in Southeast A sia .  These area’s are hereaf t e r  termed thLnder sto rm foci
because they domi nate the world distr ibuti on of thunderstorm occurrence on a
m o nt h l y , seasonal , and yearly basis.

3.2 I s  aluali on of Ke~ult..

When comparing the WMO thunders torm-day charts to those of this ‘study, one

‘should keep in mind tha t  both have inherent advantages and disadvantages.  The

p r i m a ry  s trengt h of the fo rmer  is that they cover extensive periods of record at

many stat ions . The years of record vary widely, however , from a low of 1 yr at

Agedabia  in A f r i c a  ( 10N , 20E) to 52 yr at U fa  in Russia  (54N , 45E) .  The main weak-

n e s- es  of the WMO ef fo r t , as cited in Section 1, are the l imitat ions associated wi th

the observat ional  technique  (the hearing and recording of thunder)  and the extensive

areas over the globe that  are void of data. The very low c :currence of thunder-

‘st rn~ ac t iv i ty  ove r the oceans , reflected in the WMO compilation , probably is due
t~ ~he lack i f  observat ions .

Thc data of th is  stud y are internall y comple te in the spatial dimension , but
cover only 1 yr  of record . The vagaries intrinsic in the sensing of transient
sferics m ay  lead one to question the efficacy of the observational techniques used

here . However , it appears that the remote sensing of t r ans ien t  sferics is a more

‘sound observat ional  approach than the human observation of thunder.
A comparison of resul ts  wi th  those of the WMO for the month  of January can

he made 1IV looking at Fi gures 3 and 4 . Some salient observations, by geographic

area’s, are:

3.2. 1 .SOl TH A F R I C A

The correspondence is close , in order  of magni tude , between the South Afr ican

focus of the WMO and that  of this stud y. The WMO central value of 25 thunder-
,torm day s  l I v e r  Madagascar (l~ S, 45E) in FIgure 3, is in close agreement with the
value of 28 in 1- igure 4. The WMO isolines terminate  ‘sharply east of Madagascar

in the Indian Ocean , whe reas the smoothed analysis of this stud y indicates a grad-
ual decrease of a c t i v i t y  eastward , s t r e t ch ing  across the ocean to India. In both
studies , the a c t i vi ty decrease’s sharply at the southern t ip  of Afr ica  (ca. 35S) .

3 . 2 .  2 WEST AFHICA

A gai n , th ere i ’s agreement in the order of magn i tu de at the West Af r ican foc us
of thunders torm days between the two studies . The val ue of this stud y in Figure 4
at ~N , ~E of ten thunders torm days is close to the isoline of ten in the WMO chart .
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Both re su l t s  show a drop in a c t i v i t y  to the immedia t e  nor th .  The W?.1( char t

shows a cent ra l  value of l~~, whereas the m a x i m u m  value of t h i s  stud y i s  ten in

West  A f r i c a .

3 . 2 . 3 NORTH A F R I C A , THE M E D I T E R R A N E A N SEA , A N D  ARABIA

There are no t h u n d e r , t I rm days sh own for J a n u a r y  ove r N or th  A f r i c a  in the

WMO c o m p i l a ti o n  in Figure 3 . A range f rom zero to 11 thunders torm days is

indicated by th i s  anal ysis in Figure  4 for the same area ( t h a t  is , roug h ly  from l .SN

to 30N l a t i t u d e  in A fr i c a ) .  The l i n t  ra l value in the Med i t e r r anean  of f ive in the

WMO chart  is a l so  much less  than the  very high va lue  produced in th is  s tudy  of

26 days (~~5N , 15E) w i t h  at least one t h u n d e r s t o r m .  The most remarkab le  differ-

ence that  show’s up c o n s i s t e n t l y is the  e s t ima ted  number  of t hunde r s to rm day’s over

Arab ia .  The WMO ‘show’s no t h u n d e r st o r m  days for January in Figure 3, whereas

th i s  s tud y shows a cen tra l  value of 18 at 2 5N , 4 5E in Figure 4.

3. 2. 4 C O N T I N E N T A L  EURASIA

In general, the e s t imates  of thunders to rm days produced herein are higher

across Euras ia  than thc ,se  of the W?.1 () . Both r e su l t s  show a near pauci ty of

thunders torms in high lat i tudes of Eurasia  for January.  By following the isoline

of one thunder s to rm day in the Northern  Hemisphere  in both char ts , one may

observe tha t , especiall y in Eas tern  Euras ia , the results of this  ‘study indicate

thunders to rm occurrence  much fa r the r  poleward than does the WMO.

3 .2 . 5 INDIA

The e s t i m a t e s  of the WMO and th i ’s  s tudy  of one or more thunderstorm days in

Cen t r a l  and Southern India are in close agreement. As mentioned earlier, the

r e s u l t s  of t h i s  s tudy  indicate  hi gh t hunde r s to rm act ivi ty  in the Indian Ocean south

of Cey lon , whereas  the compila t ion in the mean of the WM() shows no days with

t h u n d e r - do r m s  south of SS. The WM( ) value of one thunders torm day in Northern

India  (F o r  examp le , at Che r ranpun j i, approximately  2 5N , 9 1E) differs  from the

i ’ s t i r i a te  of t h i s  s tud y of from six to seven thunders torm days in India along 25N

lat tu d e  in the foothills of the Himalayas.

3 .2, ; J A P A N

A wel l -de f ined  center  of thunderstorm days of 15 off  the east coast of Japan

(3 SN , l4 E) Is es t imated  herein for January, whereas the WMO chart , shown in

Figure 3, indicates only one to five thunderstorm days. There are no thunderstorm

• days in January over Kyushu, Japan, in the Yellow Sea, or in Korea in the mean,

according to the WMO , whereas in th i s  study it i s  est imated that there are 14 days

at :ISN , I 3 I E  and 10 day s  at 35N , l25E. Moreover, the es t imate  of nine thunder-
s t o r m  days in the North Pacific Ocean along 35N latitude produced in this study is

much higher than the est imate of one thunderstorm day reported by the WMO.
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3. 2 . 7  SOUTh EAST ASIA

There is no generall y accepted delineation of the area tha t  encompasses

Sou theas t  A s i a .  I - o r  purposes of d i s c u s s i o n , the Southeast Asian focus of thunder-

s torm days wil l  be defined a rb i t r a ri ly  to include the area bounded by 20N and lO S

and 90E and l75E.  The es t ima te  in th is  stud y of one t h u n d e r s t o r m  day for J a n u a ry

in the Vietnam area ( l 5 N , I 1SE )  shown in Vigure 4 , agrees w i t h  that  of the WM()

shown in Figure 3. However, the est imate of f rom four to f ive t hunde r s to rm days

in the E a s t  Indies (fo r example, at 55, l l 5 E )  is much lower than the WMO es t ima te

of 15 thunders to rm days .  The wel l-def ined i ’soline of five t h u n d e r s t o r m  days of

th i s  stud y shown in Fi gure 4 penetrates ‘southward from the East Indies into the

Indian and even Southern Ocean area. The isoline of f ive  thunders torm days of the

V~?dO does not penetra te  s o u t h w a r d  of about 155 l a t i t ude  in the Indian Ocean .

3 .2 . 8 AU S T R A L I A

There is close agreement in the v ic in i ty  of Aus t ra l ia  between the results  for

January  of the \\ Ts1u e f fo r t  and this  stud y. The WMO value of five t h u n d e r s t o r m

day s  across nor the rn  A u s t r a l i a  (Fi gure 3) compares well wi th  the values given in

t h i s  s tud y (Figure  4) , ranging f rom two to five thunders to rm day’s ( that  is , along
155 l a t i t u d e  and bounded by l l 5 E  and 155E longitude) .  The value of rough ly five

thunders to rm days in the area of the Ellice Islands (ca 55, l75E )  also agrees

closely w i t h  that  of the W I’dO.

3 . 2 . 9  A N T A R ( ’ TI C A  A N D  THE 5 U T H E R N  OCEA N

The compilat ion of the WMO for J anua ry  shown in Figure  3 indicates no

thunde r s to rm days south  of 505. In this stud y, VLF ‘signals of the type which
emanate  from li ghtning discharges were recorded on at least  one day in J a n u a r y
throughout much of the Indian and Southern Oceans and even in A ntarctica , as
shown in 1- i gure 4 .

The WTiO comp i la t ion - s  of thunders torm days for A pril  (Figure 5) , Ju ly
(Fi gure 7) , and October (F igure  9) were compared to the respective es t imate’s  of
this ~tudy (Figures  6, 8, and 10) in a manner  analogous to that given above for

January .  A comparison between charts by classes  of ‘ five thunder s to rm days ’
( t h a t  is , 0-5 , 5- 10, 10-15 , and on on) gave a cr i ter ion for correspondence. The
correspondence was considered “ good” if values were wi th in  a class in both charts ,
“ f a i r  if no more than  one class apart , and ‘ poor if more than one class apart.
A s u m m a r y  of these comparisons . inc luding  that  for January,  i s  given in Tables 2
through 5.

The isoline pa t te rns  of the WMO chart’s and those of this  study d i f fe r  markedly.
This is not surpr i s ing  in view of the coarse, gri’~ mesh of th is  s tudy ( tha t  is , values
by lO-deg blocks of l a t i t u d e  and longitude) and the concomitant  smoothed analyses ,
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Table 2. Comparison of the Compilation of Mean Thunderstorm Days by the WMO
over the Eastern Hemisphere for January and the Estimate of t h i s  Study *

Typical Value (or Range)

Area WMO This Study Correspondence

1. South Af r i ca  23 28 G
(south of equator)

2. W e s t  and Central  15 10 F
A fr ica

3. Nor th  Africa 0 0 1 1  p
(north of l S N )

4 . Mediterranean Sea 5 20 P

~~ Arabia 0 18 P

North Eurasia 0 0-1 G
(nor th  of 3 iN )

7 . South Eurasia 1 6 F

8. North India 1 7 F
(north  of I S N )

9. South india I I G

10. Japan 1 14 p

11, Southeast Asia 15 5 
- 

P

12. North Australia 5 4 G
(nor th  of 2 5 )

13. South A u s t r a l i a  1 1 G

14. Indian Ocean 1 1 1 7  p
(north of 45S)

15, Southern )eean 0 1-6 P

*A judgment of the correspondence In magnitude of the estimates Is given as
Good (G), Fair (F) , or Poor (P) as explained in the text. The isoline patterns
differ markedly.
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Table 3. Comparison of the Compilation of Mean Thunderstorm Days~by th e W MO
over the Eastern Hemisphere for Apr i l  and the Est imate  of this Stud y

Typical Value (or Range)

Area  WMO Th is Stu dy Co rrespondence

1. South Af r i ca  20 21 G
(south of equator)

2 . West and Central  20 7 P
Africa

3. North Afr ica  0, >2 1-5 G
(north of 15N)

4. Mediterranean Sea -‘2 5 G

5. Arabia 0 27 P

6. North Eurasia 1 1-11 P
(north of 35N)

7. South Eurasia  1-10 20 P

8. North India 5 28 P
(north of 1SN)

9 . South India 5 27 p

10 . Japan 1 7 F

11. Southeast Asia 5-15 1-29 F

12. No rth Australia 1-5 2-24 p
(north of 25S)

13 . South Austral ia 1-5 2-22 p

14. Indian Ocean 1-5 9-24 p
(north of 45S)

15. Southern Ocean 0-1 1-15 P

*A judgment of the correspondence in magnitude of the estimates Is given as
Good (G), Fair (F). or Poor (P) as explained In the text. The isoline patterns
differ markedly.
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Table 4. Comparison of the Compilation of Mean Thunder-s r o r r I I  Day,~s by the WMO
lI v er  the Eastern Hemisp he re for July and the Estimate of t h i s  Stud y

Typical Value (or Range)

Area WMO This Stud y (‘orrespondence

1. South Afr i ca  1-5 1-5 0
(south of equator)

2 . West and Central  10-25 2- 16 1-
A frica

3~ N o r t h  Afr ica  0-5 0-3 0
(north of 13N )

4 . Mediterranean Sea 0, >2 18 P

5. Arabia 0 0-7 F

6 . North Eurasia  1-10 1-23 P
(north of 35N)

7. South Eurasia 5-10 23 P

8. North India 5-10 13 F
(north of I 5N)

9. South India 0-5 6 0

10. Japan 5 14 p

11 . Southeast Asia 5-10 0-15 F

12. North Australia 1-5 0-5 G
(north of 25S)

13. South Australia 0>3 0-4 0

14 . Indian Ocean 0, >2 0-3 0
(north of 45S)

15. Southern Ocean 0-1 0-3 G

*A judgment of the correspondence in magn itude of the estimates is given as
Good (G). Fair (F), or Poor (P) as explained in the text. The isoline patterns
differ markedly.
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Table 5. Comparison of the Compilation of Mean Thunderstorm Days b~~the WMO
over the Eastern Hemisphere for October and the Est imate  of this  Study

Typical Value (or Range)

Area WMO This Stud y Correspondence

1. South Af r i ca  5-15 6-2~t p
(south of equator)

2. West and Central 5-25 8-30 G
Africa

3. No rth Afr ica  0-5 8-24 P
(north of 15N )

4. Mediterranean Sea 5 21 p

5. Arabia 0 14 P

a . North Eurasia 0-1 1-21 P
(north of 35N)

— 7. South Eurasia 0, >1 12 P

8. North India 5 11 F
(north of 15N)

9. South India 5 30 P

10. Japan 1 12 P

11. Southeast Asia 5-10 1-30 P

judgment of the correspondence in magnitude of the estimates is given as Good
(G) , Fair (F) , or Poor (P) as explained in the text. The Isoline patterns differ
markedly.

together with the extensive areas of data void in the WMO compilation. There also
were wide differences in the point estimates of thunderstorm days . There is gen-
erally good agreement in the comparison of the results for the thunderstorm-day

focus of South Africa and extremely poor agreement in Arabia. There were 16
good, 10 fair, and 30 poor correspondences of estimates shown in Tables 2
through 5.

One could ascribe various reasons for the differences in correspondence in
thunderstorm days between the two studies. An obvious one is that the spatial and

temporal differences lead one to expect large differences in results. However,
marked differences in thunderstorm days at a station may occur from one year to

the next, due to many factors, including the vagaries of the monsoon regIme,
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Ramage 36 delineates the monsoon area as that between 35N and 255 and between

30W and l7OE. He refers to a “bewi lderingly complex” pattern of vertical motion
throughou t the area and sta tes  that thunders torms typica lly occur rather sporad-
ically during breaks In the steady regime of rain. Out -side of the area influenced
by the monsoons, there also were considerable differences in correspondence of
thunderstorm days between the two studies. It seems likely that many of the differ-

ences between the two studies as outlined herein are to be at tr ibuted to differences

in the respective space and time considerations of the observational techniques.

If one assumes that 1972 was not an anomalous year , then it i s  clear that the

great difference in the est imate of thunderstorm days for Arabia  is due ei ther  to the

lack of meteorological stations in Arabia  (leading to a data void in the WM()

data) or to the conclusion that the 5fer ic-s recording system produced erroneous

counts of  signals.  There was only one s ta t ion (at  Hail , 27N , 42E) inter ior  to Saudia

A rabia as of 1953 (WM ( ) , 1953) . The other 11 stations in Saudia Arab ia  were e i the r

on the coast or on adjacent islands. Griffi ths , ~~~~ based on years  of experience in

A rabia , stated that thunderstorm ’s may occur in the Yemeni Il ighland.s in Southwest

Arabia  when the low-level flow i- s northeasterly from the Red Sea or no r thwest e r l y

from the Mediterranean Sea.
Both thermall y induced and frontal thunders torms are qui te  possible in de5ert

areas , al though the probabili ty of precipitation is sl ight.  An analogy is that  it

s f l ( I W S  quite often in South Texas , but snow rare l y reaches the ground as preci pita-

tion. The Pacific , Indian . and Southern Oceans are areas where the differences

between the two studies in the t hunde r s to rm-day  d is t r ibu t ion  were a lmos t  surely
- 7due to a lack of data in the V. T’. l ( )  compilation.

:1 .:i The \umbet of l.ighining I)ist~barges

1 . 3 . 1 THE P H Y S I C A L  MODEl.

In the model emp loyed here , it wa- s  assumed that onl y cloud discharges  and

cloud- to-ground d i scha rges  produce sign i ficant , intense , VLF ~.feric5. The model
is illustrated in Figure 11.

As described in Section 1, the cloud discharge produces quasi-discrete K pulses
in the VI ]-  range (I f  the spectrum.  The cloud-to-ground discharge generates the

most inten,e (by an order of magnitude) V 1J~ signals as well  as weaker K pulses.
The cla -,stc cloud model , shown in Figure  11 , include’s a net , negative center of

charge at the height  of 3 to 6 km and a net , positive center  of charge at a hei ght of
7 to 11 km. 23 , 3 Any d i s t ribution of charge would be acceptable for the purpos e of
this study.

