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This report addresse’ ;  t h e  quest  Ion of v i i t ’t h ier  IIFlul [near  p ro c e s s ing

sc hemes opt ir: i i ’~’ ub on t h e  b: isfs of at u ihient  ex t  t i m e l y - ’  Io’ IF ’ - - t  re’lII ’nrv (El,!”)

no ‘;phcr i c is -  I Se :Ia In iii p. lye nea r -op t  imulu p r o c e s s i n g  pa in in nuc lear /

PCA environments. A na lYt i c  exp res s io ns  are de r i ved  for  noi~~i’-pit 1se

w av e fe r n ;, amp litude probabi l i ty  distr ibut ions (API)s) and ~Fro r ’ es s in g

gain as a funct ion of cl ip leve ls .  Numerica l resu l ts  are given for

each of t hese quant i t ies under ambient and sprea d— debr Is - -n uc lear/ rCA

enviconinents. Good agreetnent Is obuta ined with ambient [I I- ’ atmosp heric

noise data and results from much more complicated numerical treatments.

It is shown that , depend ing on certain clef initions , uci se—pulse

durations can be three or four times longer In nuclear/P ( A en\’ ironments

than under ambient conditions . This anomalous spread i ng is cu te m a i n l y

to increased attenuation in the earth—ionosp here wav i ’girl de , which

selectively removes the highest—fr eriuency Fourier components from the

ELF noise pulse. ‘l’he maximum degradation in processinp gaIn caused by

anomalous pulse spreading is found to be no greater  than 1 or 2 dB.
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‘The Ionosp heric disturbances considered significantl y increase

the ratio of the energy carried in noise spikes to the energy of the

background Gaussian noise. This change in ratio , wh i ch al ter s the APDs

considerably ,  occurs because Gauss ian no ise propaga tes over longer

dis tances than noise spikes , and therefore  tends to be suppres sed
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relative to the sp i kes  ho,’ increa- ’ F~ : ittenun t i on.  ~tn tI le o the r  hound ,

to~ ,z1 R.’IS noise , to which noise spikes make t h e  rn- i j o r  c o n t r i b u t io n ,

may well be a f f e c t e d  on ly  oh g u t  I’,’ liv envr Ioninent ;il c’h.uii 1’ i’ ’ ;  . ( ‘ 00 : 0—
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set accord ing to the rat io of no i s e—sp ike envt ’gv to (:aii c’ ; in n i i F ~~ ‘ t F ’ I I I I F I

energy . Because t h i s  ra t io  can change d ras t i cal l y ,  an adapt ive ’

procedure is called for .  ‘ 71 a , F : 4 ,
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i Ic on! V sI i gli t  lv de, ’~’ Id i Fig t I C  Si goal. . ‘ r ue ’  such ar l i’ ’’ ‘ t ’  I ci (1 ;

proven suct ’ ,’ - .’ ‘ii is t 1~~’ use I a c l i p per , w i t h  t h e  F_ I 1 ] F p i t 1 ~ le &’ I ‘l~’t

j u s t  f i I( )’,’ t /  t N ’  ‘ . 1 . ’ - ~~~~~~~~~~ i- - i  - - ‘‘ p- 1 1 1 1  “F l  1 H I - ”. ’ t~~’ -  ‘ s i i ’ s a t liii’

large inpul- .e ’ ’ - ( ‘ ‘ :1 , 0 I~~2 , , a’ ’~~~~~~~- ,~~, -

A vi d ~ - a 
~
‘ I i~ id 00, ‘ l ~ it’ I’ 15 .2 /11 at  i t  Lane s ’  , suc Ii - u s  Wt ‘ i i  I ~h he’ F ’ ; i i  ‘ i  H,’

hi gh — a l t i t u d e  t i i t c l . ’ , s r  Il l nun] ions  s r i ’  ci p o l a r— np a b s o rp t i oi ’. ( H  -‘s )  ‘‘ t ’ I lI

can si gnit ic a i it l v  chanpi’ the ‘ - l O i s in w h j c ’ l i  [I I-’ S’,’Ivtn ; t “ ,‘ i’ :s” l in t i e

earth— io no s pu u. ’ r ’ e’ w~uvegu i  de’ . V~~ L’~ 11 y, i t tenu:it lou  it ;  I IIL ’ F

re la t j ut’  to  cii it- fo n t  c 0 : 1 1 1 1  el’s , vii oi’ ’ ‘:15 pIi;ls e ye 1 oc it v i’; r d  ‘~~~
‘ sd

‘lo reo ve r  , p rop i ca t .  ion becot: iea more’ d i  F . p t - r s i ’ .’e . IlL ’ l’ ; Ih ! aO I’ ] us ’  I S O

pr op a g a te’s  in L : e  earth— ionoa~Fhere i~ ivegu ide-  in muc h t : s -  /U u i ’ t ‘/ , It Int - r

~is a COf lUiiUf l lu;It ion signa l , these ~F l F F p a g a t  ion c~hi:iti~, t~u-i can a T  tom ti ’,’h i - i e,’

charac te r i St 1 ( ‘ 5 .  Ac c o r d  log I y , th ir; report addresses  t I~~’ qus ’s t ion of

‘.~- hctht ’ r  non] l i leat  p r F F I ’ i _’ a ’ ~ lug ac hcs ” t ’ o  opt imized on the ’ lst~~l~ F l  ;uichlot it

ELF noise data w i l l  give tNt’ rnaxttuiuin processing gil In tinder d i a l  urhed

condit b u s .  Emphasis 1.-i on the s ta t  1st ical  descr Ipt 100 fI I Fh pro~
- e r r s  lug

of ELF atmosp heric noise , r a t he r  t han on ca lcu lat ion 0 propagat ion

anoma lies In ‘I is t  i trhc ’ l  ‘ n v tr l ht lm e nt  s (wh ic h h i s  r ( ’ F ’ ( ’ j \ ’ ( ’ d  . l F h ( ’ F i F I , l t F ’
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a t t e n t i o n  in t I e  1’ . u ’ . t )  . liii’; , c i i i  i - T i l;’ t- -! u~ - u r a i d ‘ -N t i a , b ’ 1 1 \  ‘ : - i F ’ - l  j O

use d to d~’~s 5.’r ’ i b5 ’ tIlO I F F I 5  5 1)1 1/ I II’ i 1 1 ’ t i i i  : 5 1 1 -  F , ~~li~~l5  0 p t’ ’ ’ .’ Iuo ’ ; I’ ,- T I I H  i s i~~ - ’

resu l ts  ‘nu I r s -  F I ~~ e ’ :  ‘ F ’I’ I it (‘ P’’ O T F  ;spa  I’ l l  J - .i r;l ’ F I

A u i a l l i F - ; l ’ . t ’  r Ic d i  - : 1  ‘ t t ’ I a u n - ’ F - s ’ , s ; F  nt  t ’ c t  :(tl - F ; p l i c l l s  u- i ’;’’ ‘:Iu ;ir;t~’ t , r  —

l ot  ics in ‘-;~“.‘~‘ r n I ~ ‘ ;i’,’s . irs ] , t i ’  , i r u ’ ,:’uulou,; :11, 1 s F 1 0 1 5 1  I’ l l  teu i)s  lo

re l u, ’ s’ the’ i’I~lC noise. Nc- i ’oiid , :in’l s ” , ’ o f l  morF ’  i r :ps : i ’t ~ u l ’ l  , t h i s  i t  c - / ’ ! ’  i . e

, u i t e ra  t i le  r i ]  j o  of li:ipiri,cr ’  t i r ’ l a e -  t i F  I su i ~;~~t~m 1 / 5 . 1 5 0 , ‘ 1 1 1 1 s F t i r , ’

Com E-il i~ ’ ’nt s  t rch ’ :s ,’ rse  T a t  his of  I i ff e n i’ i ’ t  lt ’ r ipt lis  In rr~ r~~’ it  in~t I rons the

source l;ght n i i i p  s t r o k e ’ , i s  t h e ’  i’e - - ’ e t ’ ,’t ’ r .  ‘i’ Ll’ ; cIu ; i ru i ’~ in r a l ’ h ’ F  5 s f -

ni fic ar it l v  a f f e c t s  the 11 10 1,’ t ’ ip llt ii’li- p roba b i l  i t’ ,’ c j i s t r  i l - s t  ion

FinaI1~’ , t hue anomalous d ape i ’~~ ion ; Is/ ’ F,)c l nt o l l  v i tb s p r r - ; s ’ l — d e l u r  is  ‘rCA

environments ca n , in pr inc i p le , caus ;s- 1l0150— pl i l /)t ’  uui at i sus to be

longer than fo r  cimbi cut - :oiidit 10115 .

Sect ion  I i  s.’ o n t a h i i  u t he r :” it ( ’e ” :- ’ u t ic ,’il ls - v ’ l o p n u c n t  ri~- - e - - i o a r c  ] - ‘

ana lyze t5e € 2  fe ~i’ t  a of 1 , : s l ea r / I L s i, t -nv i ro i i r’ a - t l ts .  f ri-’, I ;Fe;l’ ,’ p’~~
l I ‘ nod

re levan t  propau1,lt i lrn c a ic i u l a t  ella at, res ,’ it’wed , :10 1 ‘ - a l  . . .
~~~~~ ic;i II ‘,‘

t r,IL ’L , I n / s ’  r i - i - is !  ion.’; a r e ’ ‘ l e ’ i ’ j v s ’ - T  Hr  iiO i~~c— p u T u ’ t ’ w z u v e f o t ~~’ , IT! F i l - U ’ s  -
‘

p r o ba b i l i ty  d s - n s l t v  f u n c t i o n  (t’DFl ‘md A PI) , c m l  pt ’ o~’ s ; ;1- ; i l lI- ga i n

achievable v i t h  c l ip pe r ’ ; . ‘ H i s ’ - -~e t ’c ’ l,,I t h o t l s ’ ’s i ’  e In .i ‘‘ i ’  I F I I  H’t ~~ 1

convenIent for  assess ing t l i t -  of to’ ’ a o f  coy i ronmenta I cli ; : l i ) IF ’O , O c t  i ou

111 g lut ’s t u l i r u F ’ r i c a l  r e s ul t s  f o r  p~u i o e  w a v e f o r m s, Al ’l1~; , -ins! p ro rea~’ ing

gain under a t ’ u ! - i s ’ ~it and r ! f s t l l udF ed (‘ui l I I it iOflS . Sec t io n  1’,’ h r ie f ’ Iv

s l I ss ’ u / ;s t ’a  t a s ’  1 -oss ib i l  i’ v of (nct’ i- ; i - ; es in tfiuuidt’ i’~~t ,ot ’t ’i ii ’! k i t’ ,’ in

the post— deto t i :u t  ‘n e nv i r o n me n t  . Sect  Ion V presents the I’ s~ j ’ l ’ t  t ‘ 5

ma in conc lusi”t is .

“ -1,~ ‘ - ‘
~~

‘ ‘ ‘
~~~~~~~