36 . Ramage , C. S. ( 1971) Monsoon Meteorology, Academic Press , New York ,
2 ’tI ; pp

37. Griftiths, J. 1- . (1974) Personal communication.
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Figure 11. Model of the Thundercloud with Electr ical  Charge Distribu-
t i r , n  and Types of Discharge. The latter include cloud discharges ( 1)
and (2)  and cloud-to-ground discharges (3) and (4)

3.3. 2 THE -STATISTICAL DISTRIBUTIONS

The Fir st  .~tep in the est imation of the dis tr ibut ion of l ightning discharges was
to define the appropriate statistical distribution of the received quasi-discrete
sfer ics . Specifically, the dis t r ibut ion of received sferics due to K pulses, the
f i rs t  re turn stroke , and subsequent return strokes were required. The selection

of the appropriate s tat is t ics  from the literature is presented in Table 6 .
There is wide agreement that most parameters of thunderstorm activity follow

the log-normal probability law. Hom er and Bradley3’ have shown, by an emp irical
study, that received sferics range in standard deviation from 6 to 8 dB. Pierce38

sta te s tha i K pulses due to cloud dischargei~ and those due to cloud-to-ground dis-
charges are remarkably similar in their statistical nature due to the observation

38. Pie rce, E .T . ( 1969) Tech. Rept. 2, SRI Project No. 704 5, Contract No.
DA SA 0l-68-C-0073 , Stanford Res. Inst. , Menlo Park , Calif. , 90 pp.
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Table 6. Sta t i st I c -s Used to Define Distributions of Sfertcs Due to Return Strokes
and K Pulses

Statistics Value Source

Avg. number of K pulses per 30 Pierce ( 1969)
discha rge (cloud or cloud - (20-40 range)
to - ground)

Largest field ‘strength 0.3 V m~~ at 100 km Pierce ( 1969)
intensi ty of K pulse (49 . 5 dB)

Mean (Med.) field strength 0. 06 V m ’ at 100 km Est imated:
intensity of K pulse (35. 5 dB) ordinary sta-

tistical theory

M ean (Med .)  field strengt h 3 V m~~ at 100 km Pierce ( 1973)
in t ens i ty  of first return (69. 5 dE) Hom er (19 64)
s t roke sferics

Mean (Med .)  field strengt h 1. 5 V m~~ a t 100 km Pierce ( 1969)
i n t e n s i ty  of subsequent (63 . 5 dB)
re turn  -stroke sferics

Standard deviation of f ield 7 dB Hom er and
,t rengt h intensity of (Ii to 8 dB) Bradley (1964)
received sferics at very
low fr equency

that both types of  K pulse are caused by recoil s t reamers, as exp lained in Section 1.
However, very l i t t le  is known about K pulses in relation to the more intense types

of VLF aferics.

The -s ta t is t ical  distributions used in this study were assumed to follow the log-

normal law; th at is , the peak field strengt h of all received aferics follow a normal
probabil i ty dis tr ibut ion about the mean (also the median) with values expressed in
decibels namely, on a logarithm ic scale. The distributions are defined In Table 7.

The “alues of field-strength intensity in decibels (dB) given In Table 6 were
determined by the following convention:

dB 120 log~~E , ( 1)

where E~ is the voltage of the peak received field strength of the waveform above
the reference field strength, Er~ 

of 1 mV m~~. This convention was also used in

the threshold array model. The mean field strength value for the K pulse distribu-

tion in Table 6 was calculated by assuming, as is frequentl y done , that the largest

34



Table 7 . Defini t ion of the Stat is t ical  Dis t r ibut ions  Used in this Study. (Values are
in decibels. Standard deviation is denoted by SD)

Sferlc Generator Distr ibution ?‘,Iean SD + 1 SD +2 SD +3 SD

Fi r s t  return log-normal 5 7 76. 5 83. 5 90. 5
stroke

Subsequent return log-normal 13 ~ 5 7 70. 5 77. 5 84. 5
strokes

K pulses log-normal 3~ . 5 7 42. 5 49. 5 56. 6

K pulse intensity (field strength of 0.3 V m ’) occ urs two standard deviations
from the mean. Then , with a standard deviation of 7 dB, one obtains a value of

35. 5 dB (or  0. 06 V m 1) for the mean intensity by a straightforward application

of the normal law.

3 .3 .3  LATITUDINAL VARIATION OF LIGHTNING P A R A M E T E R S

Pierce 2° gave the only available est ima te , based on empirical studies , of the

var ia t ion wi th  lat i tude of the average number of return strokes per cloud-to-ground
discharge and the proportion of all discharges that go to ground. The line of best

fit , based on nine sets of data , for the average number of return strokes per cloud -

to-ground discharge, n , has the equation

n~~~6 - ( Ø / 3 0 )  , (2 )

where 4 is la t i tude in degrees. The equation for the proportion of ground dis-
charges , P, is

P 0. 11 1  (4/ 30) 2
1 , (3)

where 4 is the Lat itude in degrees. This equation Is the best fit for 19 sets of data.
As Pierce 2° points out, other factors (orography, type of thunderstorm, and so on)

ideal ly should be considered to refine the “ rough fit ” represented by these equations .
one may develop38 from Eq. (3) an expression for the ratio, M, of the number

of cloud discharges, Dc. to the number of cloud-to-ground discharges , DG. for a
given lat i tude , 4:
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D
M~~~—~ - . 

(4)
DG

Then

M - 
— (4/30)2

- 

1 + (4/30) 2

Since, by definition , there is only one f i r st  return stroke per cloud -to-ground

di scharge, it follows from Eq. (2)  that the number of subsequent return strokes

per discharge, q. for a given latitude, 4, may be wr i t t en

q = 5 - ( 4 / 2 0 )  . 
(6)

The relationship,  in the mean , among the first  return stroke, B 1, the subsequent

return strokes , R s, and K pulses (due to the cloud discharge or cloud-to-ground

dischar ge) is

R 1 :R 5:K 1:q:30 , 
(7)

whe re q is taken from Eq. (6) and the mean value, 30, from Table 6.

A sense of the lat i tudinal  variation of the li ghtning parameter-s given by Eqs.

(2 ) , (3) , (5) , and (6) is given in Table 8. With the exception of the proportion of

all discharge’s that go to ground , P, which increases poleward, all parame ters in

Tabl e 8 decrease in magn itude from equator to pole. Pierce2° stated that  this

inc rease may be explained by a meteorological argument: The smaller the dis-

charge dis tance in the cloud (that is , from the net , negat ive cent er of cha rge t o the

net , pos i t ive  center  of charge in Figure 11) relative to the discharge distance from

the negative cloud center of charge to the groun d, the greater  the probabili ty of a

cloud discha rge relative to a discharge to ground. This concept leads one to infe r

that t he height of the net , negative center of charge Is greater on the average in the

trop ics tha n in temperate and polar latitudes , although this has not been demon-

strated. It should be mentioned that the ratio of cloud to cloud-to-ground dis-

char ges , M , was constrained to be no less than unity. It seems mos t unlikely that

there are more ground than cloud discharges , on the average, even at hi gh

latitudes.
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Table 8. La t i tud ina l  Var ia tion of Li ghtning Parameters  by 5-deg Lati-
tude Increments f rom Equator  to Pole. (The values are applicable in
both the Nor thern  and Southern Hemispheres)

I ,a t i tude  (deg) n q p M

0 I~. 00 5, 00 0,10 9. 00

5 5. 75 4 . 75 0. 10 8. 73

10 5. 50 4.50 0.11 8.00

15 5. 25 4 , 2 5  0.12  7. 00

20 5 . 00 4 ,00  0.14 5. 92

25 4. 75 3, 75 0.16 4 . 90

30 4.50 3.50 0.19 4.00

35 4 . 2 5  3.25 0.22 3.24

40 4.00 3,00 0.26 2.60

45 3.75 2.75 0.30 2.08

50 3 .50 2. 50 0.35  1. 65

55 3. 25 2. 25 0. 40 1. 29

60 3. 00 2 . 00 0.46 1.00

6 5 2. 75 1. 75 0. 52 1. 00

70 2.50 1.50 0. 59 1. 00

75 2.25 1.25 0.66 1.00

80 2. 00 1. 00 0,74  1.00

85 1.75 0.75 0.82 1.00

90 1.50 0.50 0.91 1.00

n Average number of return strokes (firs t and subsequent) per cloud-
to-ground discharge.

q Average number of subsequent return strokes per cloud-to-ground
disc harge (n- i ) .

P Proportion of all discharges that go to ground.

M Ratio of the number of cloud discharges to the number of cloud-to-
ground discharges.
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3 .3.4 1 1- :TE HMI N A T ION OF’ TI lE NI F d B E R  01-’ LI GII’I ’ \IN ; I M — ( 1 I A H G E S

Two procedures for e s t i m a t i n g  t h e  number  of l i g h t n i n g  d i sch a r g e s  at each

grid point were developed under d i f f e r e n t  as 4 0 0 lp t i on s . in the f i r s t  p r o ced u r e ,

(‘a se  1 , t he  a - , su mpt ion  was made tha t  the values of t h r e s h o l d  i n t e n s i t y  \‘,e re

s u f f i c i e n t l y la rge  to p rec lude  the sen-s ing (If K p u l s e s ;  tha t  - , it wa a s , um e d  t h a t

onl y s f e r ic s  due to the  in ten se  r e tu rn  -s t roke of the c loud- to -g round  d i scharge  were

recorded by the s fer ics  network . The absolute m i n i m u m  threshold  value  in t h e

threshold  a r r ays  was 49 . 4 dB. This value rep l -e sen t .s that  i n t e n s i t y  in f ie ld

s t r eng th  below which no s ignal  theore t ica l l y could have been recorded.  A l l  o t h er

th reshold  value-s were  50 dB or greater . The m i n i m u m  threshold i n t e n s i t y  ‘t f

49. 4 dB was near ly  two standard deviations greater than  the  mean (If  the K d i s t r i -

b u t t o n , as seen from Table 7 . Therefore, if the -sample st a t  i s t i c s  given in Table 6

were close approx ima t ions  to the st a t e - I , f - n a tu r e , and if the  threshold  value -~ were

reasonable e s t i m a t es  of s y s t e m  response in the mean , then , c lear ly , few K pulses
were recorded by the sfer ics  sy s tem .

In the second procedure , Ca~se 2 , the assumption was made that  K pulse

sf er i c s  were recorded as well  as s fer ics  due to re turn  s t rokes . Case I .~ as u - ,cd

in the ac tua l  anal yses of the data .

In Case I , we express the number  of VLF signals recorded , X , at a given

grid point as

N - Q 1 H 1 ~~~~~~ 
(8)

where  H 1 i s  the f i r s t  r e tu rn  stroke (always one per c loud- to-ground d ischarge)  and

B 5 is the number  of sub-sequent  re turn s t rokes  per discharge (varies wi th  l a t i t u d e ) .
The symbols Q 1 and 

~~S are the re spec t ive  probabili t ies of occurrence  of a single

B 1 or R s feric  above a lower l imit  of threshold i n t e n s i ty .

one may u n d e r s t a n d  bet ter  Eq. (8) by the use of re la t ive  probabi l i ty  curves.
P ,lative probabi l i ty ,  as used here , is def ined as the p robab i l i ty  of occurrence of a
s ingle even (R 1 or R s) wi th  respect to a reference (fo r examp le , the mean , f ie ld-
s t rengt h i n t e n s i t y of  the B 1 d i s t r ibu t ion ) .  The log-normal  curves of re la t ive  pt ’ oh-

ab i l i ty  for B 1 and R~ that  are valid along the equa tor  are shown in Figure 12 .
(One m u st  co n s t r u c t  a d i f f e ren t  set of cu rves  for each of the 18 la t i tude  point - s  in
the grid in Figure 2 . )  A given threshold i n t e ns i t y  serves as the lower  l i m i t , in

decibel’s, of the probabi l i ty  in tegra l  for a given d i s t r i b u t i o n . For example , in the
typ ical ca-se of a t h r e s h o l d  i n t e n s i t y  of 53. 6 dH at 55N , 3 5l - , the p r o b a b i l i t y  of
occurrence of a f i rst  r e tu rn  s t roke  greater  than  or equal to 53. 6 d J-3 may be
expressed according to  the  l og -no rma l  law as
t ” . Pierce , E. T. ( 1968) Tech. Bept. 4!’~ Silt  Project No . 4240 , (It f l t I a C t  Ni ’ .

DA 3t ;- 0 3 9 - A I t H -00040F:, — d ; In fu rd  He s . Inst.  
• Menlo P a r k , C a l i f .  , ‘ 4 ‘p.
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I n t e n s i ty  of si gnal f rom a c loud—to—ground  d i scha rge
(d B)

I I~~ U !( 1~~. i i  - t : i F ~~I i t y of f lcc ’ur renc- e i f  a Signal ahi ve a ‘I h r e - , t i —
- Id  ln!ens i ! \-  i t  ! io  l . j i i a f j H e l a t i v e  to  t i n -  Mean (set  to u i - - )  of

I i r ~~t l i e t u r n  ~~r -  k ,  1 ) 1  ‘ t - i t i i t ~~~ n ( s o l i d  curve) .  Broken curve is
subsequent  r e t u r n  :- k t -  di  ~ t 1-110, )  ion . La t i tude  is 4

- 

~ 1

’ 

exp - 
- 

~~~~~~ dl’ , (9 )
0

% 
-~~

where a i~ ‘t o’ -, ) , i n ’l  c i  - i e v i ; , ’ a r i  ) a s - ,U I I ) e d  f~~ i -  7 dB) and T. in  d e c i h e l — , i s  the
t 1 I , , ’  , I l i , l ( t  Int(’ n -,It’ . . ‘I he ‘ - i n - v i - , i n i - j ~’u ,- c’ 12 w er e  (- ( I l l S )  r t~~-t e ’ 1  -e l~,t iv e  t i  the mean

r the  f i r - ~~t r ’ ’ ) u l - n  - t i - i k e  d j - ~ t i - i t u t i , , n  ( se t  t o  -uer ’ I , )  along t h e  ab s r i - ,sa and in accord —
ance -c i t h  the  pr p r I i I n s  gi~~’I’ rl by Eq. (7)  for the  r t i l l a t e  va lues . Ai ’s - i - s s a  values ,

:~ p
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the re fore , represent d , ’ci io ’l  values “ up ” or “ down ” the  l oga r i t hmic  scale of

i n t ( ’n s i t V  , ‘e l a t iv t ’  to the mean of the d i s t r ibu t ion  of the f i r s t  re turn  s troke.

W. ’  may solve for R ,~ in l- :q. (7) in t e rms  of H 1 and su h st i t u t e  for R~ in Eq. (8)

I , obtain

N Q 1R~ qQ 5H 1 . (10)

~~hen c , ’ may solve Eq. (10)  for B 1, which  is equ iva len t  to solving for the number

of c loud- to-ground d i scharges , D
~~

, s i nc e  there is one “ f i r s t  re turn s t roke, ‘ B 1,
per D1. :

N
+ qQ . ( 11

\ i -~ c by the  su b s t i t u f i n , i f  the a p p r o p r i a t e  p r o b a b i l i ty  in tegra ls  in the denomina tor

f i-:~~. (11 ) , Q 1 and Q5, w i t h  the concomitant  value of threshold i nt e n s i t y  at a grid

p in t  as the lower  l imit  in each integral , we may solve Eq. ( 1 1)  for DG 
at the grid

point .
The f inal  st ep  in Case I is 1, 1 f ind an e s t i m a t e  f the  to ta l  numbe r of dis-

char ges , DT, c o m p r i s e d  of cloud discharges , DC. and c loud- to-ground discharge’s,

D0. fly the ~uh~ t i t u t i o n  for from Eq. i-l I we have

DT Dc ( 1 ~ M) . ( 12)

A ~a m p le calcula t ion  for ( ‘ a- ’ e 1 of t i n ’  e7t i m a te d  number  of li gh t n i n g  di ’s-

charge -i , DT, tha t  occurred d u r i n g  January  1972 w i t h i n  the da ta  block centered on

2 5N , l2 5E ( 1 , 1 19 , 1h- 5 k m )  is

4 2 N  ( la t i tude)

x 688 (sum 1 all VI I- ’ ‘signa l .~ recorded it 2 5N , 1251-; for January  1 9 7 2)

N ‘ (d i (x ad jus ted  for m i s s i n g  da ta  . .. the average data c v e i ’ a g e  for

J a n u a ry  wa - ,  27 . 75 f rom Tabli ’  I ... a l inear  a d j u s t m e n t  is

( 3 1/ 2 7 . 7 )  (688) r- 7)9) . Ii signa l s)

T - hi ; . 9 dli ( th resho ld  ~~i I i I l (’ at 25N , 12 1-: w h i c h  i.s the lower i h ’ i i t  on the

pr~ibahi  I ii~~
- integral~

q 3 . 7 5  (number of r e t u r n  s t rok e ,  l I~ ’k cL o u d - i  -ground discharge at 2 5N

or 2 5  l a t i t u d e  , . , fr , n - i i  1” 8)

M 4 .90 ( r a t ic ,  of the numbe r . 1  cloud - c loud-to-ground discharges at 2 5N

or 25S la t i tude  . . . from l i i i , ’  8)
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Then the p r o c e du r e  u ~t ”t  to  obta in  1- q .  (9)  o ld  a ~ of () . 644 and a Q ,  ‘‘f 0. 31 I .

(Th e  mean of the f i r s t  r e t u r n  st r o k e  d i s t r i b u t i o n  is 5 dli f r o m  Table  7. There-

fo re , the  t h r e s h o l d  value  ‘f 9 dii a t  2 - N , l2 S E  i s  ‘‘ 2 . 6 dii ‘h an  - f r o m  the  mean .
c ut ’  may  e s t i m a t e  Q 1 an d b~ looking at the r e s p e c t i v e  a reas  u n d e r  the  cu r v e

I v  ‘t i e  ri ght of t h e  — 2 . dii a b ,c ’ i s  ~~I value in Fi gure 12) . We n w  may -o Iv , ’  Eq.
( 12 )  for the e s t ima ted  n u m b e r  of l ightn ing d ischarges ,  1

~T~ 
that occur red  during

January  1972 wi th in  the data block centered on 2 5N , 12 SE .

‘~T 0. ~~~ 
-
: 0 . 7 5 ) ( O . U ; )  (1 + 4 . 9)

2480

This  va lue  appears  in Figure  13 at 2 5N , 125E , rounded off  f ’ the  nea res t  100
l igh tn ing  d i s c h a r g es  ( t h a t  is , 25) .

The IBM 3t ;0  I;s computer  was p rogrammed  to solve I - S i .  ( 1 2 )  f o r  the  e- ,t imated
number  f l i gh t n i n g  discharges , DT, at each gr id  po in t  in I ’igure 2 in the  fo l lowing
expanded form

N
DT 

0 
exp 

~~

- 
(T~~~~~)

2] dT q 
~ 

exp E- 
(T~~~~~~) 2] dT ’~

11 + M J  , ( 13)

where  the unprimed quant i t i es  refer  to the d i s t r ibu t ion  of the f i r s t  r e t u r n  stroke

and the pr imed quan t i t i e s  refe r to tha of the subsequent r e t u r n  s t roke ;  N is the
numbe r of V 1~F signals recorded; a is the s tandard  deviation (7 dB in both di -~tr ibu-
t ions ) ;  T is the threshold value at a given grid point;  ~ i.s the i n t e n s i t y  of the n o o n

(median) field s trengt h i f received signals in decibels; q is the number of subse-
quent r e tu rn  ‘s t rokes  per cloud-to-ground discharge given by Eq. ( h i ;  and ‘1 i s  t i e’

r a t io  of cloud to c loud- to -ground  discharges given by Eq. ( 5 ) ,

In Case 2 , we assume that  K pulses , which may o r ig ina te  in 11, t i ,  cloud dis-
charges and c loud- to-ground discharges, were recorded by the ‘sys tem.  l-5~ua 1 ( 0  (8)

now becomes

X
~~~

Q l B l + Q sR s + Q K K G + Q KKC . ( 14)

( 1)  (2)
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T e r m  ( I )  is the c on t r i b u t i on  due to the c loud- to -ground  d ischarge .  The symbol’s

Q 1 ,  (~~~~, , and ore  the  p robab i l i t i e s  of o c c u r r e n c e  of the f i r s t  r e tu rn  s t r o k e ,

~i i t .c’ ; uon t  r e t u r n  s tr o k e  ~~, and K pu lse - i , respectively.  We u s e  Il l and H 5 as

before , and K
~ 

is the numbe r of recorded K pulses due to the  ground d ischarge .