“ ‘.. •~~~~~~~~~~~ -i’(1 ’ ,~~~~~~~ . ‘.. .. “.‘ c~
,,”~~~~

- w’:— ‘-‘.‘— “
~~~~~~~~~~~~~~~~~~~~~~~

“ ‘
:
‘ ‘ “  - - - ‘ ‘-—- 



11  . I Ii’s I I ‘ ‘.!, , - i ’ ’.F i /  I i !’ ‘N A. . ; ‘ l , l i( . f ,1 ; 5 1.f

r i - F
l~~llf . , b F I I l  : 1(2 NiF IS ! ’ :

‘l’iiis SiS ’ l  1011 pni’ ro.’ r l t s t I F F ’  r :- ; it  ( l e ’ I : u : u t  [c c i i re ’ T It ionsh l i p’; u - i - - i 1 F F

obtain t h e  r esu l t s  g i ve ’s I t t  S e ’ - . I I I .  F’ i ra t , s i’ u i - t ’  re - ; ’ i I t s  f r - i ,  ] ‘ i s ’’~’ 1 O US

repor ts  on lone—wave propagat i,”uI i t s  amhj ~~nt PIll (I I S !  I - i  I ’ , ’-  I ‘‘ii’ i t h O u ’ s it S

are b r ie f l y  slinimar ized • Second , c 1u ’u’ ,€ ’ - I— f i i r n  to:p ress i - i r a  that  de’~ ’’ r 11-c ’

t i e  dispersIon o t’ CLI’ nsr I so put 1 sos tu i s .! or anuir lent and d i ’ , t ii rho! e, on—

dj t io ns  are de r i v e d . T hird , re lat [ ‘ ‘ e l y  simp le r e p r e i - u - : r t - l t ! r r ’  i’f t he

probabil itv detis Ity func t~ ion (F’I,iF’) St Ill amplitude prob ah fl i t  y d is t r I Lu —

t ion (API) ) of I,L.F at mos i’ l ter ic  uioise are obtained . Fina l ly , eapt ’ ess icuis

are given for the processing ga in achievable w i t h  cli ppers .

LON ( ;—w Av h; f ’ i-Ti ) 1’~’5( ;A ’f j ) i h

T h e  theory of pr o p- i s p a t  ion o f ELF waves in the c~i r t h i— ii’r n ’ a p lue’re

waveguide has been the subjec t of t ilumerous papers , and is general ly

well understood . For convenience , sc’ summarize c e r ta i n  p rev iously

published resui l  ts used as inputs to derivation ;; g iven b e T s ’ .’ . T h e s e

resu lts are ta ken mainly from the wor k of Field (hi ’,) , ri l i huoh ig h  t h e

reader desi. r it u g more det i ii Is re fer red to other t rea t  Oe ’ i l t O  - a s  ‘- ‘ci 1

(e.g.,  ;-z~~- ,,-’o , 7,~2’ :2 ; li ii; ’ -’ , 1 ’ - ” . 5 : :s l ;  ?; I t ’ ] ) .

At ELI” , only the quas i— ’IE!’l mode , w hIch has no cutoff , can prop ;ignte

in t hQ earth— ionosphere c a v i t y .  The e f f e c t s  of the pt’ i l’ ,igtl€’ t he F i t’ ld

on propagat ion can be neg l ec t r ~d f o r  t he daytime and/or  di  t - i t uu  lied

ionosp heric cc nd lt io ns consid e red here. If t i le’  d is tance , r , fr oths the

source is greater t han about one mega rn et e r , the ver t i ca l  e l ec t r i c

f ie ld , E , associate d w i th  the TEll mode can be wr i t te n

I
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( 1)

whe re F~- is m E ’ ’  ungula r fu’ u ’ u 1 u s -n . ’ v  at t h u  ~‘a’,’ ’ , ,‘ is  t h u  i ’ - ~~~~~~~~~~ ;s~ ion

I a c to r , S is t ’ c s Ine Cl t h u s ’  ;‘ ;ode ’ c i  ) ‘ s ’ S ; i i ’ u) ’, I s - , ; it , h  c is I; e ’; ;u~’ i i !  of

l ight.  For a g iven so u r c e  S t I e  t l f t l i , t h e  f ; iu ’ t ot’ A nov s s ’ ; ’ ; i u ’ i s -d as

a c o n s t a n t .  I 5lJilt I sun (1 app 1 s ’s on lv  t’or ru i ,nnc ’ I i rc r t ru a ’ Ic s l~ ’ t : ; u ls  (Fr 0

Fourier component of a s ignal h a y lug f i n i t e  bandwidth

The of fec’ts of the ionou’ p ls e ’ r e ’  ot pr o p ag a t i o n  are’ ii;- : I l -b - I in : ; ,

w hi i cli 1 a eSseJf lt  ia 11 y t lie coup I c x  propaga t ion :008 taut for t bu t ’ ‘i t h—

ionosp here waveguide , anel in  f t .  Both S and t depend on f rcque ’ns .’v - isa

well as on the’ s t a t e  of the ionosphere. The a t tenua tion  ra te , ‘u , and

the relative phase velocity , d v , are g iven i n  terms r t  I; b y

a 8.7x10
6 

~
- icr S dB/tnegameter (2)

and

c/ v  = 1 ’ S  . (‘3 )

T h e  ef f e ’  t ol ci the- i’  a natura l  or a m an—made (mi; I ‘a r ‘I I o t r u -  sp luer Ic

disturbance is to a l ter the ci ec t r on - ’  anti ion—density height  prof  ii s ,

thereb y chang ing the propagation characteristics of the s i n k’  i s r na s p hicre

w av egu l de.  It i t h e  case o f a h igh —a l t I tude nuclear burst , x-r~i’,’s , ‘
~ 

— r a y s ,

and beta p a r t i c les  c r e a t e  ion pairs In the atmosp here , a large r n e ’ r m o n

o f which art ’ below t h e a l t i t udes  at which ELF r e f l e c t  ion usu;u l ly s i u - c u r s

rn ci p o l a r— c a p  a b s o r p t io n  (I’ m ’- )  Cu’ u ’ o t  , a simi lar o f f u~ t Is  c aused Nv

energetic protons imp irg ing upon t he Ionosp here, f rom above .

To i l lustrate the e f f e c t  that Ionosp her i.c disturbances can hiave

on noise s t a t i s t ics and processing , we consi der an easi l y ana lyzed
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ty pe of nuc lea r  c i i ’ .’ j i ’ o u i ’ ; ’ ’ i s~ FI FT’ s - I ’ ,’ , ‘u s’ in wlu ic lu t i~~’;lc’n d s - T i r j s  is

spread f a i r ly un i f o rm l y ;‘‘,‘ s ’ r  :~ la r ge  si ca c i t  s ill  t uide - ’ ;  st ove IP(I bun

o r so. A i tho ite l i  o ther  t v e t ’ - :  of  e ’ t r \ ’ i r o o m e f l t s  could c e - u s  - u n iv  c u r

and procl tuc ’ e e f f e c t s  t t u n u ’ u ’ b ’ ,’ ,’il I’.’ d i l l  ‘ t e n t  t t’ s i l ; t h ose gl e n  ha t’ s ’ , li st ’

upu’ead—d e br is mo del a e’ r’ ;ea (‘cu r puu hu (;~ c - i

A convenient p ; I rcs l ’ i s - t s ’ r  lii chsa r - iiu” t cni ze this’ spne ’ad— de br i a s’n\’jroui—

ment ls tile ionizin g intensit y factor , N , defined .es

— 
(l”t’) /-. ‘Y17~ ‘ 

( + )
R

w here

FY = tota l  f issIon yield (uuiegat u - n s ) ,

R radius over which debr is is s p read (V i lo r .se t - r ’ ) ,

t time a f t e r  debr is  deposit ion (seconds).