Tern) (2 )  i.s the c o nt r i b u t i o n  due to the cloud d ischarge . Since we assumed that

t h e  s t a t i s t i c - s  of K pulses  were  ident ica l  regardless  of orig in , 
~~K is the same as

in t e rm  ( I ) .  The number  of r eco rded  K pulses  due to the cloud d ischarge  i.s repre-

sented by K~~.
By s ub s t i t u t i o n  for  B 5, K (~, and in Eq. (14 )  w i t h  the i r  equivalents f rom

Eq. ( 7) , we may  solve for the  number  of c loud- to-ground discharges , D~, (same as
H 1

) , a-s in Case  I :

D
~ ~~~~~~~~

. c~().  
- k 3°

~~K + 3OMQ K 
( 15)

A -~a m p le calculat ion for Case 2 , which is hypothet ical  s ince Case 2 was not

used in the anal y s is , is as follows .

4 h S N  ( l a t i t ude )

X - 500 (sum of all  VLF signals recorded during one month  at a grid point )

T 50 . 0 dB (th resho ld  in tens i ty)

l ’ol lowlng the procedure in Case 1 , we obtain these values :

Q 1 - 0.99

Q 5 - 0. 97

- 0. 02

q 1. 75 ( f rom Table 8)

M 1. 00 (from Table 8)

Then Eq. (15) may be solved for the es t imated number  of l ightning discharge’s, DT :

500
DT — 0 .99  + (1. 75)(0 . 97) + 30(0 . 02) + 30( 1 . 0)(0 . 2) [ 1 1. 01

- - 330

The resul t  for DT if we use the i n i t i a l  values given he re , but u nder the Case 1
assumpt ion  t h a t  no K pulse’s are recorded , i,s
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DT ( l 8 6 ) ( l  1. 0) = 372

Tha t  is~ f i r  a grid point at 65N wi th  an associated threshold Intensi ty  of 50.0 dB,
t he Case  1 procedure leads to an estimate of the number of l ightning discharges ,
roughly 11 percent higher than that for (‘ase 2.

Since  the ve ry low threshold intensi ty  of 50. 0 d B leads t o a diff erence of only
11 percent between the results of the Case 1 and Case 2 procedures , it  was evident
that  the choice of procedure was not c r i t i ca l  to the work as long as the threshold
val ues were valid, I f  the threshold values were sign i f ica n tl y lower , the choice of
procedure would have been very cr i t ica l .  As mentioned earlier , the lowest thresh-
old in tens i ty  at a grid point was 49. 4 dB. All other values were greater than
50 . 0 d13.

The results  of the Case 1 type anal ysis of the sferics data are given in
Fi gure .s 13 t h r o u g h  25 for each month in 1972 and for the year as a whole . The
background map shown in Figure 2 appears in each of these figures. Smoothed
isolines of the  grid point results are given in powers of 10 ( that  is , 102 to

and the char t  entries are in hundreds of discharges.  The threshold-sector  lines
that appeared in the thunderstorm -day char t s  (Figures 6 through 10) were repro-
duced here for each month.  It is to be recalled tha t  this  line for a given month is
an t ’~ t im at e , based on a r rays  of mean threshold intensi t y, that delineates the areal
extent of data coverage (nor th  of the line) due to the combinat ion  of m i n i m u m  l imi ts
of threshold in tens i ty  and a z i m u t h a l  sectoring.

Values and isolines that  appear sou th  of the th reshold-sec tor  line should be
viewed w i t h  extreme caution. The extent to which  the values and isolines “ sp ill

ove r” the l ine may be a measure of the incorrectness of the threshold array itself ,
or it  may simpl y be a res ult of individual  monthl y depa rtures  from the mean esti-
mates . Due t i the  prac t ica l  problem tha t  no values of threshold intensi ty were
av3i labl e  south of the th reshold -sector l ine , the convention was adopted that the
threshold v a l u e  of t he  “ th ree-standard-deviatio n point” of each of the s ta t i s t i ca l
d i st r i b u t i o n s  (given in Table 7) wa ’s used everywhere ‘south of the line. The pru-
dent d e c i s i o n , in  view of all the uncer ta tt i t ie s , may be to ignore all re su l t~i below
the t hr e s h ’ i ’-i- ’sector line .

It is f u r t h e r  recommended that  all values that  appear at and south of 45S lati-
tude in Fi gu res 13 th roug h 2’) be considered quest ionable  until  confirmation or
rejection of them , based on other studie s, is possible. l’his is due to the fact that
val ues of threshold in tensi ty  were very close to the three-standard-deviation point
of the respe ct ive  d i s t r ibu t i c ,n s  given in Table 7 at and south of 45S. The result is
that  only a few recorded ‘signals south of 45S were coi .verted to many discharges
by the use of th~ pr h a h i l i t y  in tegral  technique explained previously. This may
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Figure 13. Distr ibution of the Estimated Number of Lightning Discharges for
January 1972. The dash-dot line is the average threshold-sector line for the pe-
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have led to an o v e r est i m a t i o n  of the number of l ightning discharges  if the received

sf e r ic o  did not follow th e  log-normal  d is t r ibut ion  in the extreme tai ls  of the

d i s t r ibu t ion .
Even a cursory examinat ion  of the threshold-sector  line and the associated

‘ “ spi l lover ” f o r  each month in Figures 13 through 25 indicates that the threshold-
sec tor  es t imate  was quite good , indeed , at least in terms of its e ffect  on data

c’overage , for each month except Augu st  (F’ igure 20) . September (Figure 21) , and

October (F igur e  22).  In these months there was considerable spillover of data

and resul ts  south ( I f  the threshold-sector  line and east of 95E long itude , it seems

likely  tha t  the actual threshold-sector  lines of the system for these months were

s imply  depar tures  f rom the mean es t imate, even though it is impossible to s ta te

t h i s  w i t h  any assurance.

It should  be pointed out that the combination of the round-off convention used

in the  e s t ima te  of the numbe r of lightning discharges ( tha t  is , to the neares t  100
discharges) , together wi th  the constraint  used in the Northern Hemisphere for the

thunder to rm-day  es t imates  (tha t  is , at least 3 VLF signals in order to be counted) ,

resul ted  in two monthly charts  wi th  es t imated thunders torm days but no es t imated

l ightn ing discharges at one or two grid points.  This  occurred in J a n u a r y  at

35N , 105E and in Apr i l  at 65N , 3~~F~ and at 4 5N , 45E .
The thunders torm-day char t s  (Figures 6 through 10) are not necessar i l y

isomorphic  to the respective li ghtning discharge charts  (F I gur e s  13, 16 , 19, and
22) in every respect . The thunders torm day is the report of the occurrence of at

least  one thunders torm during a calendar day regardless of the number  of s t o rms

that  actually occurred . Therefore , if many storms occurred on a few days of the

month , the respective dis tr ibut ions of thunders torm days and l ightning d ischarges
could be quite d i f fe rent .

The validi ty of the estimates of the number of lightning discharges given in

Figures 13 through 25 is  not known, although the values of the incidence of dis-
charge (to be given la ter  in Section 3) which are based on the es t imates  of the

number of lightning discharges , appear reasonable. It would be surpr is ing if it

were demonstrated that the distribution of the number of l ightning discharges had

no relat ionship to the s ta te-of-nature  even though the magnitude of the values may

be doubtful; tha t  is, at the very least , it seems likely that  the results presented in

Figures 13 through 25 represent an “ electrical index” associated with the lightning

discharge if , in fact , they do not represent the d i s t r ibu t ion  of lightning discharges

over the Eastern Hemisphere for 1972.
Heretofore, the l ightning discharge dis tr ibut ion has been assumed to follow

that of thunderstorm days.  A comparison of the estimates of these distributions

produced herein for January, April , July, and October is as follows:
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( 1)  January ,  The correspondence is close between the i s o l in e  pa t t e rn  for

Janua ry  of t h u n d e r s t o r m  days shown in Figure 4 and that of l ightning discharges

shown in Fi gure 13. A broad pa t t e rn , centered over Madagascar in Figure 4 and

South A f r i c a  irs Figure 13 , extends into the Indian Ocean in both chart s .  Addit ion-

all ’/ , the  “low center ” at l 9 N , l5E in Figure 4 is present in Figure 13. Other

reasonably close correspondences are the center-i  in both charts  in the Mediter-

ranean Sea , A r a b i a , India , Japan , and Southeast Asia .  The patterns in Austra l ia

and the su r round ing  oceanic areas d i f f e r .  (Again , one should view wi th  caution the

values at and south of 435 in all charts of the li ghtning discharge distribution. )

(2) Apr i l .  The isoline pa t t e rn  for Apr i l  of thunders torm days shown in

Figure 6 and tha t  for the number of l ig htning d ischarges  shown in Fi gure 16 are

d i s s i m i l a r. The e - i t im a t e  of ten thunders torm days centered at 35S, 45E in

Figure (“ is associa ted  wi th  an estimated 185 , 000 l ightning discharges in F igure  16

in the same block ( 1 , 011 , ~40 kni 2 ), whereas the es t imate  of 29 thunders to rm day - i

at 2 9N , 1~5E in Figure  6 is associated wi th  an es t imated 124 , 000 l ightning discharges

( 1 , 11° , l6~ km 2 ) in F igure  1( . As explained earlier, th is  type of reverse corre-

spondence caused the isoline pat terns  to d i f f e r . The max imum c e nt e r s  of 30

thunde r s to rm days in J- ’igure at l 5 N , 4F~F and 2 5N , lOSE have -.omewhat associ-

ated , closed , i so l ines  of lig htning discharge in Figure 1)1 of the order of ~~~~~~~ but

the max imum center  of thunders torm days at 5N , 85E in Figure 6 does not corre-

spond to a closed pattern of lightning discharge in Figure 16.
(3)  July. The comparison for Jul y produced mixed resu l t s .  Al though both

the thunders to rm-day  r i iu lts  shown in Fi gure 8 and the  lightn ing  discharge results

shown in Figure 19 have center-i  of act ivi ty over Eurasia , the correspondence of

specif ic  centers is not very close. The t h u n d e r s t o r m - d a y  center  of 15 in Figure 8

at l , l 1~~E i_ s reflected as a l ightning discharge center  in Figure 19 of the order

of 1O’~ to the northeast  of Aus t ra l i a .  There is a ve ry  close corre- ipondence in the

thunders torm day isoline  of one in Figure 8 and the respective lig htning discharge
isoline of io 2 shown in Figure 19, both of which  span the northern e x t r e m i t y  of

the Euras ian  cont inent .
(4 ) October. There is a reasonably close correspondence in the isoline pat-

te rns  of e s t i m a t e d  t h u n d e r s t o r m  days shown in Figure 10 and that C f  l ightn ing
discharge-s shown in Figure 22. Both pa t te rns  have high centers  I f  activity over

mu ch of A f r i c a, the Mediterranean Sea , and India. If one tracks the extensive
tsoline of one in the thunderstorm-day char t  shown in I- igure 10 and compares it
to the isoline (~i io 2 in the l ig h tn ing  d i scha rge  char t  shown In Figure 22 , it becomes
clear tha t the re speet ivI ’ isoline patterns are s imi la r ,

Other observations concerning the e s t ima ted , 1111 n t h l v  d i s t r ibu t ions  of light-

n ing  d ischarge are :
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( I )  I L ’- ( - ( ‘ n O r ( I f  t i i . ’  3 ’ -, l i n l a t e d  n u m b e r  l i g h t n i n g  d i -5ch ar gc . ,  in ~~u t l i  :171 11

( ‘ m t  ral A f r i c a  i-i  ‘- i t i l e r  t i l e  ‘ I I  ‘I i i i n a n t  c e n t e r  ( f o r e x a m ple , III J a n u a r y ,  1’ehruary,

( ‘ 1 / I  her , ( c I her , N I  V e i l  t I e r , and December’ 11 ( I WO , r e s p e c t i v e ly , In  F igures  i i ,

14 , a n !  21 t i i i - ’ I I : p l l  2 4 1  or i s  at  least  as la r g e  as tha t  elsew 1ie~ e for each m on t h .

(2 )  In a l l  t h e  rn ~ i i i  u . s  t h a t  t h e  ci I n t O n a t i o n  f the m i n i m u m  l i i i ~ i t s  of t h r e sho ld

i n t t ’ r i - o tv  and a~’ i : , i ~, t t i a l  s l ’ c t ( - r i n g  permit .s  a j u d g m e n t  (J a n u a ry  through Ju l y in

F 1 L ’ r I r - I ’ .s 13 t I i r ’  sigh 19) , t h e r e  a lway s  W as  p r e sen t  a cen te r  of l i g h t n i n g  d i s cha rge

the  ca-s t of A u s t  !‘alia in t h e  general  V4cinit~ of the l - i 1 i  I s l a n d  . There  a l s o  iS

p r - I ’~ ( ’nr : I l w a y s  (Other’ a I - 3 - r i t I - r  or : - e l a t i v e l v  h i gh  va lue - ,  in ex t r e r i i e  -.se t e r - n

~\c - -t r a l i a  and t i n ’  ;~~~ t a l  w a t e r - , t I  the  ‘,s -( - t ,

(:~) The d i s t r i b u t i o n  ( I f  l i g ht t o n g  ( h - ~ci la  i- ge in ‘,( Iu t h l ’ a s t  A — i a  i s  01 (3  a s  - ; t i a r ’ p l~
def ined  in t , - r n l  (i f c losed isolines , nor is it as in t e n s l -  in n c R  i-  of m a g i s i t u d - : s

f i : a !  in South and ( ‘ , - n t r a l  A f r i c a . i i ( w l , ve r ’ , h e r o  : !lwav ~ ,r ~ ’~~~’r i i  a , :j u ’ -  ( I f  a t

lea~ 1 I O’~ l ig h t n i n g  d i s c h a r g es  in So u t h e a st  As ia .
(4 )  There i,-, e i t h e r  II c e n t e r  of l i gh tn ing  dj .scha rpm ( I i ’  an i s l l l i n e  of at l3 ~ i

10’ n i  scharges in t h e  N h ’ d i t o t ’ z ’ an e an  SOIl  for’ each ‘ I I  31 I i ,

(~~) 
- 
Su r p r i s i n gly,  there  c-i a cen te r  o~ l i gh tn ing  d i s c h a rg e r an I ~~‘ ‘ t i i i s -  ( I f  u t

least  lO ’~ I l i ( - l i u ( r g ~ ’ in A r a b i a  for each i r I I ( r l t I (  ‘/ ‘ c e l ( l  J u l y .  I t o ’  ( en ter  in i n k ,

shown in I i  Lm r e  1!’ i~s un iv  ( I f  the order III I ~j  d i s c l i : l r g ~’
(~~) Une m ay  - l L ’ ’,s t h e  e f fec t  ( I f  t h e  m a r c h  ri f  t i l l ’  - , e a - 5 I ( f l - i  in t i l l  \ - r ’ i s ’ r n

J l 3 ’ : i : i s p i:e r -  ( O — l 7 P E )  t l v  i - k i n g  uP t t i e  genera l  l : 1 t i t u d i n a l  p ( I ~~ i ti o n  of t h e  i ‘ - I n n ’  ( 1f

io 2 l i g h t n i n g  di~~- i i a  rge s tha t ~ p an s  I- ur ’a i a  in each rn r i t h , as  s i l l  - ‘sn  in I- ig ur e  1
n i r  o p t :  24 . In p ’ - r n - r a l  t i - i / I -, , t h e r e  is a m ar ch  p l e w ar d  of the  10 i ~~ - I I r i ( ’  f rom

I ) eI ’ l ’ I i Ih e r  ~ I ,1ul~ - . In J u ly , as -, k n w n  in i-’i g-ure 1 ’ , t h e r e  l I l l ’  355  v a lu e - V i n t h e

Ar ’~~ic :~~ 85N l a t i t u d e . 1 he s I - l i n e  f U~~ ‘ l l - , ( - i i : I r S ’ ( ’  , 
~‘r a d i i a l l s  r l ’ ( - e ( i ( ’  e rt u a t r—

ward  f r o m  3 uI ’.  I l ie  end of f a l l  in 1) 10 - ember .
The i’—utir:uat e ri number’ of l ig h t r n n g  d i s c h a r g e  f I ( I -  19 72 i j  i i , - ~s n ~n I : i p I : r ,  2 ’ .