Dy using met hods d iscuss cud by Grain ( J , u t ’~~) , the q u a s i — c - ~-;il ibr inn i (’f l l  z a —

t ion—balance equat ions (e.g. , ‘ ~ a ’ ’ i ’  ‘in ,“ ~n i ~ ~
- , 1,~- N- ) ‘a u u he S F’  I ve il to

obtain electron— and Ion—density hei r li t prof iles for v,i r I oims ‘ ‘a l i re ’ ;  (if

I’ . Figure 1 shows compu t ed prof i les for I’ = lil~~~ , ~~~ 
m

, ~~~~~ 
~ ) h

—

reasonable range of va lue’s— —along  ‘~‘it : hi nominal ambient d : sv t  ‘ce pro f  i los

To obtain mode propagat ion parameter s , these p ro f i les f l utist f i r s t  be

use d in conjunction wi th e lec t ron— ami d lon—col l i  s i o n—fr e ’ qmt e u i c y  p ro f  l ie ’s

to obtain r e f r a c t I v e — Index hei ght p ro f i l es .  ‘[ lien , va r i ous  pro c edure ’ s

are ava ilable to solve t he  wel l—known modal equation l o t  S and , hence ,

attenuation , p ru ase ve l o c i t y ,  and the exci ta t ion f a c t o r .  fort’ , a

numer ical fu l l—wave  method th at  accounts for the v e r t i c a l  In hi o mo g e neit y

in refractiv e index has been used to obtain u~ and v /c  t ’ or the ioniza-

t ion hei gh t profiles shown in Fig. 1. The method (essentially tha t of

-‘ —~- ‘ - —.-“ — 
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Iseic l d e ’ u r amis l it  -i F  pp I j u ’ ; i t  I omi a i s ’  do ’ ,” t I hod In - - i t  a l l  I - ’  F h u h  ‘I ‘ J s , ; ]

Figures 2 cirr I ; hu; v’ the’ u - o h  c u l at e u l ~~t te nimat  Ion ra t e~- c u ’ l  j ii~s~~.- v .’ loc i t h e ’ s

Os I t m n Ct t ~ mis I i’ u ’ 5 i 1 5 ’ r l - ’’s’ . ( ‘ r ’ : p a r ic i - n  between t i m e  i - r n  ‘ : 5 ’ 00 1 1 ) 1 1  I s ’ ’ ,

ii F Ic . s r i - I  aunt I ( 0 1 1 1 5  F - l i e S  ci or t v ’t ’;h by ~
- j p i u . h ( ‘ - ‘ ‘ ‘) hum HA

s ’ ’ ,’ e r ’ , i~
; j os H ci ’ ‘a - ii a inhl ;I l ’ i ’ \ I ’ u ; t l - ; e s - r ;  ‘;pre ad— d s-bris s - n - c i t  - : - ‘ - ‘ s ’ r ~~ a

those - sus o c i ; i I  oil w i t h  s t r c im ig  PI E’s n’; . It is t i u e r e f u ’ r e  not - : F r u ’ r F r  i ’ ; i c g  tha t

t a t  values of i and c/ v  a b s - n m  in l i i’ s . 2 ansI I are s i m i la r  in ‘ - - i s i ’ n i t ’ i - I s ’

t 5 - those ca l c u l a te d  hFv l ’ I e - ~~d ( [iu ’, ) I or c e r t a i n  PC/t eV s ,’O t  a . i b i s , to

a iirst a p p ro x u i ’ : s t  ion , the r ’ c i u l t , -  u’ iv e n  luelow are ’  °I’l~ 
I F ’ , u l F l O  t o  a t r u ’w ’

I I,A as v e I l a’; spre ad—d el -ri a nuclear s ’nv I rc’nmnren ts

Three r o s i n  o f t  co ts  c ; i iuse- - I  by d hs t u r b e - I  environnie-’ uu t  a - i - i c’ c ’ v h c h e n t

from Figs. 2 lund 3. I- li t , t h u s . ’ at tt’nuati on rate is lr ’ srt ’ ,iss ’- I ‘‘‘‘s r ti me

arch i cot vol tue althoug h, I or t I c e ’  c , s ’ ; s ’ a  shown • time ma gmi i t r u - h o  of the

incre ase is s’~rpr lsint’l ’: inst  ‘ia it i cs’ to the strength s - f ’ t h i s ’  d is t u r l’ ,- ii u ’ ’e.

At t he’ curr ent I in te rc- ;t. ing f t ’ e q i n e i u - ’ v of about ~O iTh , - s  I s c ;’l - ’iul , m t s-i

to be about 0 .8  dB/ i lns (in goc i ;igm s ’ cr !c-nt w i t h  n - e ’ ; i s u u r s ’ T ’ : e - n t  - t inder an t - l e ’ mu t

condit ions s n - i  in the 1. ~~
— t i  . ‘—d hI / Mi:i man g e, - I or time 5i I u - N u t  tus ’h et iv i re in —

reumi ts  c s ’ns ide re-d .  Second , p1 - m a e  ‘;s’ l u t c i t v  dec re :ises s t r o l l  j c ; s n t h v  u m n - ~~’l’

d i at  urbed t n , h  I t ions , and is cons ide rab l y (- ‘2 0  percent ’ ) le’~~s t r u m  t hm c

speed of l ight for all c a s e s .  ‘liii rd 1 propagat ion is tiuc hi mu’ ne’ dls 1’ t’r—

‘a
sive under di sturbed than under ai’rhient conditions ; i.e., a amid c/v

vary no re st m ’ s ‘ u sg  Iv w i t h  f reque ncy

Ca lculations not re p o r t e d  here show that , in addlt  ion to t i s t ’

propagation e f f e c t s  just  descr ibed , spread— debris or PCA env ironment’;

generall y cause t he exc i ta t ion  fac tor , A , to Increase somewhat .  t h e

m agni tu th -  of tile increa se dep ends on va r i ou s fac tors , including the 
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l oca t i on  s f  th is ’  ( h ;s t u l r h l , s r n -  s ’ m ’ ’ l n u  i ’ s ’  I - I ’ u ’ t l s  so’it’c ’- ar c t roc 1 : - s  . I f ~

a disturb ,mce- ‘ s ’ € I s ’ ‘o n ? h ; ; - , ? to t i m o  ‘ s l it - c p - u ’ I h u n  H 5 I ’ n - ’ l’ ; c s t  i s - t i  ~- , i t  h

and d i d  ii~~! e’: ’ t i’ ll ! to t 1 ’ ‘ - ‘ - - ‘ o F ’ :1 in - i t ’  I V C r  t s p  j F F~’5 , os I to -  r ~-a ‘so h um

v - - u i  Id t ’c cur . ‘ ;s v’ e,’ve  r , an 1 c m  s’ ,5 ( -  a a Ia rge , j’ :  ~ or 8 -~ B ( ‘ f lU i l  u ’ ’’ s ir i i

both souu ’ce- at om re’se - i v e’i -- ‘ s t  i n s  ‘ - s - u s -  of I s - c t  ed stro ;ngl ‘; . ,‘s y o u ’ d  ‘- ;- rk—

log dssu;-;ption is t imat  ~s uu hurt s ’ , s r u , -  u ’ ~ .s  few sJ t s,’ j b&’ j~~ j u n  ‘ v i i i  o ’ ~ r s r ,

h’~’r p roj’ sg,i t H in path ms s i - - r t~’r t hian , i - i t ’’ , 2 or 3 ~1rn; , t i s -  r o n ?  I ’ i - !e  ol

t he e ’xs ’ it a t  ion enIiaulL - e - t : i s ’ n l u  c q ’ r ;u  Is or I’ ll ’ c-eel s the ds’j ’,i s l i t  I n  in ;-m n F ;s ? ’ ,I-

tion , and I i t t l~ c h;s nye- ~r s - i  hs , ip: ;  a us I in st i n c re a s e )  i’; t n - - N- I lii I l ; s -

stre ngth of ti’r ‘s i gnal t o  t ’ i v s ’ - ,I . h’or longer paths , pr’ r p - s i r ; s t  i s - n i  - I s - ; ’ , i a s l ; s - ’

t ion t vp Ic ;u I y dominates °xc it  a lout enhancement , and us t ie t S gun - i  1 (05

re sults.

it is conven I e’nt te - use sri dna t v t  i c approx imat  f oi l  t s r  S h i  150

following ana l - s i  a. One such approx h oist ion that is s f - p lo  a r r : I  l u nurate

over tile fr e ’qt rs ’ ncy band of  j ot c res t  is

~ S 1/ ’ - : I

101 5 S 1 , ( s f

w h ere S 0, S
1 , 

ri nd S arc’ imidependen t of frequency and in’ , s’ , he t ‘ t I  11(1 by

— I i t t  log thu ~ nuirse rical  re ’ n t u l t s  , For s-xanip le , for I’ 1 ?  ‘ 
, S 1

,
1 ~

‘ 1. ‘( 1 ,

S 1 
42 .7 , and 5 . 0.2  1 It ttF ’ ’ results of Figs. 2 an-I k N’ v i t ’ !n ln

about 10 perce n t [or f requenc I s -s bet ween a few lemis amid a t’~’;: hundred

Her tz. The ana lytic fits g iven by i’qs.  (5) and ( 6 ) heco nue irmval  h e 1  fo r

ultra—low frequencIes (‘10 Hz) and very low frequencIes (>1 kItz) and ,

strictl y speaking , should be used only within the l- LF hand . In I’act ,

2~~
’
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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inaccurac usa i r s  S si t I r I - glens - i s ’ 5  i F I C ’ ’ ,’ ’ -u  i t ’ s  ‘ui iid r -’f l u - i t

gr e a t ly  of  I t - i t t h e  pre c i  a H u t  H t h e  c u !  - t i  lot i s - u r n ;  a ins ’ a , i ,~~ i t  t S t - a , -

f r e q u e n c i e s  ar e -  h i g h l y  - i r ! t t ’ ; ; r s  sled an- i  s - smt r i h - u t r ’  u’ s - l a ’  i _ - u - I ’ ,’ I f L t  h e I - ,-

I M e ’  total t iHcl . More s v’ ’ i ’ , -;AS~W J H ~ S ~~, ‘~~ i ’,’ s ’~~ t i l t  s ’ i ’ s ’,’lN l p i ” - - ~s f ” I ’ ~’

hav e’ an Upp et ’ ‘ t u t o f f  of o r ’  j ’ j~’f ;s ’t ’ ‘ u u s r  a I s,’w lmu mn d m’s’d 1 s ’ t ’ t ?  ( 1 ’ ” ~~
‘
;
‘

‘ ‘ ,. ‘ ,

).  ‘l’he pr -s~;ti c ;si u n- - i t i n  l im os ‘ b u s -  l os - c r  one ( ;sb ’ou t  1;) II;’ ) n the

I requencv dotrisui n s ) r , fs ,rr i ’ n I a s ’  pro;” ;g ’ it  ion ca l ru iss t  b r ’ ’, lit t he  t i r e  ds ’r ;u I i ; ,

t he approxima t ion boi ’ s ’n’i u ’ - i r n ’ 1’n l Ed c r  t, l e a  g rea t er Li s t )  nfl I F )  1(11) riser

P I SPFR S I UI’ IL1 iUISLS

In ge ’ ne rss 1 , t h e  m’esp r’ nse c - f  t h i s -  earth— ionosphere - - i ’ ’ t ’c ’ i u  f - h e  I -:

t ime—varying s ’ ’ urce ” must he c u - r ’ u p u t e ’ I riutoer ica l l y .  hio ,- ’ ’ ,’ u ’r , h’,’ us h u g

the equations and ;ippi’c’;’- i c ; a t  i ii-; g ?von above’, a sini p le’ : s i r a l v t  Ic  ‘ H - i rs - a s i c - n

can be derived f a t  descr ibes pulse s pread~ ng w i  t im sot t h u  lu ’ r ? - -

for our purpo n s- s .  We beg, in b’ - ’ n~ t Istg - t h a t  in the t i : ’ s ~- “ s i’ s f i r , t ime

elec ic I id tI at a J ist ;ince s fro m a vert ical 1 y polar ’ i 7 s f  50-irS ” L i v i n g

arbitrary t i m e  d ep en c l e n c s ’ is r i v en t ’y

E(t ,r = fi~~ g (~~~~ (~,, r )  ( 7 )

where g (v ) I s the I requiency spec tr n m  ot time sours e and ‘I’ (s  , ‘I I a t, i~

transfer function of the ear th --Ionosp here wavegu lde.  S ince i ( ’ - ,r~

must be re a l , 0g. (7)  (‘S i t u be rewri tten In the following , m ;r s ’r° C ’’ Iu \ ’ t’il i c - n t ,

form :

E(t,r) 
f 

dw [g(u)T( s) e
t F 5 t 

+ g* (w )T * (w )  e I ~t 1

It is assumed that the source Is an impulse , whence g (- ) — s ’ o t i s t  an t .

This appr oximation works well for L1 ,F and ranges gre a te r ti ta n n ; s ’ u ’ e r ; i l

_____________________



hmundu’e’ s i ku , -i: ’ I e ’ r ’i , “‘ P e t e  ~ ‘ 1 - ’ . s i - I s ;  ii t’n ’, s ’ s ’ u ’ “i 5 - S i l l  0 - b r u i a t  f a r ,

Resu l t - ;  g ive n  I-o ’~ow ;mgr u ’ ye l l  - ‘ h ’  Is t h i s ’  r e s u lt -’ o f i - s o t ’ ’ - h - t a h h -

r,uir’ut’r ic, ,i  t i s ’ ,; r ’ - ’ ’ i n t s .  ‘ h - - ” ’ ,-ot ’  ~‘r , I ron” -i~ 
( I), the t m - s m m : ; f e r  unct ion

I s  g fv ’ :nn i-v

h~~~~~ 
- , 1 / ’  

- - ‘ ‘ ‘ r ~~’ - ’S — h  i ’ S

r) ,\b’ 
- “

,~ 
‘ 

“ ‘- ‘ . C h )

It is now ctu~~’,’ - - n i c f l t  t~ ‘ uj ’ p r e n < i ; - r a t o  ‘ lie three—tern p r - - l i n t AS~~
’
~~5’, t hat —

a ppe ars  as a i-i t m l t  Ip~ H at  i~’e t a c - t u u i  in l ’ q. ( 5 ) .  Spec iii i l l’,’ , ; - it - use t h e

fact tim a t

- A’  e~~
’
~ , (10)

wh ere is’ can be ;ms’;iiri , - - indepenc t ent of and S S ~h’u t e that the

A a t t er ;m pproxir -n-i t io n is used only in time m tm l ti p iicativ e factor , but not

In the ‘n-a s as s’  5 t , whit ’ i t ’ - S s i  - I 
~
‘ ‘ - ‘ ~~~

‘ -
~~

‘ s ‘ ; - n  j - u~ u ’ - s -  j v - a ’  I - a - n a , I S t s r ~~i ( ~‘

are retained . ‘I’}mus , for an i ; - -j ’ u I  Sc ’ s ource , Eq. (8 ) beco m es

2~~\ ’  5’ - 
— rS,

h-~(t ,r )  
~~

‘
r~~~

2
° 
f 

dw C i 
co s (~ ’ - 

~ 
, (11)

s’fuc ’ re Eqs. (5) and ((s) have been use- ! and t ue retarded t in’s, , is

g iven by

‘l ime vo l 1- I l t y  of the approxi unri t Ion ~a c l e a r  f r om f ’ -~s .  I’ S) ,iiid

(e ) . •I’he approx irn at ion given in 1;q . (10) a tent s I rum a ussr or i r - I so I sit ion
f i t  t c a n  be seen from arm i - l e a  II zed treatment uhiere time cart Ii ansi I o r uo ’s p i r s ’ ine
ire modeled ;m ’ n sharp ly  l’ s ’ u u u ’s s he ’ i I ; i \ ’ernn separated by ;m - lis t ,- s n s - t,u Is.  In th u s
case , it can h)e shown analytically (bh:u ’t , 1*’ .’ , p . 292) that

~~()ii Idi. ij/4All — - ----— — —
r h *

v 2r’ c

wh ere id~5 is the electric dipole moment of the source.
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’ - . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ‘ - ‘  ‘ ‘