The h r - k e n  l ine  is t h e  lhr’P sh’’ld—scct (’r’ l ine f r -  l i e  ) e r ’ i ( ’ d  J a n u I l ’ \  I I I  J u t s  and t i n -

d u ~~h— d ot  l ine i.s t F ~~~’ t h r o ’ h o l d — s I ’ -t or  l i ne  for  the a ’r iod Au g u -~t t o  I )  

Tb l ’ r ( ’ t , r . ’ , ( Inc  sh u l d  r e a l i z e  t ha t  on ly  the  v a l u e~ n or th  I f  the  ‘ l ;  ~I : — i  -1 l i ne ss

based ~ n data  for a l l  f 1972 . It is I I I  be reca l led  t h a t  v a l u e , ( l i t } i  ( I f  1 - S  WI l l’
1 1 1 (3 , 3 i I i i 1 ( l I l l  -, m ( - I -  t i n ’ s  s~~ ’r -e  i l a, e d  n l i ly  Z3 r e l a t i v e l y  k- u ’, , l n t I ’ n - n -  i -e ( ’ - r ’  h - - i
s i g n ( i - i  and ‘h i ’  a s s o I i p ’ i I r i  t h a t  the l o g — n o r m a l  J I i 3 I h O i l i l i t \ -  dj - , t r i b u t i o n  w a s  ‘,‘ t I l l I i

throughout t h e  r a n g e  of p~~s sib le  f ie ld  ~t i ’ength - s , i n c l u d i n g  the  ( ‘ut ‘enle I n i l  — ( I f  In ’

di -, t r i i u d  u- r i . It seems unl ike l y t h a t  l i i i ’  10 l o I l t ) (  l I f  l i g h t n i n g  d i - ,I -h a r g e  I I I  t i l e

Southern 3 - -  i i i  :331/! ‘ - s r A n t : I r - I - t l ( - a  IS v a l t d .

‘I he focus  f t h u n d e r  st o r m  days in A f r ic a  a 1 -,~ - i.s ri fb’ , ted in the  ( l i s t  r i i l ( i t  ion

I f  l i g L t r I i . g discharges -, ln w n  in I g o r e  2 ’ . ‘l ir e  h igh e5t  e s t i m a te  ( I f  I , 21H , 100

di 1I ’t i : lr g ( ’  ou - ”r  , I ~~i / ~~I~ 1 , 2 1) , 1) 1 1 km 2 f : ’  :111 ( I f  11)72 is lI (I Ilted It 55, 1 I i .  in t h e

foc - is of ~out h  A f r i c a .  H e r - I ’ i -s  a cen ter  (If  l i g h t n i n g  d i - s I - i r a r g i ’  ( f i i  i’ 3 1 1 3 0 ’  ( I f  I I I

di



d i s ’ tiu i  r’ ge — for  the  y e a r  , , v c r ’  the  M s ’i i i t e r r a n e ar i  Sea . The lI eu - i  of t h u n d e r s t o r m

i’iv ’ in Southeast A s i a  wa s  weaker  than  t h a t  I ( f  A fr’i ca bot.h in th i s  - , t u I l v  and in the

WM ( ) co rap i l a t  i i i .  l iic e .t I l u l l I t i ’ ! r i u i u i i l ’ e r ’  of li gh tn ing  d i -~ ’h ar ges  in Southeast

A~~in l ik ew i - e  \5 I) _ s~( ’ak er t h a n  t h e  A f r i c a n  e s t i m a t e  by an order  of magni tude  in

gen - r u  I ( t h a t  is , l0~ vs  I I ) ’ ’) and by t w o  I I r d e r ’ .s ( I f  magnit u l t i ’  for  the  respective

cen t ra l  v a l u e - i  t 1 ~ 283 , 300 at 5, U k  v-s 42 , 400 at I IN , ¶ 4 5 E ) .  There  were relat ivel y

large c - I  i m a t . ’  - f r  th e  n u mb er  ( I f  l i g h t n i n g  d i s c h a rp e ~ (of  the  order  of l0~ ) in

W e - ,  t i - r n  A u s t r a l i a  and I - s e  r t i r e  i s l ands  in the S l O i t h  P a c i f i c  to the  f l I l  r f i i e a st  I f
,-‘i u s t r a lj a .

If  ‘n e  accept  s ( I n l \ -  values n o r t h  of 4 - S  l a t i t u d e , 15 s ug g e- ,ted  e a r l i e r, it is

in t t ’  r - ’ - s t i n g  t (- I l n u p a r e  the a r eal  ext  (‘nt mapped l u t  i y  t h e  i , ( ( l i n e  I ( f  d i scharge  -

i n I i g u r , -  2 ’  a i t i i  t he  region in t h e  l - a  t e r m  l i e r u u i  -sph e r e  wh ich  i s  i n f l u e n c e d  by the

r u -n - ( I n n s . A~i c a n t  I r~~” i e a r l  b r , I t ar y - inge  de l inea tes  the monsoon  le g ion as that

( ‘n c l - . ( - n i  i l l - t w e e t )  : 3 \  and 2~~S and i I t ’ t \ S ( ’ ( ’ n  :io and I 7 O E .  The i s line  of lO~ dis-

cha rge~ n( r’ ~ t u ~ f 4~~S i n l- ’igur ’e 2 ’  and the n i on s / l on  reg ion a f t e r ’  H amage  for the

E a s t e r n  f i e r n i sp i a - r - i ’  are reproduced in I”igure 2R . A~ we can see f r o m  F i gu r e - ,  2 -~
and 2L , the l o l in i ’  i~f t in ’  h ighest  t h r e e  o rde r s  of m a g n i t u d e  ( l 0 ~ , l0 ’~, and
of t i u ~ - ( s t i r n : ( t ( ’ I t  n u m b e r  I f  l i g h t n i n g  d i scharge-s  were  enclosed w i t h i n  the  mon lIo n
t’ ( p i ( I n  t o  a - i g i li f i c I r i t d eg re e .  This was  not s u r p r i s i n g  since the t r o p i c s  are con—
s r ( t ( ’r e d  t h e  dominan t  sllul’c (’ ii f thunderstorms on Ear th .

- I , I I h. In~ id.’n,-.’ ,if I ghtnin~ III~ l-hIirg.’

A ( ‘ 55  r ov e  - ( t i g I t r-~ have g iven Point  or areal  ( ‘ s t i m a t e s  of t h e  in - idence  ‘‘f
l i g h t n i n g  dl~~c t u u l r g e .  ‘I i n ’ ,e ‘ s t i n i u i t e -  l i re  presented in Table 9 . As used here ,
the Inc u n h ’ n I - e  of l i g h t n i n g  d i s c h a r g e  is defined a--s the  occurrence  If li ghtning ‘l i - s  —

( ‘h a r -g( ’~ r t u i r - m g  a I - t i n y  p e r - l I n t  per u n i t  a rca per u n i t  t i m e .  The data of t i i i  s — t u d y
we ri I r l u i ’ n I I ! I I ( -  t o ~lt )  a n a l ’,- - i s  of t h e  di st r i bu t ion  of the  incidence of dj s ( - i r : I  I -ge  j r

much  i f  i i i - }-~a s t e r n  i i l ’ r I I i - p i i ( ’ r - ( ’ .

A — in f l 3  - _ t ) i I i l (  ‘ In n ie t eorology , c e r t a i n  a s s u m p t ion s  r n i u - t  be i r i ade .  l ’ol —

I’ 55 in g  I l o r - r o ’  ~
, , 11 t he  average ( ‘xt ( ’n t  of a ‘‘ t h u n d e r s to rm  area ’’ was  a ~ s u r n e d  t ( I  i l l ’

1 000 km 2 ; tha t  o,, ( lur ing  periods when t h u n d e r l s t l ir n i s s ue r - c  ai -t i v e  in a l u d a  block ,
I i i i -  l i ve I - ap e  ar eal extent of the tI r’m (or ,t (Ir’ms) was II - s ssrrned t I  in ’  1000 km 2

.

The dura t ion  ‘ f  t h u n de r ’, t I r r n s  on the average was a s s u m e d  t i  be 3 hi ’  in the
r’ p r c .~ 

10 and 1 hr  in t empera te  and polar l a t i t u d e s . Tin ’ “ I r ( Ip i ( ’ s ” 5511 s o m e w h a t

a r i u t r : I r i I  d e f i n e d  a s  r ’nl’ ( I m lla -I s i ng  the area be tween  2 0N and 205 .
T i n ’  i nc idence  ( I f  l i gh tn ing  d ischarge  at each grid point  ‘5 115 i ’ - ,t  im a t e d  for the

cI a ss  iC , c lima t ’  II  p u -  months  ( 1  J a n u a ry  and A p r i l .  l - ’irs t , an e~~t i nu a t e  of the

n u m ber of d i s c h a r g e s  per t h u n d e r , t o r i i i  day for’ the month  was ob ta ined . Euu’ i i
gr id p( in t  in t he  d i o t r i b u t i on  ( If  the  es t imated  number  ( I f  l i g h t n i n g  d i s eh ar g e~ for

00
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January and April , -shown in F’igures 13 and 16, respectively, was divided by the
corresponding estimate of the number of thunderstorm days shown in Figures 4
and 1, This “resultant matrix” was divided by either 10 , 800 , 000 for the tropics
( tha t  is , 1000 km X 10, 800 sec) or 3, 600 , 000 elsewhere (that Is , 1000 km >(

3, 600 sec). Th e fina l result  at each grid point , shown in FIgure 27 for January
and Figure 28 for April , was an esti mate of the incidence of li ghtn ing discha r ge i n
un i t s  of km 2 sec ’1.

Agai n , values at and south of 45S were questionable, The values in Figures 27
and 28 are negative, ordinary logarithms of the incidence of lightning discharge.
Of course , th e mant issa for each value is one less than the appropriate negative
power of 10. For example , in Figure 27 a t 15N , 125E , one finds the value 4 .81
and may immediately surmise that the estimate of incidence for this data block is

of the order of 10~~ lightning discharges km ’
~
2 sec ’1 during a stormy period.

31 iS .13 ‘ 35 45 53 65 75 65 95 105 1 1 5  12 5 1 3 5  145 155  165 1 7 S F
893 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0 .0  0.0 0 .0  0.0 0 .0

75(~ 4. ’,4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0 .0

633 4. 86  4 .56 0.0 0 .0  0.0 0.0 0.0 0.0 0, /I 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0

“‘IS . O  0.0 0.0 3.03 0.0 0.0 0.0 0.0 0.0 0.0 0 .0  0.0 0 .0  0.. 0 0 . 0  0.0 0 .0  0.0

433 4 . 3 6  3 . 9 1  4 . 12  5 , 1 6  5 .26  4.36 0.0 0.0 0 .0  0.0 0 .0  0.0 4.86 3 .16 5 . 10  3 . 0 3  5. 26 4 .9 6

333 4 . 14  1.34 3 .5 4  3 . 92  3 . 7 2  4 .1 8  4. 16 4 . 47  5. 16 3 .03  0. 0  4.86 4 .69 4 .45  4 .5 0  4 . 6 3  4 .6 1  4 . 7 3

233 3 . 6 9  1 . 9 3  4 . 2 ~. 4 . 3 3  3.60 3 . 10  4 . 16  4 . 2 9  4 . 10  3 . 8 7  4 , 2 2  4 .50 4 . 06 4 . 4 3  4 . 3 8  4 .56  4 . 2 6  3 . 55

133 3, 73 0 .0  5 .3 3  4 .96  3 . 1 $  3 . 5 1  3 .59  9 . 0 3  5 . 0 3  5 . 3 3  5 . 2 1 3.03 4 . 9 3  4. 79 3 . 0 3  0 . 0  3 . 3 3  9 . 3 3

33 4 .65 4.49 3 .26 4 . 6 1  3 . 0 9  3 . 3 2  4. 3 1  4 . 97 4 .99  3 . 1 4  5 . 0)  5 . 0 3  4 .3 6  5 . 03 3 . 3 3  3 . 3 3  4 . 7 3  5 , 3 3

39 3 . 96 4 . 1 4  4.60 4.04 4 .6 4  4 . 5 7  4 .92  4.95 5 . 2 6  3.40 3 . 3 3  4 . 73  4.16 5 . 16  3 .03  4 . 1 9  4 .01 4 .12
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FIgure 27 , Distribution of the Incidence of Lightning Discharge (km 2 sec ”1
) f i l m

January 1972. The dash-dot lin e i-s the threshold-sector line for the period Janu-
ary ii Jul y 1972 . Values are negative, ordinary logarithms for lO-deg data blocks
centered at the’ points shown .
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Figure 28 . Di :- it r ibution of the Incidence l I f  Lightning Discharge (km ”2 sec ’1) for
A pril  1972 , The dash-dot line is the threshold-sector line for the period January
to July 19 72 . Values are nega tive , ordinary logarithms for lO-deg data blocks
cent ered at t he points shown

Es t imates  of the incidence of l ightning discharge by lat i tude zones a re  given in

Table 10 f o r  January 1972 and Table 11 for Apr i l  1972. The re spect ive es t imates

for the lw m on t h s  agree cons i s t en t ly  in order of magnitude, although they vary
f rom a close agreement of 96 percent ( that  is , 2 . 3 X IO~~ km ”2 sec ’1 compared to

2.4 X l 0 ”
~ km ”2 sec ’1) for the estimates in the zone of high north la t i tudes to a

disagreement by a factor  of 3 for the estimate of all available data for each month
(t hat Is, 3 . 6 l0~~ compared to 1. 1 x l0~~ km ”2 sec ’1).

A i ya 10 es t imated  that , in general, the incidence of l ightning discharge in India
is 9 > 10”