~~~~



0

Hiis d b ’ h r i ’ox l n n ; s t  Ion s i l o - - s h ue fnt e 5’, t’ itt on to Iii’ e ’val t m ;t t  u - - i a u i ’ u I - ’t ic ;t l y

(, ‘ h~ ’ ’ 
‘
, ~

‘ ,‘ ‘ - - ‘
, p. 1 ~) .  A f t e r  nor’ s 5 5’ - lrr anj’ e i ’ s - n l t , t f ; - ’  s n~pre ’ ;a i - ’ r u  f o r

t i re  pulse s ’ ;s vs -  I o i- r’ i nay i - ’ yr it  t ’ n

— 
,, i/2 H!

h’,(t,r )  ~~~~~~

cos~~~~-\ rc tan [
~~

-] - ‘) - sin(~~ ,‘s rc ’ tan  [~;-;] -

+

Since we are concerned only  w i th  the t irme dependence of E (t ,r I and

numerica l res u t i t s  are g iven in norn’n;ullzed form , t he napr ’ l t ’ i - ,lvi; of

the f actors o u t s i d e  ti me square b r a c k e t s  in Eq. ( 12) are not o f  concern .

Equat ion (12) indic a tes hat the pulse w i d t h  depends u-n a m l v  on S .

I.e ., on t h e  se verit y of ’ a t t e u t s u a t i u - n  in the e r m r t h — l o n c ’ ;r iue re ‘ s ’a ’~’ e g u i d e .