~ kr 11 2 
~~~~~~~~~ as indicated in Table 9 . The es t imates  on the average of

th i s  stud y for those data  blocks that  include some portion of India were 3. 5 X 10~~
km ”2 sec ’1 for both January and Apri l  of 1972 . The es t imates  of this study for
th at portion of the tropics in the Northern and Eastern Hemisphere, (t hat is , be-
tween the equator  and 20N and between the Greenwich Meridian and 179E) were
1. ) 

~ l0 ”
~ km ”2 sec ’1 for January 1972 and 3. 4 X 10”

~ km ”2 sec ’1 for A pril 1972 ,
as shown in Tables 10 and 11 , respectively.
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Table 10. E s t i m a t e  of the In cidence of Lightn ing Dischar ge by Lat itu de Zone for
Ja nuary 1972 U ni t s  of km ”2 sec ’1)

Number  of Sum of Values Average Val ue
Lati tude Zone Values (km ”2 sec ’1) ( 10-s km 2 sec l)

High north lati tudes 3 6. 9 X l0 ”~ 2 . 3
(60N -90N)

Middle latitudes 48 3, 0 ‘~ ~~~~ 6 .3
(21 ~\ 19 N )

N . H. tropics 34 ~, 5 X 10”
~ 1. 6

(0-20 N)

S. H. tropics 34 2. 8 ~ l0 ”
~ 8.3

(0-20 S)

Other 72 2 . 8 > io ”2 38
(pa rt of 2 1-”~-9 lS ,
see Figure 27 )

N. Hemisphere 85 3. 4 X 1 0 ”'3 4 ,2
port ion of
E. Hemisphere

Eastern Hemisphere 68 3. 4 Y 10 ~, o
tropics (20N-20 S)

Al l  grid poin t 191 3. 4 io~~
2 36

-_ estimates * 
________________ _______- -__________ _______________________

4
lnc lude ’ -, values along and outh of 45S lat i tude , which may be questionable,

Ilorner U gave an order of magnitude estimate of the incidence of discharge of

l0 ”
~ km ”2 sec ’1 for the “ main  thunder~ t o r m  areas of the world” as shown in

Tabl e 9. A rough ly comparable e s t i m a t e  is that  of this stud y for the incidence of
discharge in the tropics of the eastern Hemisphere ( tha t  is , 20N to 20S) as given
in Table 10 for January 19 72 and Table 11 for Apr i l  1972 . These es t imates  were

~~. 0 ~ l0~~ km ”2 sec ’1 for January and 2 . 6  ~ l0~~ km 2 sec ”1 for Apr i l .

hlorner~~ also gave a range of eist imates , based on various techniques men-
tioned in SectIon 1, for the globa l Incidence of l ightning discharge. These es t imates
ranged f ro ir i  6 X 10 6 km ”2 sec ’1 to 16 X io 6 km ”2 see ” 1 as shown in Table 9.
One may infe r f rom  Brook’ s work , 8 as mentioned in Section 1 and presented in
Table 9, that  the global incidence of  l ightning discharge is of the order of l0 ”

~
km ”2 sec ’1. The most reliable planetary-scale estimates of this study of the
incidence of discharge were for the Northern Hemisphere (0 - l79E ) .  The estimate
of the incidence for January 1972 for this area was 4. 2 X 10 ”

~ km ”2 sec ’1 as given
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Inc ludes  v a l u ’~ I I I nU and south of 4 ~~ la t i tude , which  may ilk q u e s t i o n a b l e .

in l i l bc 10 and :1 .0  ‘~ l0~~ km ”2 sec 1 for Apr i l  1972 as ~ iv e n  in Table 11. The
- - 7 1 i l  c l l f  ‘he l V ( ’ ( l I  111 011’ h I n d ’ of discharge for i i i  grid point -s  that s~ c t - c  avail-

able above the  ‘ F i I - 3 ’ ~~ 1i l I 1 1 - s e l ’t I l r  l ine  in J a n u a ry  19 7 2  was :1 , 6 ~ 10 ’
~ km 2 sec and

I li. ’ l - I I r 7 l m en . su r a t ”  c ~t i i i i a t ~ ’ fo~ Apr i l  1972 was  1. 1 ~ l0~~ kn s~~ sec — l  as ind ica ted
in Tables 10 and i i , r e spec t ive ly .  h owever , values in high l a t i t u d e s  of the

~ u k  l~~- x - ii i I e l I I  i-sphere tha t  w e re  u sed  in I l i e 5 1 ’ ~ t r out  c-i we re  h I u I st i (I n al l l e .

- 1. \ r ,-oI I ,,
~

, , .‘ i i I r , , l ,o , i  Ut I I c l I I f l i f l ,7 I)i’.~’hargt.
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‘

I r i ’ i O n  of l ig h t n i n g  d i s I ’}il i r~,’c , ‘I his p a r a m e t e r  of t h u n d er s t o r i i i  act  i v i t v , as used
here, is  t i c  n u mb e r  of li gh tn ing  discharges per un i t  ,- r  i’~i over s l Ime t ime  period

~r r ( ’ - , p c c t t v r ’  of Ilic ‘dI3’I-ifiC areal  ex ten t  of t i i u n d e r s t o l ’ n3  a c t i v i t ~ which caused the
Ch il l Idi r -~~ ’ , In ot h e r  w , , r d s , i t  is  s i m pl y the number  i f  d i s cha rges  per gross area.
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!-3gure 2 1 , I ) i ~~t 1’i t , u k i , n i  of l b  A n I - I l l  ( m -e nt  I l l  j c n  I f  I i i ’ b l t n i l l i )  l ) i c h i a i d l -  ( k m  2 )
for 197 2 ,  The  b roken  i n n ’  i - i  l ie  i v er a i  p t l i r - l - l h i l I I h — -, c l - t l r- l i n e for  t h e  ( c r - i d
.1 : l n i l a i r ’ \  ~~ - J u ly  1 7 7 2  and t l i i -  I b i ~~ l I ” I h I t l i n e  t h u d  for  t i n ’  I I ’ r ’ o u h  A r i g s i ~ t t I )  I l l ’  0:111 ’!-
197 2 . \ ‘a l w’~ o r - ’ - n o ’ : ;  I - ; - , l r I h t n : I n ’ s  l o g I r i t l i r b i 1  7e~~I - ( ’J)I  ( I T  t l i : k  i t  11, 1 1 . I l b O I b 

I i -  I )  t I p  1 0 — I l l - :  - d l  I ;  I I  ck .  I- nt I ’ l l  I t  I I I I -  p~ - m t  - I l l  53 73 . —-. - b i d  I I I  i’ -, t l ie
1 1 : 1  ~~I 

~ i l l  I l l  data  - I . v c t - i g c  in l ie  N I l r ’ t l l l ’ l ’ n  I l l - T i l i

I - n - I’ T I i i I \  l ) l I r - — . i m a t l ’  r h o -  I b i t u - b i n a l  c h i r l i ’ c  I f  t h u  1 1 1 ( 1  I I n 1 - l - n l t r l 7 1 l n b  of

l i g h t n i n g  d i - , r - h a t o ’ e h i - I - n i l  a — t U T l \ -  it ’  1 1 3(1 ( r i - r I  u i  n h x i m U n i  11 (1 1 l I - v  t ’ r a h - in  l i i i -

- 4 - r ’ ’ h , ’ , - T I  I I I ’ n l I 3  - ) I I I ’ r I -  ( I -  i g r i  r I ’  2 )  3 - - u l l l n i e d  l iv  l i i i ’  so l id  l o x  ( t h a t  i - , hr t i n ’
gr id r I n d  - i f  ‘s I i i ’s b a l i l l - I l  anr l  : 1 -  I I I  1 l l ; 1 t -  I n i g i t n i bs ) ,  The I V I r ( g l ’  1 1 1 ( 1

l - n i - l ’ n l ’ r a t i l T) ~ f d i ~~- b I r d ’  f I l l  l i t ’  l b deg - 710 I f  l r t i t n b t ’  - . I I  I - I - n i t  ca l  ( I l - m I t  - as

s b i l l ’, s n i  in L i g u n - t -  2 13  ( 7 1 1 : 1 1  m - , , iN , 1 ‘s 2 ” . , and O I l  n i )  j i 5 f l r - i ’ - l - n t i d  in l a b l e  12 .
-l I t ’  g l ’ n k ’ r u l  I r ’ n ~ l l ’ ’s - l b l - T i t  f r o m  ‘10111 ’ 12 and I - ig-ur ’o 2 7 1 was  t h a t  h i t ’  l v e ! ’ I ge , a r I a !

(‘On l O t  i 1 t  I I I  ( I f  l l d : I n l i n g  ( I I  c h O r / . ’  l b c d i c , - , 3 ’ I h  s’ t b  Ll~ ’ I I 7 r l l I l 1 I c l a r i t l l l b l -  1fl 1972  in

I l l ’  ‘ s . r l l l l - r n i  I l l - I - - i  b l o T  l ’  r l r ; 1 I I I ; ! i 3 of  ‘ I I I -  l- ; i 1 t cr f i  I t  - i - l I l l i l ’ i 3 ’ . The I I  r o l l  - n I - e l I —

t r ; i t l I 11 l I f  ‘ h i  . i b i I l ’ )_7 1 .1: t h t ’ ’e u i - h r , f I 1 l i l _ 7 i I i t I i I l e  h i g h - I -  I l l )  I l l  0 0 5~~~1’ age in t i l e

( ‘ - h t a ’ r I ; I l  r I n d  ( I I — l t ) \ l  t h a n  I f l  ‘ h o ’  I I I , , -  /11113 ’  ( l O N _ h I l ) ’s )  i’,j r l l ’ 7 2 ,

----- - -~~~~~~- ‘- —  ~~~~~~--I’,.



1 .3, I ’ l l - — ‘( 131 , ’ ‘l I 1 1 r I I~’ , . (  I , r l l r

There ‘. 3 1 1 ’  v r l r - i l l u s  ) l I ~~~~~i l l l I ’  s u i u  I’ l l’s of e r ro r  in Ii  i n i t i a l  I ’ I , l l c i - t I l I n  of r1~, t u

a nd s r i b ) - l 3 ’ l b I i , ’ n l t  e i a l v s e s , ~ l I i r l I -  ( I f  wh i c h  h a s - k -  h e I r) r l m , ’ n l l  I l n i l I b  I r I s ’  1 , 3 1 - ~ . The

known , P oss ib l e  sou r I - ~ ’ 0 of e r ror  w
( 1 3  The i n 0 t r u m l - n i t  t ’ r r - I I I  i s  not  k n i .w n i  n m  q u a n t i t a t i v e  t l ’ i ’ r I I - i . I I i - ; ’ l ’ v l - l , I ’ r ’ r nr ’s

in ca l i l o m t i o n , tb ,  - t l ln g  of t i l l -  p i l i n g  d i l ’ I l i i t — i , l u l l  1 I  c -n , a r - u -  p u s - s d - l i ’ , l U - - i - c —

I V O l , I s - -  ~i g n l i b s  t h a t  ar e  inc iden t  at t he  On ’i ’nn l i  II  ( I r k ’  i s ’ - b ’ ,- t i l l  o I I l l in~~t : u n t  i n

l ime  a-ould cause  ,‘ m n i  l ’ r r m ) n e ( l n n -s , ( J r  ~ t I I r - t , . r b  w ; Iv l ’ f i l r r n  to  I I , ’  r - c c o r - ’ h l ’ d , Tb ’’  ‘ i i

r e s I - h i t i l I n  -1 ‘h e  s ignal  m o ni t o r  fo r  indiv i d ua l , r e l l - i v I 11 s f cr i c~~ i s  l0~~
( 2) ‘I l ie  t h l r ’ c - . h l - I T l  13i’T’ Z iVs ( lower l i m i t s  c - n i  t b -  ! I r - l l t l r i l l i b i t v  in n e g r a l  ~) z re  i rm1~-

m e a n  e s t i n o l I t I ’  , dependent III a l ; l r p I ’  ,- ‘X I d n t  Ofl p r  I I  g r i t  ion la w s  1 I V I I  , Pi c r 1 - I ’ 2

s t a t e d  t h a t  p ropaga t ion  I t  \‘l l~ is su bjec t t o  L ’ e - - g n - I I ) i l i l l , g l - o m : I i n i l ’ t i l - , ( r o l l  t i m —

poral v ar i a b i l i t  s- , none I f  which  is 150 0’. no w i t h  i - t - r t a  i nt ’.

( 3 )  The i r i l p u l r t a n t  s t i l t i s t l i S l L t c l l  in  ‘I b be  2 , I , ’ . l h i u ’ l l  p - n - r a l l y  a rc  point e s t i —

r n i le.s in  h r  ri - a n i , m ar  l i - I I l l -  - lu i t a l l b e  f o r  t h i .~ k . — 3 n i - , -  I l - re  15 ‘.6 ide a g r e e —

i e n i t  t ha t  the s t andard  i lp ’,’j atj on ( I f  received .5 f l / r i d  ranges f r o m  0 I I I  8 I I I ) , we may

apprecia te  the  e f f e c t  n i t he  a r i l l v 0 1 ’ s  I I I  v a r -r i ng  t h i s  sani l I l l -  s t a t i s t i c , o t h e r  t l i i n i g - .

l I e  i n r g  equal ,

An e . I i I a t l  of t h e  I b l - t l - i b nj t i o f l  m u  the n u r o h l l ’ r  - - I  l i g h t n i n g  llischarge-s for

A u g u ~ t 1972 s~ i t h  0t a n d ar d  l o s - l a t i n 0  of I , 7 , and 8 dJ3 a re  shown in I- ’i gure 30 ,

The middle  d i s t r i b l r r t  ion in Li  g u r u -  30 , P r - i ’ , e n t c l h  in b i u n l l h r , - I h ,  - f di 01 - l i r I I ’ p es w i t h  a
. t a n d b i r I b  I I - ’ , - r : d i - - T 1  (I f  7 d13, is the 5: 1- c as t h a t  g i s - l ’ r l  p I I ’ V i I l U s l V  In l - i g r n n ’m ’  20 f o r -

Augus t  l 7 ’ 7 2 . For’ a g i s - l ’ n l  t h r e a b i l l l d  va) u ’ at a g r i ~ l poin 3 ‘b i r d  s a given lower

li - i t  n i  b u t ’ ) I r - I - t l l I i l i t y ~ l t I - 5 -  r i b s  as shov n in l - 1 ) .  ( 1 : 3 ) 1 ,  I I I - o s t h u  a te  of t I r e  number ’

f l n i ~b~t n ing - h i 0  l i r r ges  i n l-r e a 1 1 es  w i t h  n l - T - , - a  i n l i .  0t I n d ; I n - - I  - h u ’ s - l a t i o n  as o b i lsI n in

l ogin t 71 ) ( 117 ’ r ema in - 1  t i m e  S i l l ’  r l ue  I r o u n d — o f f  I I  t i n -  n o - i  r ( - -~l 100 discha rges).
s t r u r e l u r d  I b l ’ I ’ i l ’ h l l n i  m s  a l I ~~ i l l e  of di 0~~ ’ r ion , I I -  l r - l l h r i l l i l i t v  cr f i -c ur r e n i c e

ab v ’ a p i s - en  t h l r u S h o l d  va l ue  ( n a T - el ’. , ( 1 ( r I - , ’ n i t  i l k ’ )  m l  i l l  5 l ’ o 1 1 th )  i n c T - l - : I -~ing

tand arJ - b u - -, 1 : 1 3 - - T i .  f lu b t i e  p r o b a b i l i ty  integrals t l i r i t  a r c  thu.,  I - b i l l - t e d  ( ‘ ro t o r m t -
l - 1 ) .  ( 13)  10 T h e  1 1 3 ’ f l l l r r l l i I t I  - w i t h  t h e  r e , u l t  t h a t  t he  1 - s t i r I r i t e  of I I I -  n i u n i r b e r  of

l i g h t n i ng  d ischarges  decr ’ezu ~3 - I a grid p o int  s i t l i  O h  inc i’ I ’ l i - o l ’  i n  - , t anda rd
1 1 3 5 1 0 1  l O l l ,

A u1pt~u i l . ’ d  an a l y s i s  I f  1’I’~ - l . P  ( I f  the  s’ : I l r i l - o in F i g u r - , -  :10 i-s not OI l  n - i - r I O t e d  h e —  
—

1 ( 1 1 -o t -  of t }i€’  001 - r t l i n t l e - ,  a s s l l i ’ i ; I t I - d  i l l  h i , -  - t h e r  sample  . t a t i s t i I -  g iven  in
TIl I l u -  2 T h a t  a f f e c t  the r l i - S t r - i t l l t i l I r l  (I f s I ’e r i c s ,  In g e n t - n - r i b , t l i l ’ r ’e is  l i t t l e  m i t ’  no
c h a n o l -  m i  t h u  t - - , t i i l I u t l ’  - of the n t i I T l l I ( n ul’ l i g h t n in g  disl -IiIr-ge .s (t o  t h e  n n ’ a i - ( ’ s t 100
d l s l - I m m u r - g 4 ’ - )  in high n u l r t I  and south l a t i t u I , - s  s d i u ’ r - ,’ h r ,  t l m i - e . -. h m l l l d  a r r ay  p laces the

011
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F’igure 30. ( I n l l l m r u r m  , I I r o  ( I f  I , . , ’  I ) i - , t , - i h k m t i h l r i - 1 of 1 l 3 - b l t n m l n i d  I ) m ~~~- h m a r ’ g c  I I I’ A t i g n m 1 1 7 ( 7 2