Specifica lly , since time -fenon i natet of Eq. (12) begins t - ’  i ii ’ r s - - i s s e

a t m’o n~ ’ f  v when T rS 1 Ic , pu I s ’  W I F ii is r r ns ’ r e ’ or CSS fi i’ ’ ’’’i’~ j o l l a  1 to

the prop;sgat  lies path length ~ c i u I t o  t ~e slop e (d-s/d ~;- 5 , ) ol the

a t t e n u a t i o n  r n ” e ,  This ~‘ e l u - i r v r s , r  in” I iv s ic a l l y  re’a,’- ;o in i f ’ Je , ~n Iii e t i m e ’

broadening i s  i - i s In ly c amo ;ed  by the f- - c t that propagat s0 , u L l e -t ur i; m? 5’ ;

‘p

hi gh—f re q e is ’ ns -y  components tiiors’ s t ro ml( , I v than low—f r e g r r s ’ i a  v oi ls ’’; ‘Use

product rS
1 

j un a measure of t h se d - ~n r ee to which t h u - i  - a -  I s - c t  ins .’ a t t e n u m — m -

tion has occurred .

Equation ( 12) descr ib es the fl.F f ie ld f rom an impul nit ” sour ce as

it wou ld appe~mr to a rece iver having an infinitel y wide bandwidths . rt

Is also of In terest  to examine the t ime dependence of  a li ghtn ing— Induced

~~~~~ 
‘
~~~~~~~~~~~~~~~~~~~~~~~

‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _



noise pu lse ’ a i t - i it his’; p,- i ’ - o - I t - r ’ ; ’iigl u a l s u w — l ’ a s s  f i l t u - r  ‘,-,‘ i u h  a i m S u p p e r

c i r t c l ’f  fm’equet i u ’v , f . A hie ’ mr  h un t ii ’ r i - h i ;sd cqu iate for  la i r  pm mr i uo; ;e ” ;s s ’ s i nes

,m receiver m ining a f r t ’ - ; i n t ’ ncv  r e . s f -s - i n s s ’ , F ( s ) ,  g iven h’,

( 1 1 )

So to t isa t when t lie s’;l\’ c’ 5 ’ i  i i d , ’ t rams I .r  I nor t ion , ‘1 (ri-i, r ) ( St’ s - I q . I ) ) )  I a

rnnii it ipi led by F ~~ t o  rhta i t t  t he total transfer funct ion , ti n e - - ;l5 1”eunie’nCe

is fe rn ’  -ii ly unchiange ’ ~~ov i dod t h u - i t  the transi ormat Ion

‘5 ,

B t -‘ - -k ( I A )
c C -

is made. ‘Ihil;’ formal, sfn uil’t r l ty is n O t  surprising S 1 u ; s ’e  the’ e a r t h —

ionosp here ‘s ;o ’F’grr  i do is I t s s ;  If a l i ’s - —pass  f i l ter w i t im ‘ t  i ’ U t u f t ’ f re ’q ue iscv

inversely proport ional to the length of the propagat i o n ro t h . Siren

B rS ./c , the pulse wi dt h is governed mainl y by the r e c e i v e r f i l ter ,

whereas w hen i ‘h/c B, t h e  ea r t h—- I ‘ i rosp he re wavegu ide I’; the dominant,

I ; i ct s i r  . Sunc’ r ica l  resul ts  are g ive-i l  in terms of a C u t - I  I u

I , at which r “r e i ver  r esp on s e  i s  (r dB below its value at ~ s i s ”  f r e q u t s - i n - - v

In term s i’t  t I is frequenc y

B = 0.11/I
0

F ina l l y ,  note t ha t  the r’m- ppr ox ltn iit ions leading to Pg . ( 12 )  ‘ire un -li-

casual , as is tir e assume d rece Iver  I liter (Eq. (1 5 ) )  , w h ich i n s s i s ’ n —

real izable. ‘l’ he ins in i t  i’ s r  caused by the non—r ca 11 zab l ilt y of thus ’

approximation s is the presence of us small prec u rs or l s ’ r  i ( 0. T u e

ca lculated e f f e c t  of the env l ro nm -nt on pulse width should he s uf f i -

cient ly accur ate to assess the expe’ cted performance of nonlin ear noise

processors.

~~ 
‘
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i\jtl’LI’l’I,;’ I i i , I’h i ” I i Alm 11,1 i’m’ hIS I- I u S -

To i~~ se’ u - i ’ ;  the t ’ f f ~ Is of ’ ions’~- ; b - n s - r i c  d i s t u r r b a n r s  s -  on t h e  F-~ - r t e i r - : i n i  o

of noin ;e ’ - p r - i i - t n ;s l ng t e- c 1 irn i r : n u s - a , a t r ; e c t ,-mb le’ e:-’ gt ’ i-s,sion f u s r  t h e  \ b ’ h  oI

low — f r e q u u c t n c v  ‘n t n’;s ’ u ; p h e ri c  t u s ’ j ’ ; F ’  mu-n t,  I - ’  d t ’ r i ;s ”  . In um du h f t h e n  t i m  ; i c s  F r —

i , m t c  1 V f i t  t, imp no I Ss ” da~ ‘i , t lu is  o~~p ’’ on ;a  iii shun Id s’xp - i s ’  ~~~ 
1 
“ Conta  ill

t h e dependenc e - of time A h’ l )  r im m’ ,i lc t t l ah ’ I e  propag-a t i o t n  r;ui~, s 1 e t e ’ r n ;  , 1’ ~~~‘ .

attenu;mt ion r a t e .

Observa t ion  of  w id , h- iou- I  ELF re in-a - reveals large’ pul a s - ’

up on a more Isu in ic ’g i-neo u u; b ’ ’a* g roum n d - T h ese poises are c - n i ,s e d  I - ’-; lu s t  I

thunders tornu a - - t i v  it’,’ , ‘,- ; hn s ’  r s ’ s -u  the  background i s due I s ’  a large isi ut n ibe m -

of relatively ‘-:eak unr e- ;s’lvi,’d p i u h ;s - - , f rom more otunernuis d is t  i r i t  1 i~;but n i isg

fla shes. It follows frs uc n the cent ral  1 inmj t theorem t ies t no H - — I s - n i ’  I

background s im- ir ld c lose 1 v resunuble g,mussian no ise .  L - ” ;o ’ e ’ r , at 5 r5: tn r

ampl itudes , cons iderab l e -  dc pa rt ,urt ’s from Gauss ian no i ’ s ”  a r e  I - u,’

expecte d. FIgure 4 shmov ’-n tim e prob~ihi l ity (or percent of t i - i c )  t h a t  the

absolute value of the re” orded noise exceeds a given 1 e’~’ s ’ l  In ISIS niH t, ’;.