f I r  S tandard l )t -, v i r i h i l l r m - 3 of l h l - u , ’ h v e l h  s f l ’ r ’ ie ,  of r i ’) 0 I I I , I t , )  7 dfl . o u n m r h  ( c i  0 1 I I I ,
\ m u b o c  s : , ! - ,  in hundred.s of  di .- - .u ’ har ’g* ’ ” f I l l ’ 1 0 — h o p  d a t a  t I l l - I - k s  i l / nb  ( ‘ I ’ l l I I t  t I r , ’  g l I n t s

-111110 n , The I l l - I k e rm l i n i , ’  ~ t he as ‘ n r i g ~ t I m  n~~’ - o h  l l I h  — , t - I h ( l r ’  I m n m u ’  fm the p C i ’ i i I l l  .A ugs m .t
( I ,  I )o l - c n l t I c r  1972

I
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appropr ia te  1 value * in the extreme “ l e f t ” and righ t’ tails of the re spective dis-

t r i t l u t i l l n n - o . The greatest  change in results caused by vary ing the standard devia-

t i o n  alone I--s roughl y 50 percent .  For examp le , at SN , 5E the es t imates  of 32 , 400

discharges  f m l n ’  a s tandard deviation (SD) of 6 dB is 47 percent greater  than the

e s t im a t e  of I . ’i, 100 discharges for a 51) of 7 dB; and the es t imate  of 8600 discharges

for a Si) if 8 dB is 57 percent les.s than tha t  for a 51) of 7 dB,

(4)  The dis tr ibut ions of the various types of sferics studied may not be log-

nI n -mal  over’ cer ta in  ranges of values of the respective random variables. Indeed,
th ese s f e ri c s  n-lay follow some other distribution for extensive periods of t ime.

(5) The anal yses of the number of discharges, the incidence of discharge, and

t I n e  areal concent rm3t ion of discharge depend for efficacy on the rough, empirical

e q u a t m o n - o  quoted cur developed in this section . Moreover , these analyses depend

on a s sumpt ions  tha t  mar  not be valid,

The various possible sources of error mentioned above were very likely of a

random na tu re  and may have compensated for each other to soniC degree .

I. ( O\( :Ii~~Iu\~ ~‘sI ) RE : MMF:\ \1’Io~~

1.1 L Ofl ( IU~~ll.fl ’ .

The following d i s t r ibu t i cmn s  of parameters  were developed in this study:
( 1)  t h un d e r s t o r m  days for January, Apr i l , Jul y, and October of 1972 and for the
ent i re  year; (2) the number of l ightning discharges for each month of 1972 and for
the e n t i r e  year; (3) the incidence of lightning discharge for January and Apri l  of
1972;  and (4) the areal concentrat ion of li ghtning discharge for 1972. The study

was restr icted to the Eastern  Hemisphere and the data were unique in that no
sferics  data on a planetary-scale basis have been heretofore available. Therefore,
the analyses based on these data resulted In f irst  estimates of the dis tr ibut ion of

the above parameters, except for that of thunders torm days. There were few
unce r t a in t i e s  associated w ith the es t imates  of thunderstorm days , but there were
many uncertaint ies  in the other analyses and, therefore, the results of these anal-
yses must  be considered tentative. Nevertheless, the following conc lus ions  for

the Eastern Hemisphere in 1972 may be stated:
( 1)  The thunders torm-day charts of this study di f fer  considerably from the

mean , monthl y charts  of the WMO that were based on data compiled in 1953. One
possible cause of the differences was that the monthly  charts  of this stud y, that

~Where (T0 - T)/a;  T0 and T are the threshold Intensity In field strength at a
grid point and the mean f ie ld  8trength of the distribution , respectively; a Is
standard deviation,
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we re l a -ied I n  I - n i t -  r e a r  1 1 1  h a l / I , I I I U I ( h  r - I ’ n r r e  ( ‘ n i t  . 1 1  ; i r m l . r r i : I I  f rom t h i ’ n oer in i  p a t t e r n

of the \V~s1 ) (‘h a n  t s . An u t h e r  c ause  f diff er’enil ,’ u h i n t  s t ’ t ’ u l — ,  r n i l - u rmt  r - l ’. ’( ’l ’t lble  a r m s

t h a t  in the \\~ s h (  I comp i l : i t  i n  of lie data  t he re  were  ext t ’n i \ -  a t n  - ( In  E a r t h  a i t  Ii

a v o i m i  - f  da ta  c i u ver a g e .  -l I m e ~e ar ’ , -: i~~ i n c l u d e  t Im e  a - t a n s , \ I I I ’ l h i  A f r i c a , A r ab i a ,

the M e d i t e r r a n e a n  Sea , m i n d  -, .u th ea  st ( ‘ I r m a. It has t een shown in t b m i  s tud s-  t ha t

t h e r e  w er e  m a ny  n i l n e  t hu r l l t ’ n ’ s t l n r l  1 k m ’.,  i n t h i l ’ -,e areas in l n 7 2  than n’ I ’pl r - t I - d  hs-

the  W h I t  I in the  nni€ ’an.

( 2 )  A f i r  , t  0 4 7  I ’  1 1 3 ’  t1 f  the  dm t n - m i - i t ion ( I f  t he  n un r b e r  of l ig h t n in g  di - c ’ha rge

I -v ’’r  a Ia r p t ’  a i - , ’ r i  l l f  I - :3 l r t h  ‘-u r i s  p c I ’  , o n m t l ’ I h  i n  1- igures 13 t h r o u g h  2 5 . The v a l t d m t  ‘.-

( I f  the  m a g n i t u d e  of : I n i \  ne t’ - t i O I i I t I  at a g r id  p~~in t  l l n - , m I l d - h , l I f  a l l  the  e s t i n l a t, ’ , ,

i s  n t  k n own .  I I I ae v e r , t I m e  i i r i g n i i t ude of the  ‘ . ‘ : l h lo ’ -o i l l a t ive  t I  ( ‘ach - t h o r  and the

i s , . h ) n u -  r l 3t u - n 1 p r obab l y rep r o  , , - n t  a tm -i~~fu l  i ndex  o f ‘‘ e l e c t r - r c a l  a l - f i v i t Y  l I v e r -  a

h I -  r i b  a rea of I - ri n - t b .

I ) )  There wa s  a c i  i ’  I 1 i ’  1 3 ’  f 11  n lh en c e  1 1 l - ’ a eon t h e  i so l ine  pa t t e rns  ( if t h u n d e r —

st rm da’. , and l i g h t n i n g  d i — ~r h : I  rges fo r  t h e  m o n t h s  ( I f  J a n u a ry  and 3 l c t l I I ( ’r .  There

as I l I l t ’  l ’ rresp ond CflCe~ in genera l , b I t ’ tw ( ’ en  t I m e  - , i ’  isIlli ne patterns for A p r i l  and

J i l i r . ( I I I ’ r I - t I  - f o r e , t h e  a s s u m p t i o n  has  lmeen n -lade f r e q u e n t l y t h a t  the  I n s t  r i hu t ions

w e r e t he  s a r i m e , )

(4 )  ( , - n i t r a i  and ~ l - 1 I t t i  A f r i c a  were the  d o m i n a n t  focI  I f  l i g h t n i n g  I c I :u r ren l ’e  on

a u - r i r l v  b a s i s  ~i nd e i t h e r  a r - , - l a t i ’ . ’ , - l v  h i g h c e n to l ’ , c r  the hl i g lle-it - e n te r  of a c t l S ’ i t V

en a n : r l n f h i v  b a s i s . The o c c u rn  enre  , f  l i g h t n i n g  w a s  r e l a t i v e l y high in t he

? i l e d i t e r  r n n . ’ r l n  Sea and A rab ia  f I r  mI -. t month .s . ‘I he 1 3 I 1 I I ’ !’eflCC l I f  I i g h i t n i n g  in

~3IIuthea Asia  wa.s m ’ l ln . s i s t e n t l v  sma l l e r  in magn itude t h a n  in A f r i c a .  ‘T h e r e  0-as

a Ia ~ V 5  I re  son ’ a re ’I a t  iv t ’ l ’ . -  h igh  oc c u r ren ce  of 1i~ h t n I n g  in l 3 1  ‘ . t  - r n  and ‘~. ( ‘  ‘. t er n

A u s t r a l i a  and in t h e  ar t ) a c e n t  oceanic areas .

I : )  The l a t i t u d i n a l  r c cu r rence  of l i g h t n I n g  d i s c h a r g e  was shoa- n 3 1 1  1 1 I k a  Sun

n . - r t  1: - .’. r i  r i  over  l -u r a  S in  f r - I ’m  J ann a  i - s  t i l  a m a x i m u m  ~ I l ea  a NI h i m  I i  t m l  Ju  lv w i t h

occur r  - n r l - e ~ m~f d i s c h a r g e  I vt ’ r  t he  A r ct i c . T im e  occurrence  I f  d i s c h a r g e  then

rp(- 3- ( t , - ( r  , . ) ( m r I t I r~~I ar ( i  f ron  t o ’-  A n - i - t i c  f r om J u l y  t u .  t h e  end of f a l l  in I )  l u l l

( I : )  An  e-, f : n  n i t , -  of the ( h i s t r i  - s m t i o n i  I - b ’  t h e  inc idence  of l i g i t n i n g  d i 4 c h 1 lr g e  for

J a n u a r y  and A p r i l  was ~~r t ’  , t ’ r I t t lb  i n  1- igu r es  27  r ind 28 , r e - o I I I ’ c l m v e l v .  A b r e a k d o w n

( I f  t t i r ’  r I s ’ ( h I - r .ge i nc i d e n c e  of d ischa rge  by / 1 100, u f  l a t i t u d e  w a s  p r o  0 ( ’n t ed  in

‘T a b l e s  10 r in d  I 1. The n n i l st r e l i ab le  p l a n e t  :m r v — s i ’ a  II ’  es t l r n o a t e  of t t o ’  average

m d / t on I - C ’  I I  di  ~d h l n c r g e  a r t , 4. 2 Y 10
_ I  

k r rn  3’c ’ f r ’ J an u ar y  and 0 , 0  l0~~ km 2

,ec for  A p r i l  - ‘. ‘t ’r the N , - r t b r e r n  h e m isp h e r e  ( ( i - l 7 I l E ) .  An  ave rage  incidence of

d i s c h a r g e  i f  1 . 30  ~ 10~~ km n 2 ,ec~~ was m ,b t a i n e d  for J a n u a r y  and I .  I ~ l0~~ sec~~
for A p r i l  l I v e r  the l - :ni t em I lemi ‘d u h i l ’  r~’ as a wh , Ie , but t h i e - - o l ’  r e s u l t s  were  con—

s m I l ( ’ r t ’ ( l  h e , ;  n e I i n l h l I e  due 3 1 1  u n c e r t a i n t m 1 3 ’-~ in the  m -t r l a l v s i s .

(7) An 3 ’ -~~ I n i r l t ( ’  of t I m e  d i s t r i b u t i o n  of the  a real  c o n m , - e n t r a t i o n  of l ig h t n i n g  di.s —

cha rge  a n  p re -1ent ed  in f i gure  2 73 . There  was evid , ’ni ’e , ba - o l d  (mfl an analyst in
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t I m e  \ I r ’th e r n  h e m i s p h e r e  ( 0— 1OSI - ) , t h a t , in  gene ra l , t ht ’ ar e a l  I - I n den t  n I l  i - n i  I f

d i s c h a r g e  d e c r e a - , , - - b  w i t h  ~t ’ ograçmhic In i t i t m m hI ’ .

- ,! l3,’ , - ,,m rn , ’niliii I I l l

— (1 )  There i s  n uch  c u r r e n t  i n t e r e s t  in  t in ’  r~ -l a t ions Im ip t , ’ l a o I ’ n  t L l I n b I ’ r , t I n f l i

day ’, and the  i nc idence  I f  l i g h t n i n g  I i i  , m - h a  rge. 32 A i l i r t ’c  t t ’x t en  411 ni ~ f 3 I n m work

a - m u u l d  b e  t i r t -  I l l - v o l  l l l c I ’ n i t  ( I f  law.s f l i n c h  i a ’ I a f t ’  t l m ( ’  ,e p a r a m e t e rs on nt n’; - n i ? h l v  and

yea r ly  ba s i 5 .
( 2 )  \‘e r ’, u s e f u l  i n f I r n i a t % m n  I n  t h e  d i u r n a l  v n i r i z i t i l - n  of t h u n m f t - r s t m , r m r o  ~~c t i v i t V

ccuuld be d e v e h l , l u ( ’ I f n ’ i 1 r i i  t } , - - , t ’  I b r I t O l . This i.s e s p e ci a l ly  t r ue  f u r  I a ’ , - n i n m i l -  a r t ’ r I s

w h o r t ’  f r equen t l y t I m e  d i u r n a l  v a r i n l t  i - n  is a s s u m e d  t .  - be I ’ i l n s t n l n t . I- . , t i m r , t  l ’s of

t i n t ’  d m r r r n r l l  v n i r - i : I t m - n  I I I  t l l u r m l l o r , t , l i n i  n i l t i v i t y  f~~r A f r i c a , I- um rn i  m a , Sou the a- - t A s i a ,

A u  st r a l i a , and t h e  I - a  s t e rn  I l l - n :  i sp h e r e  a s  a wh , , le  could  he 1I3’Vt ’ l (  1 1 ( 1 1 .

( 3)  One could a n a ly z e  t i me  u - \ t ( ’n s i V ( ’  da ta  in t i — h r  ln c r e n n ( ’n l  5 h el la in ,‘ t i m a l t ’

i 1f  ‘h e n u m b e r  (uf n c m ’ t j v e  t h u n d e rs I l I r n , t h a t  occur  <In E a r t h  n I t  a n\  I n m t ’  f i n i e . T h i s

i n i f I  - r I l I n i t  ion may be u ,e fui  to  th o sc ’  i’. 1111 s t u d y the genera l I-ir (’ulatl(rn of t b r t ’

a t n r a  - phe cc
i-I ) An  ana l y s i s  I f  t b l ~ data  could be pe r fo rmed  in 1.-hr i n c r e n i i e n t s  and t ’ , t I-

t o ,  ma le ( I f  the  n j  s t u r b e d — a  e n i t h e r  e lec t r ica l  f ie ld  over a large  n l r I ’ n m  1 1  l ; a r t  h I

t O n ’ i s  genera ted  ll\ ’ t h u n d e r , t l ) r m s .
I I )  I ;n ~’ could a ,o b o t h  visible and i n f r a r ed  , n m t e l l i t e  p h o t o g r a p h s  for  1 7 3 7 2  r h i r t

-411 ’ ‘.5 n hi  , ( ( ‘ r n i t l l ( ’ , l a r g e , i so la ted , c um u l u m n i m b us  clouds and a 3 0 — h r  ‘‘ , ‘ I t ’ c t  r i m ’ a l

index ’’ de v t ’ I I ’p e l I  fr , ,m t I i e , e  data  t o  a t t e m p t  t o  i , ’ l r , t e ’  the  , ft ’r i c s  l - ’ l m n n t I  t he  v i ’ r —

ical and a r o n i  I t ’ \ t  t ’ n t  ( I f  the cloud shie ld . A t r i ln g  I I  I r r e la t  I I  nm could lead  i l l  a

U , e f n n l  anal~- 415  u l f  t he  e l , ’u ’t r i c ’ a l  i n t e n s i ty  i i  t h u n m l , ’ r s t m - r n n c s  a.s i t  rel I t l-s  I I I  t h e

d i an e t t ’ n - — t - - — d l - ’ p t h l  n - n i t  m u -  of i - l u l l , .

( I )  A 1-h a l l e n g i n g  t n s ’ e , t i g n i t i m , n  a c u i d  F I t ’  t I  a t t e mp t  111 f i t  an ( - n I p i r - i c : I l , , t n m t i s —

t r I a l  d i .  t I - i b i m t  m I n i  I I  t h e  I , c c u n - r ’ l ’n l - e  f l i g h t n i n g  d is - i m a r - g e  on a ( i — h I ’  b a s i s  , ,ver  a

l a n c ’ ’ -  a r I -n c ,~ f E a r t h .  ‘I t ie se data a re  amenab le  t o  , m n - i i  inves i g a l  i n i .
( 7 )  One c ou l d  bui ld ev idence  t a  sed u l n  t h t ’ ,t ’  h a h n ,  d i i ’ o c t , ’ l h  n i t  s h i l u s - I n g  t h  I t  n a t I n n - ( -

d u , m i n , , n i f l v  ,e l e ct  t he  l C d  proee- s in cloud e l e c t r i f i l - n l t i o n  l I v e r  t l i r l t  of I i l l i n m t  I’. r t t e r .

- l I i , ’  s t e p s  in t h i ,  m i m v t ’ ,t i g r . t  0 1 0  W I I 1 m I I I  I I , ’  f i r s t  t o  I l l ’v i ’ lop  a bench mark  of ele, ’t r i c a l

m o t i v i t y , l -~, - -‘.‘~‘r a grI d . ‘I h i s  could I l l ’  II ne b~ no rma l  i i in g the  .s f e r i c  counts  by

I he use  of the  3 O n - I ’  sho ld a r r a y s . I i l l ’~1 l I n e  <‘ ‘ul d r~’u n - e s ~ l- I l n O t i l  l a t i tude  and p e r —

h a p 4  obtain a roug h f i t  t u  t he  - h a t : , . N t ’x t , - I l l ’  could f i nm l  a O e s t  — f i t  a p p r (u x i n ( a t  ion
f o r  I - , in 1 ’-rrn .s I _ f  geographic  n i t  i tu d e  and the  n i m ~ - n ~ n i t t’rI’aifl height . It is  Ii ’ ped tha t ,

‘b ~e f i t  w o u l d  be I t - I l l - c  t h a n  p r e v il l u  s l~ - . F i n a l l y, I - n t ’  could f ind th ”  hl’ ,t — f i t  a p h m r ’ o x —

i r -  n , t  i l - r i  o f  E in t~’r’ms ( I f  f~ t i t l i ( I F ’ , I~ , r i n e ani I I ’  r ’ra in height , l l ~, and the free? in g
love I , I- I , , i l f  t he  form
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- f(~i , li i ,  I- I ~) , ( 1 3 ,)

If  I - n i l -  I - - l i d  a~ - — e n t , a i t h  a h igh  l l ’v t ’ l  I f ,  l - n n f m l l , ’ n m i - o , ( I , : , ’  t i n s ht ’ -, t — f i t appx’ l I x i n n I n I t h I n m

- ‘ n ,  a ~l/ , t i  t r i ’m m l l v  — ‘i g n o r l l n n i t  1 1 : 1 ,  l I n t  C _ I I b u t ’  l I r ’ t ’ u i a r , on , , h , ri  r l t t ( ’ n m t m l n

could I lL ’ - n : - - - t  u - 1 ‘ ‘ - O n - c l -  - p m  r i g  a pi i v  - o i l ’  n i l  I ’\  I n c  r i n d  i l l  I f  w h r  t I l l ’  l i ;  I I  - I ’d  n i  t ’n t

I’: ,  I l l  , ,  I I  l I t
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A ppend ix A

Remote Sensing Techni que

‘I he i I I n r p I  --a - of 0 1 m m - s  ni l m ( I’ndix is to  (‘Npand he i n f o r m a t i o n  g i ve n  in Sect i , -n  2 on
the  -; [ er i c - i  0 1 ( 1 , 5  - -~ l- , , The n e t w , r ’k i_ s compn i  s f 1  I I I  signal  r n o n m t l  I i 5 , w h i c h  a re

e l ec t ron i c  sy su e m s  t h a t  I l , ’ t ( ’c t  and  n n i e a s u m r e  r andom o c c u r r i n g  e l e c t r o m a g n e t i c

s ignab s  ( m - n f t - i ’ i , - s)  produced by l igh tn ing  d i sch a i -ge ’s .  Ten signal moni tors  w e r e  in

oper . t ion  dur ing the ’ period .Fanuary  to Ju ly  1072 and six dur ing  the <-em : i inden’ of

the ’ y e ar .  Six sensors n ,r e  s u f f i c i e n t  to moni tor  and record s fer ics  on a global
bas i s .  A~ m e n t i o n e d  previous ly, this study was  confined to the Eastern H emisp here

The signal m oni tor  equ ipment  n i n m h  recording methodology. sfe ’r’i cs-fix te chniques ,

and the ~~v s t I ’ m l  threshold m ir r a ys  wi l l  be s ’ x i m l n l i i n e i i . Al thoug h available , I I ( ’ t r l i l m s of
t lier electronic subsc ’-t ions of th e - s ignal monitors  are considered beyond the scope

of this  study and wil l  not be included.

~~ ‘I l ,\  ‘u.l. % f t J \ I U ( l R  I Q I  Il ’%IEVI

‘I i, signal m u n i t  I i  equ ipr one nt  is h e i l i r t e d  in Figure A l . A v er t  im’ a l , non-
d i r e c t i o n a l  whip  n l : m t l - n m r m r l  and t o , -  lhjre(’ti(inni l loop n , n n t m ’ n i n m r m t ’  r ‘1’ ~m -o ’d  h ,  n~~’, i’ iu’e the

• sir r ii  a i v  l t d  m l . A l though  a l l  elect i’I - m i l a g n e t i c  -‘ i g n n t  I appear m n  the  an tennae ,

the signal l I n m i t e r ’ s  record on a ,elect ive b a s i s , u s ing  the  c r i (  ( ‘ d i n t  i f  wa v e f o rm
b ; , l f —  y u le ‘ h a n - n I l - t I ’ :  m t ic~~, t h e ’  r - , ’l n , h i v e  ( I i  ma ’ s i m  I I I  f i e ld  i n t e n s i t y i f  t I m e  a av ekm rm ,

and th e  a , - m i : m i t l i  of a r - m - i v a l . The signal  n n n u l n i b , , r  n i l  u has the c n I I i : m h l i l i t v  ( I f  r e c o r d i n g
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Figure A l . Signal M o n it o r  ( iF R ’ra t ion

- s i gnal s se lec t ive ly based on t i m e energie s i f  t h e  d i - ~t n i h uted f r e - l m n e m l c i e  t ha t  u ’ o n m —

pose f l i t ’  w n i ’ . ’ e f u~ rm . However , the s p e c t r u m  anal ’.’- t e m ’  l ’ I ’ t l l i f l  and t h u  hj - , c r j n -m i n a n t

S , ’ c t l l I f l  wh ich  p e r f o r m  t h i s  func t ion  were  not in -p ( ’r a t i l ,n  d u r i n g  1972 .  ‘I he’ i n d i v i , l —

ual a n iu ’ e for m s , a f t e r  a n a ly s i s  tm ’. t he  ii avefii , ’m an i l  a z i m u t h  e I - t j ( I n - , , w e r e  record,’,h

t o  an accu racy  u i  l0~~ ‘,eI’, m m l l s .

A t y p ical recorded wavefo rm i. shown i n  Sect i l - n i  2 ( l - igure 1) . ‘1 l i t ’  w a v e f o r m

has the  ap p ( ’a r a n d ( ’  t~ a sine- wave ss’h ich build.s to a p1 1k r i n d  t hen  decay -,  h i c r ’ , in
1( 1( 1( 1 M sec  -n le ’,s. ‘I he h i a l f — c y < ’ l e  i f  m a x i m u m  amp l i t u n l l l -  of t i m e  n - ( ’ , ’ o n - I h , ’ m t  w a v e  —

form I n c u r s  w i t h i n  the f i r - s t  300 ~m - s ec of t he  is au’e f ’ rn m . The peak e n e r g i t ’~ u , f  a l l

r u ’ l - , r - o  1, 11 s fer i cs  occur in the  f r equency  range  of 2 5( 1 h i  tm 00 k h h i .
The whip  an tenna  ha-i a p r e c i s e  e l e c t r i c a l  length (2 m n )  for establishing the rela-

t l u ’ c  f ie ld  i n b e n , i h v  in  vo l t - , pe r n n t - ’t r ’n ’  fI r’ eac h r cn u ’ i v t ’d  wavefo u’m n o , i n c  - ; I e i - t i ~ ’t ’  of

di i - , ’ i - t j , n of  p r ’ ( I j l n l g n i t  i - n .  l - l ’ct n om n ag n e t ir  -~ignaI s  appear ing a c m ’ , ,S the  n , n m t , -’nnna

pi’u1ihme t ’  a n - u t p u t  vol tage  p rop or t iona l  to it.s e l ec t r i ca l  height  n i n l h  the  r - u ’ m ’t ’ i  u - I - l i  s ig-
nal  i n m t , - m n s i t y ,  The a r lv e f o r m  inpu t  c i r c u i t s  receive the , ,u t p u t  of the v e r t i c a l  w h i p

an tenna .  The si gnal r i o  - n i t , ,  r input , t h r e sho ld  control , peak ih e t  ,O ’t i r’ in I gate
,t ’ h t ’ c h  I t , and nu r n n a i in ’ i n g  c i n c t n i t s  in c m u n l u n c t i i  to w i t h  t I m , ’  loop antennae and a / i  —

m u t h  sp I-t iri n circ ir Its per fo rm tine p r e m - ( ’c o r d in g  c r i t e r i a  u h e t t ’ r m i r m m , t  0 - m i s  p r e v i m ’u m - l y

1b , scm’ i bed ,
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‘T h e  l~~m ,p n t n m t e n m n n t t ’  a r t ’  used h n ’I’ - o l V O the m - e I - t ’ m v e l h  s igna l  i n t i m  two  ‘ . s - n l v u - I n - n I , . ,

h i n u v m n i g  i i i  angu la r  st ’ p n i  r n i b  O n  -f  1(0 degrees.  The two us -a v e f ,  n u l l  , in t u r n , prü duce

- - ‘ - n ’  l i m m r l t l ’  ‘.- - l t n i g t ’ ’ t h a t  nur ’e  m m s , ’ ’ h  to  d e t e r m i n e  I i i , ’  ‘I ’, , ’ iv t ’d  a z i m u t h  of the signal

in h~ -g r’ ’~’~ t , ’ I r , t i v t ’  I i  -t rue m m i n f i m . The ni ~- i n l l u n I i  m u ’ e u m - a - n I h i l m m ’ I l x m n : l n l t u - s  one degree
w i t h  a ful l  0 0 0 — i h u ’ g r e t ’  - l v I ’ r n l g l ’ ,

~ I Hit I- I\ I\ l . IFI II\IQI I

1 l u -  - i , l u r ’ i t ’ li u r ’ a t i o n  , In  eai ’th 1 f  a ~~f u ’ t - i c  has I , t ’ e n m  b l n t e r ’ n h i n i t ’ r l  by t h e  m m , e  of
m’ec’<~ruling - t a m - n - . ‘ I l ie j i l l ’  ‘~f r u m - m - j v n I (  of t b i , ’  s h’r i c  n , t  e a ’ h  , t r m t i o n  ‘.s n, s r ’ecorded

I -  an a m - c u m r n m u - ’ .  f 10 - u 
,i ’c , i i , - n m , ‘h a ’  l i t  l , ’ n ’ e m m c e  in  t i l l’ of a r r iva l  l e t w e e n  , b n ,  —

I l l  - ‘,s as I - n i -  e u o ’ h  ( I  <i i  s t r o l l , ’  h ’. the  use  of ~h m e  p rop a g a t i o n  m - n m t t ’  r , t  V ’ , i - , A l t h l u u g h
u - : p i t i m ’ n i l  I t t  - o e m , ’  l I - n ) l h m l , t , ’ ( h  t , 1  d e t e r m i n e  an l - ( I t i i n l m : l ) n ’ I F l n m g n i t ion r a t e , it wa.s
I -e m i l ‘ b i r t h  3 ) : , ’  s p ’ - h  I f  l i g h t  us -ne, n I I ’ c t ’ I m t n l I l I , ’ . ‘I ) i m -  Sp - I - d  (If  h i m ’ I m b  i_ s t i m e  speed of
i n ’ , - a n d  u n i t  m ,  ri u mf elel 0 m u u m a g n e t t c ’  m n i l b i n i t  i u , n  I t ir oug h m a perfect  va c u u m .  it i. - a un i  —

v” r  - n i h , l i m n i m e - n o s i o n l n m l  I’ u u n t n d i , t  equal t o  2 . 11171125 t 0 , 000004 10 10 cnn sec~~~,
‘I i f i x , ’ , b i n , - ) lu ’ .  a s t r a n g l m t t u l n - w n l r ’ d  n l p p l i l - n l t l l l n i  of sphe r i ca l  t r i g —

n iu m e tr v . t I n ,  i d ’ ’ m ’  l h u ~ ‘-a t’ of ‘ l i n e , ’  . s t n i t i i , n s  (I , J , and K) t h at  n - t ’ I ’ I ’ i v e  a si gnal
as - l - ~~n l , I w :

a I n u - ~ - t ’  i s o ,  t i m e  s ignal  Or  t . ‘l Ime  d I s t~ m n n m -c ’ ’, between s h n m b i , , n m s  am ’ , ’  r e p r l -  , , ‘ m m t l - l h

n i  I , mi nd  u - r i  - r m m , - : t  i n  r ad i ans  and l I l t 1,5 t ’, ’n the s t r m t m , n s  and the fix 0’. N , Y ,
and /, a -s ~ho wn , \\ i’ w i l l  l I t ’ s ’ , -  I I I p  fo n - n n m m m l n i  , 0, find t b ~e ang le a and the leng t h  ‘f

m il t ’  N , ‘J i m i  wi l l  1 - I l - r I t e  t O t ’  f i x  on t i m e ’  ‘ r i  m ’ t l . I” nono the  di f f ( ’ r & ’ m n i - e  of i C ( l’l veil
hu n t ’ , l - ’ , r I ’ . ’e u - t , ’ d  t u  h i  - ; t n , m n - e  u s i ng  ~p eeu l  of l ig ht p i ’ I l p n l g r l t  i i i , we can I h e f u m l l ’ :
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1. A~~~N - Y

B~~~N - Z

thus

2. ‘i Z N — A

N - 13

i ’ m ’ , In n  the law of cosine; we know tha t :

- 3 . cos Y < ‘i s  a co-s N + sin a sin N <-u s a

cos 7 co-s c Co-s N I s in  c sin N cos (3

S ub s t i t u t i n g  in 3 the values , f  Y and Z f rom 2 gives:

4 ( .i, s (N _ A) cos a c i , s N I 5 i n a s i n N c(ls a

<‘ m , .s (N — B) = (1(15 m’ < ’ i , s  N s i n e sin N co-s

Expanding the  lef t  side of 4 gives U’, :

5 , cos N c o s A f sin X~~~i f l A  c o . s a c o s N + s i n a s i n N f’ o s a

cos N c<,s B sin N sin B cos c cos X + sin c Sin X ci,-, (3

Simp lify ing, we get:

cos N (cos A - cos a)  I sin N (sin A - sin a co-s o) - 0

( i , s  X (cos 13 — ci is  c> 4 sin N ( sin  1-3 — sin e cos ~
) 0

or:

CO -s  a — cos A c m l s  c — I ’ l l , Ii
7 , tan  X and: tan N

sin A — sin a cos a -sin 13 - s in  c cos

clearl y:

8 ~~ç~ s a - c o s A  < - u s c - c o -s B
s i n A — s i f l a c o -s m i  s i n B — s i n c cusi i 3

To s i n m p l i fy  let

9 , 1’ cos c — cu-, I-I

and
R c o s a - c os A

Substi tut ing 9 into 8 we get:

10. II Isin B — s in  c i ris (3) P (sin A — sin a cr ,s a)

Also from the f igure  i t  can be seen that  a and (3 d i f f e r  by a c’ m ’ns tan t  which

we wi l l  cal l  ( ‘ ON which  depends upon the confi gurat ion of statioms se’ed.

Thus we ’ may w r i t e :
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11. Ø a - ( m l N

‘t hus :

12 . l l ( s i n  It — - i i  C ( c u :; a c ’s  ( I  ‘u ) sin ,, sin ( L ( i N O j  P s i m m  A — P sin a

• ci ’s ii

• 1 1 , in ~ , ( 13 sin i l,m ( ( m I N I )  f ( I l l S  i, (P  i f l I  a — 13 sin e ( ‘( Is (( O N )

= (P s i n ;  ~\ — 13 s in  l3~

To f u r t h e r  s i m p l i f y l e t :

14. 5 R -, i n o  C s i n  ( ( 1  i N )

T P ~ m n i a — 11 sin e <‘ as ( ( ( i N )  r i n d

Q P , i n i  A — 13 s i n  B

I r i n , m l n ,  13 t h e n  1,01 - I - n o e s

1 I , S si n I T cos ,, Q

l3ewr it  ing 15 in t e : - i i i  -
~ of i’ ’I s  a we ha s ’ l - :

1 , . S~~ 1 — - 
-

- = - T cm , s  a

T h i s  is n I l s s  squa red to e I i m i i n m r d t e  t b m m  r ad i ca l :

2 2 2 2 217. S ( 1 — I - l u - - i  , )  Q — 2 Q 1 (‘Os I I  + ~ CO.5 i i

Collect ing t

2 2 - ,  2 -,
18. c r - i  a (T -

~~~) — 2Q 1’ co a + (Q — 5”) 0

I h i ,  15 a I ( I l r l l l r ’ n i t i m -  ‘ - l ) u m r l t  m l i i  n m  c i .s ~~. It is , l l v e I I  u s i n g  the q u a d r a t i c

b - r n ’  ,m lni t~~ ~ i v ’- lie m - , ’s u l t , :

~~~~ ~~~~ 
2 l ~~ T ~ 

- ~ + 
2~~~~2 ~2 )

1 - , i ng  bi t ’  v r t l i m , ’ —, o f cl i s  ~, - I i  1 1 0 1 1 m m  I I I , ‘A l ’  r a n  find N , t ime  I l i . -,tan ( ’e f r o m

O t r ’ t i o n m  I to the fix by using f o rn n u l n ,  7.

‘I h r  , - , ‘, , t t ’  n o  i, f s ( ’ n i -, - r ,  ‘ - - n m - , i , t , ’ n l ’ l ’ , 1 
fmxt’Il ’ t h u  l n n l - I i i m i i m g  s b e r ’ i r — ,  u s - i t h in  t i m e

p r l Ip I - r  ~I I ’ I g n nl b n t i l i ’ n l l  a m - c - n , , m m  r o t  f r ~ ’~~m i ~ ’ m m t  (~~‘ - 0  I ’ .  H a l l ey 04 
m ’ l l n l l i n n n l , ’ l h  t i na t  t i n e

s f er ’ ic s  w , ’ m - ’ -  c , , m n s i s t t ’ n m t l ’ . -  t m x , ’ ’ h  ‘ . ‘ i t b l m n  100 km ‘f f l u - m n ’  m i l l ’  — , , u i u - , ’  l I l m ’ n l t i r l n ,  As
u i e s i m m ) - , - b  in  t h u ,  m l i s e u . -~si n i  ‘ f  f l i t ’  data , t h e  u l n i h n i r i - n  p o i n t  - ( i - I l u m n t . --u of s f u ’ m - i m - ,) a m - ’’
valid I n  a I n  l 0 ~ I -  r u n e n i bounded im ’ . a I ( I — d , ’ g m - t ’ t ’  l n m t n b m m ’ l t ’  anul  10— h e - g m - ta ’ i , u n g i h u i .le
block.
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t3 , I IIflL=IIIlI 1) ~l t I l

The t h r e sh o l d  a m ’ m - r l u -  -, a m - u -  s y s t e m  i n t e n  ; i t ’ .  values l vI ’ r  a regula r ly  spaced g r i d

h i n i l r ep resen t  0 I i , ’  m i ni m u m  f ie ld  - i t  rt ~n gth , ex p n ’ e’ - e ,h in d e c i h , ’ l  - ;, below which  nI l

s ignal  may he located m l  recorded.  I - i  gore ,A,2 , l m , ws a por t ion  ( m f a th resho ld

n l r  r ay .

7nSE 101-: ( 151-: 70F: 751- : 80E 85E
3 - ; , 4 ~~, 2  ‘4 . 1 53 . 7  53 . 9 54. 7 53 . 6 40 f’Jj
55 , t l  - - l . -~ -- 1 . 0 -4 . 9  ln S , 4 55 , 5 54 , 3 I
55 . 5 . 1-1 . -I 5 - , :) so , 2 50 . 9 55 .8  54. 7 .l0N

~
01. 1; . 7 . -0 , t , 57 . 5 57.3 57 . 2  55. 11
313 . 0 0 1 . 7  7 , t u  3 , 0 58. 0 58 . 1  50 . 8  20N 1
57 , 5 ‘ ; l . P - u . 4 53 . 9 5 11 . 9 19 , 1  57 13
51 , 0 41 0 , 0  111 . 1 ‘ 12 , 1  (11. 5 I t ) . 2 ( 10 . 0 1ON I
10, 7 - 1 1 . 7 05 , -I - 4 , 3  04, 3 ( 14.0 64 . 9

02 . -! 3 1 7 , 7  - - . 5 0 1 , 8  0 , 3 ,  00 , 0 0( 1 , 2  E Q I
70 , 1 08 .8 ( 17 . 1; 0 ,4  01 7 , 1 ~o , 0 118. 9
71. 2 7(0 . 0 rIo . 7 f ; 7 , 0 (P3. 5 110 ,4  70. 3 10S~
7 2 . 3  7 1 . 1  ~~~~ 9 - , 1 08 . 9 70 .8  71 . 8
73. 4 72 . 2  71. 0 70 . 5 70 , 2 70 .8 7:1, 5 2 0 SJ
74 . 5 7: 0 .3  72. 2 72 .0  7 1, 5 73 , 7 77 . 0
7 1 . !’ 74 , 4 73 , 3  7 1 , 4 74 , 2 7~~. 2  711. 5 30S 1
78 . 0 75 .5  7 1; . 0 7. 1 . 0  81. 4 0) 0 . 7 80. 0
8 .  1 84 . 7 77 . 1 83 . 5 82. 9 82. 2 81. 5

l- igun - e  A 2 .  Sat i b o  of a ‘I 1 1 1 1 -  s hold A r r r , ’ . -  , , , m ’  P a r t  I l l  the  l- ast e rn
I b m i l i  p I l l - T I  , \-‘n , b i n t ’ s  am’ , ’  in - I t  a-s de f ined  in n ’ l t ct i on  .1

1 0,’ t h r e sho ld  r i - n  r u ’ .  - 5 ; ”  ( 0 ,. s u i t s  of a model I l l - v e l o p e d  Im ’,- t ime U .  S. A i r
O i l  I w ; . h  the  m r - n  n - f  ~n IBT’sl 3 -1—415 l - - m n l , i i ( l n . l- igure A3 m l l u s b i ’ n i b e s  the  Im ’ I l d ( ’ s S

used to  l l e \ - I ’ l O f  the  ar - a v - i . ‘l b - n e  ar e t i n , t h r ’m -  , l l l i h  r u m - m n i ’ . -~ for 11( 72 , c l l v m ’ l ’ u n g

the  p l ’n i l l u l . s  ,~ anuary  t - J u l y and ~ ugust to  1 ) 1 - I  < ‘ m i l l e r .  Two ar i ’avs  n I n e  m I n I ’  ,s a ry
due 0 1 l i - i -  rease in t ine  m n - i l t l e i ’  of ~ ‘ n m S I n ’ -; in the  l a t t e r  pe m ’ i l  h . The  model i npu t s

a m - I ’  i n f o r n l r f b i l - n  a l I l l U t  U e s f e n ’ i c s  - - ~~m r ~-e ( t ha t  m s , f ie ld s b  n - i - n m 0 t ) i  and  l u ’ c n , t i , m i )

im i f  m oat ion i i ,  ut O h m ’ -io n s’ In. ,  ( t h r , t  is , I I  , - r , t  io mo and aver n i g t ’  i nd iv idua l  sen s l  I I

b in - ’- -_ hold.s , an r t t o n u .m r d i o n  t r i t In ’ , and tI n ’ ’  nu : i l , ’ i -  ( I f  s e n s l l n ’ s  r e l l s n i r e l h  ho  u l t ’t e i ’n o i n e

ii u m ” r  I .  The I i , I I I I I ’ l  Ir i l lu t s  mind  the i r , o i l e l  wil l  bi t -  I ’x 1I laj n ( ’d  in g m t ’ r O t - r  d i - t r i l ,

‘~-( I Th d.’I IllpiI t

‘ I I - -  soui - u ’ m r m I l I m i r u t i ’ m l  I i i , I l l I l , ’ h  51, i ’i I ’  l m , m - n i t i m u n _ s  and f ie ld  s t r e n g ( l m ~~. ‘l’he
s ou r -  , - h ,ca t i on.s a re  m - e g i m l a  u - t v  -,pa( ’ed g m - i l l  p r - l i l t 1 in ft v e  l u - g m - m i ’  i n c i ’ t ’ n i t ’ i m t s  os-e r
t h e  l’:nt.stemn 1 1 1 0 1 1  sph ~’ n - ’ ’  ( s ’- ’ l” ig-u re  A 2 ) ,  ‘I’he i n i t i a l  s l t ’ m - i c  source f ie ld  s t ’ - e n i g t l , - ;

a:: - ’ - 11- ’bit u - n l  m - i l y  c - t m , -  m ’ n i  v a l u e - i . The ra n , s u , n  for t h i s  us i l l  t ,t ’corn e clean ’ in b i l e  u ’x p l a —
n i n t h  ~I nm I I f  t i i ’  m m ,  m i f t ’
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INPUT MODEL 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

OUTPU T

- SFERIC LOCATION THRESHOLD ARRAY
JAN - J U L Y

- SFER IC STRENGTH
- THRESH OLD ARRAY

- JAN - JULY AUG-D EC
- SENSOR LOCATIONS

AUG-DEC

AVERAGE SENSOR JAN-JULY
THRESHOLDS AUG-DEC

ATTENUATION TABLES

NUMBER OF SENSOR STATIONS
REQUIRED TO GIVE A FIX

Figure  A:1. I l l u s t r a t i o n  of the I’ m a c u ’ , s Use d 0 1  I ) e s -e I  l~~ the  Thresho ld  A n n a ’ .  s

Tine sen -i I n ’  i n f o r m a t i o n  i s  - i t  ra i gh t f o r ’ w a r d  and r equi  m’e s  l i t t l e  r m m p l i  ty ing  d i s  —

cus~ i -n .  The i nd iv idua l  -, e n n s or th rn ’sh o ld  vn i lu e s  were  I b u - t m - r m m n m - I b  by  add ing  t h e

i,perahor— -a ’b t h r esh o l d  to t I n e  basic  m a c h i n e  t h r o . b r  -I d , whic in is a I - I n s ta n t  20 <113
above a 1 mVrn  —1 f ield ‘ i - m ’  n u~- t I i  r e f e r e n c e. The I - l I m I t  I r  - s et  t O  r , ’~ l i - ids v a m - i t ’ i h
w i t h  ! ) l m a l l , - i - , t I n - m l i  a c t m ’ ~- m t y .  An inc iden t  s f e r i c  r 1 I ’ t i - ’ i t y  i n l I - n e r l  , I I ) to  a p o i n t  t h a t

the  sensor  n l p I i l  I ; m r i m e d  s r i t n m i - n i t  i l - n m , t h e  opera to r  inc  r ea s , ’ , l  h i s  sen s o r  h i n r , ’ .sh old in
1 — d R  ir i ,- re ni-;- ts so t h r l t  on ly  b I t , ’  t I m e  i n t ense  n S ) t ’  r iCa  u s - I ’ m - c  rec, r - < h , ’ I l v  hO , e n i s l l m ’ .

TI n’ r e s u l t  n m n t  t l i r e  ~h -I d vn i I  ue~, we r e  recorded and averagu  H for e ; m < - l i  , enm -,, -n -  oven
the wo s ix - m n on t l ;  per iod .s (Jan I I  Jul y and Aug  tI Den )  f 11 72 .

‘ f l i t ’  s i gnal lu , ss  f rom the sound ’ to t In ’  seas ,  I T ’  - l i ne  tm I I t  t I - n u n b i l - i l  usa 0 ’ -
m i n d - b by u sing  an t ’  n n p i n i c a l ly  —der ived t n i l  lie t hat  was lint  , e b  -i l  i i i  e m - s  U i’e’ n—m i e m m t  5 I I  I n n  —

du ct e d lu Ir  t h e  1 . S. A i r  I - S - r i - c  h’, ( l i e  I ) t l n l \ - e r  Research  I ni- , h i hu t e ’ . The a c t u a l  - 1 m ’ n —

su n  e q u i p i : n ’m m t  us is u e d  in the nneasurm’trle ni. ,. The m a i n  f a c t o r  t h a t  a f f e c t s  pro jm rm-

ga tion  at VI , 1- ’ is the n a t u r e  of ( t o -  boundar ies  t h a t  fo rm h I n t ’  was-c guide; h im ’  ean’ th’  s
— 1 m m - O I l - I -  n i t  the  D— l a ’ , - u ’r  c uf  the  ion i ,~~l i - i ’ m ’ . ‘l able  e m ’  m u - -, , as del Il- t I ’d in

f i gure A4 , are averages of n u e a s u r e n s ’m m t s  h ) r l t  d e t e r i n i n n e d  d ;iy v.s n igh t  and land
• VS - I - r I  I n - I l n i g r I t  un n’ e. ,u lt s .  l h e  t i pirical tat ,le’ gives isi gnal lu s h  due t I  n m t t e n u a  —

Ol in , e x p re n s  -~e I l  in dt ’ u I l I I ’ I . -m , for each I l n e — t h ( l u r- and c i I I I n m , ’h , ’r  inc r , ’i r i e ni t of propa-

ga t ion  u n t  ii . Tal l I - values ni n o  n ,ddi t ive  n~ long  the p rop aga t ion  path I l - I ‘ i i i  the source

t o the s o n m ; o r .  S i m n i p le l i n e a r  m n t t ’r p o l a t i o n  is used w t i , - n i  n n ’ u ’ e s . s n l m - v ,
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J ) j - , t n i n i c ’ t e ( l o km )  I n m ’ r , ’n n e n t a l  [IIs.s (dB)

1 1.5
2 1.8
:t 2 . 3
4 2 , 1

2 , 4
2 . 0

I i  gun i’e -\ - 0 , --i mple Table for Det t ’r r n n i n i n g  S ignal
Los’, I)ue t I  - ,“ \ t t , - n i i r , t i ( m n

‘1 I n ’ -  f ina l  n na  del j n u < i u i s  t ine  n u m b  — i - n  I f  s e ’n m - s o r  b n i t i , > n s  nequ b i t ’ l l  to give a f ix .

A t I t’nm -, t u b1: ’ ’ , ’ - b , m t i , m n s  r i m - I ’  r e q u i r ed  m i s  a 11 55 cm’  bound to d e t e r m i n e  a f ix .  A n y

m n s n n i h e r  -f -~ n , h  i - - n  — may I t ’  used , hI ss-ove r , up  t o  t h e  t I  ‘ nm) n t l f l l l,t ’r l I f  s t n i t l l n ‘ in

the  - v , t e i : , A four- s t a t ion  fix was  used dur ing  the ’ 1t 172 pe r iod .

1.2  f l u , -

The ‘ b n : - u ’ s h ( , ld  n ir r a\ ’  r ep n e st ’ nn t , Inn  t he r m v e r a g m ’ , ( b r ,  au m~~i i ’ g r m t i ’  sen u r or s y s —

tern  s u - n m  , i t  i v i t y  t u ,  s l e n i c s .  A s  m m m a ’ . ’  he - -e ’ , ’ m m  f r o m  I - ig u re  A2 , eac h a n -r a ’ ,  i ’ n u t r u

i - l ’ i l n ’d ’- , e nt .s (b un ’ s i g m u n i l s e r m s i t i s ’ i t  value b 5 r  a S—d < ’gre t ’ , l a t i t u l b l ’ — I l l n m g i t l u l h , ’  block ,

1 he mnethod by -, s b i j ch a s ing le value  is o b t a i n e d  us - i l l  U , -  exp lain t -I l .

S’ns ider  tom ’ ease ( I f  exp lanation a I i yp i  -t b a t  i l - a l  four sensor  sy s t e m , . s n m i o  1’’

~m o u r d m -  I l l u - n l t i u nl , r ind th r c  — 111 - I d  a r r a y  u n d h i m u - -~ as ,bm ou rm in  F igure  A ~. \ \ m  a s s um e

f u r t h e r  ‘ h i n t a four — , t a l  ion f ix  is requi red  to locate  and record a f t - n c . \V< ’ w ill

l l i s c t l S b mm ’  method of - -I t : ining the I j 4 dB value val id  for the block i - t - n i t t ’ r e ) r u t

4 ~ 10 - I i - .  ~.t.( . ’ assi  t a 5 1111’ r ical  e a r th  and I - l m , , I .se an a r - h i t  t r i m ’  s i gnal f ie ld

s t n i - t i u r f h i , in i i t - c i i ~~- I , am i d 1 source location m it  ( I i ’ ’  c en te r  of ml g iven block . The

path f r m , n n n  t ime  sou l -u - ’ ’  tn - n i h  -, en , , r is t hen dt ’he r m j n i t ’ l l  u -~ i n m g  sp l m u - n ’ i c al t n - i g o n o r n —

et ru  . ‘I he signa l  I’,’ui , in l , ’c i i ~ ’Is , inS t hen  cal cv lated  lor  each pat h  u s i n g  ( I i , ’

n m t ( u - n m s I : , t  ‘‘n n ib le  p r e v i o u -~l y exp l a i n e d  (Fi gure A 4) .  The si gnal los-s i s  , m m l t m ’ m n i ’ t e d
f rom t h e  - I S m r c t ’  - t r’eng’t h to give the - b r e n g b l  of the  s ignal  upon a r r iva l  ni t  each

se n s i im ’  5 j t e . ‘Ih i.s s ign a l  s t r e n g t h Is l - I l n i l u m m r - e d  ss- it }n ( l i e  , e n s l l m ’  t h m n i ’ ’ I m ~dd value  m i t
, ‘ n m c l u  s i t , . Since a ‘ f ou r- — S t  n i t  ion fix ’’ i.s n a ’ I l l m i  n’ i- ,h , the  s igna l  -ut (‘engh h upon a r r i v a l

at , - : , -h of Is ’ f o u r  , t ’ n n s l , r  l o c at i I I n ~ m u s t  cxc m ’ m ’ d  h h ~’ n ’  — p e c t i ve , c n i - , l I ’  t h m ’ e H i l l l I i s

0 - ,  is~’ m I :C( n I t - l b  l u ’ .  ( h i , ’  - , y — t e i m m . l b s  .- iour ’ce f i e l d  .s t l ’ r ’n gt l l  i .~ s ’ . - s t e m i i r m h i c n m l l v  i n cm ’ l ’ r d - d e’d

in 0, 1  d lb  i n < - m - e T : l , ’ n i t  u n t i l  in  as -a ,  a b e l r ec , ’iu ’t ’d si g n i n i l  st  m ’ t ’ n i g t ) m  i- s i-cached at

‘‘ach s e n - s u n - 1 m b , ’  b l m r t t  C x  u ’ , ’ t - ~) - , ‘ r m u - l i  s ea s o n ’  t h r e s I I I , l l l . The l , ,we-~t such value ( l I m -

O) m l 
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SOU RCE

* SENSOR SITE

I i g n i r t -  A S .  I l l t r - t  m i t  h i m  l u f  t ine  S l m ’ t h m ’ ih I sod to D e t e n n n  in c a Single T h r e s h o l d — a r r a y
\ n i  hu t’ 101. 4 dl)) u s i n g  a I - I  - s i n ’  S t r l t i  In  1”ix . Threshcild v a l u e s  are in decibels as
- I I ’) ’iy i r ’ I 3  in ~~t t  ion -I

t h u  4 : -N  io i - ; grid point in I - g u m - , ’ 4 is the I I I  . 4 d13 value , u s - l l i c h i  represents the sys —

h u t - . b i m r m ’ - 1h iu l d  va lue . Other grid point  va lue- ,  are d e t e r m i n e d  in an iden t i ca l  man-
n o - c . I I g ir  n - u ’  A (  is a I I  -u s — i - l u , ,  i t  depict ion of model ca lcu la t ions .

‘I b u t ’  ) l m e s t l l l l d  r , r n n i v s  n , m ’ ’ -  l i - S I b  in the n o r n m m n , ) i / m m b i l m ,  of the ~ fc m ’i c s  da ta .  It is
111 1 1’ - - r I  (“i to dev”li p n i e a n i n m g f u l  r e la t ive  v n i l t m e  - for the  1- m i n t s  m f  - i f e r i c s  over  the
gn i~t ‘m i n r e  the  - an  , I t  i v i t ’ . -  I I f  I I ; , -  ,~v .- t e n i i  of -a e n . s m l n s  to the cc ,l le ct ion  of sferics is
d i r  l i - n , ’  n n t  I n  each gr id  p1 m b . The t r u t i - , b f c a l  d i s t r i b u t i o ns  used in th i s  -s tudy were
m i s s u m -ned tm follow t h i , ’  l o g— n o r m n i a l  law . T l m r , b  i s , the  peak field —d m ’ e n g t l m  i , f  all
m u - I  I - m s - c - l b  s fer i c s  f l I l l I Ss a n t i n ’rna l  mr l l l m t l l i l i b v  d i s t r i b u t i o n  about t I i , -  mean (also the
i n i c - - l i a m m i  u s- ith values ex u n o -  - oil mm h , ’ c i l i t ’ l , , tha t  i - i , i n  a logar i thmic  scale. The
p r o ! - a i i I  tv  (QI of u , i ’ ( ’ l m r r , ’ n l c , -  of a 5 f e ’n ’ i c -  g r o m i t e r  than  or equal b a given threshold
value  (‘1~~.) at a g r I n  point (i , j) i n i a ’ . ’  lI e  t ’x ~m r’ t ’s- ,e’d acco rd ing  to  the 1m g — n o r m a l  law

.
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where a is the standard deviation of received sfen ic  in decibel-s and T is the

th renihold in ten s i ty .  The grid point values of the threshold arrays  are lower
lim ib .s on the  log-normal  probabili ty d i s t r ibu t ion  used to n o r m a l iz e  the counts of
received s f, ’i ’ i cs . Each sferic count at a grid point will  be divided by the appro-

pr ia te  log-normal probability distribution value for that grid point to determine

an t’ ,b i r n a t e  of ~ the to ta l  fe r ics  that  occurred.
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START

INPUT ATTENUATION TABLE

INPUT SOURCE STRENGTH & LOC

CALCULATE PROPAGATION PAThS

CALCULATE ATTEN , LOSS FOR EA, PAT H

INC. SIGNAL STRENGTH
0,1 DB
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Figure A 0. Flow (‘hart Depiction of Model (‘a l cu la t ions  t ised to  Determine the
Th reshold Array s
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