For comparison , time API) r f  ptu 5” PS i5 a Ian inc ise  Is a las ’  s li i  ‘‘- - i l  . ilie oral  1 I

squares repre ss-nt data t akon during h i g h — l e v e l noise it S m  ip nm ‘1 ‘~~~ - : ‘

• TIue i’ i - m t r g e  In  s lope at  a r o ’ i t i - b  1 I-e ’ rs ’cnt  (ui , c- -~m r~~’,’ n u l s ’ u n t  i v , s t

around —5 dB/ I’ ! lS )  r e p r es e n t s  a chatigs from Gat uasi ;m n to n u F ’ t i — ( - a i r s s  h ; s n u

statistics. ‘I hti s, about 99 perc ent of the t ime , tine r i se  i s  t ; a u t i - ; a l - s t r

and iu~ due to numerous ci is tant  tht i nuls” rstor r ’is; w hse re r i n  a b s - n t  I l)’ ’r’ c s - t u t

of t he t ime f t  is due mn in lv to infrequent , but : st rong , run I i -a -- - t coin ’

local a c t i v I t y .  As is evidenced h-v t he  sharp Increase In t h i s ’  API ) at

large amplitudes , the occurrence of Intense noise is much more l i t - s,- 1  v

( I .e . , it occurs muc h insure o f ten )  than would be p r e d i c t e d  on t ime basis

-— ‘ _
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of onic un .sj nm rn sl ut  i s t  Ii’ s .  I s- u -si r s ’ , I h-. . -‘. - I p ;  - I i’s  i_ m i ’ I’,- t u -  1 i 1 5 ’ i’ - ’ l t - ’,i il

S u m I pan no i so . For d i i  f s - i ’ s - n t  1 oca t h s ’ s i s ’ n -ansi t r u -  i n s  s i n s 1 I s u t n u ,  , I lie’ g I n s ’  m d

c ha r ac t e r n i u t Is ’ - s i t  t ue  .~ i’ I) ml’ s ’ -‘ IS s in ,-, ii i~ Fi g . A , alt i , n o u i ’ i i  i n n s ’  r i - a l

i n n i g i s i t u d e n; c an ’  he Fp uj  Is,’ d i i  i s t  ‘ n u t .

‘i his UhF o~ I i s ’  I ‘a i i - in h a i  p u - i ’ s - n t  o f  t iso r’o i m ; s’ 1 a

‘S S

f
1
(y) 0 ° 

, 
(I i)

which , s_ ’I course , has us v ar  1,- s o r e  u t ’ - ‘~~ . For t Ine iu isu i— ~~n t i s i  l es s . ‘~n ’ i V e ’ ,
ci

co m po n ent , the l’DF slmou i d al icr’; f u r  t i ’ ,- re -l a t h-el ’,’ fr e- i m s n t u l ’ F ’ ! i t ’ r I , ’’l 5 ’

of large amp l i t u d e s ;  i . s - , , t h e  tails of this i’I’F should ‘iii oft - s i n s is

more s lowl y t.i’ smn for a °auss ian  den sity function. Se’ -s’c ’ t o l  ,‘h ~-’ i c s ’S m r

possibli- , but t he double—sided RayLeig h d ist r i L-ut j ots d e f i e s - - h  h”

I t—’ .l,
f
2
(y) = exp - (l~~

)

and suggested by Node stitio (~ ,~~‘l)  is convenient for a nmai v a h u , ,-mn d is

used . Time var i aimc e of t Is is I sine t I s - i m  ( I  . e • , time RNS mm in, s_’ o f  t Im e ’  non—

Gaussian component) is E ’ I’ (1 ± 
~) , w here P is  thne puirr in sum f u , iun c ’  i s - i s  ; un m d

is chosen t s u  f i t  no ise  u h at a .

Th e i’DF i -F t ime t o t : m J atmospheric noise ( 1 .e . , time b ’l )i’ o h t h e  va r  I —

able z = x+y )  is obtained by convo lutlng time f unction s g h v e ’ i t  by Eqs .

-

~~ (15) and (16). ‘l Ime resu l t ing t ;xpr s ’ ’ ; m ion is

f ( z )  = 

~~~~~~~~~~ f 
~ y~ y~

i 1 l  
ex p

~~~
H

~~~~

2 
+ (l~~

)

which mus t be evaluated numerically unless a assume s Integ e r va lu es ,

which is  no t t he typ ical case. The variance , ~
2
, of f ( r ) i s g Iven b y

- - - - — ---- ‘
~~~~~:~~~ 
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‘S
4 R h  ( I  I 

~
‘) • (1 8)( F’

The API) h a g i v e r m  L u ’ ,’

API) Pro is (  z - ‘~~~,1
) = 2 f  I (z, ) c i”

= 

R i  
f  dy hz :‘~ 5~~ 1,~~~~~~~i2y~~ + . ( 1 9 >

By performing t ime z— int, ’gi a t  l u - t i , ;m t’mFi t lien i n m t e g r at  thp by c - s  i t  ‘, ‘- ni  t i n

respect  to y ,  it fo l lows afte r’ - ;(s i~,s rea rrangement that

I’r o b ( J z ~~ z l  = 1 - erf (~;~:) 
-

.f dy 
- (y / R )° 
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where erf  is t h e  error f mnr m c ’ t i o n . It Is convenient to nmv rs ia II ,‘ ‘  t Im e

results to to~:al 1575 n o b - -c . Accord ir ig ly,  s t r b s t f t t m t l n r g

= -+ ( 2 1)

and
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Into Eq. (20), it tollows tha t.
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l~~u i t  Htm (2 3 ) ,  t~ ii i s - h  ii’ I h i s ’  b - us Is of  ‘ - Ic If is - - ‘S e rr .I  ‘ n; r i - - I se n’a ,s I’ I , isa - u

s, -m n;s ,- \‘ e-r ’ ’~’ s” c sn ’,’c- r i i e nt  fC~s t ~ Ire ; . F i r s t , it u r n ’ .’- - lv s ’ ’  on ly  a a I m - h ’ ‘~ r f h n h t s :

integral that is——a rid 1,— i ’ ;  i - y s ’ i u - - — e - sI 1’ . ’ iur’ u gi’ ai ’ n ’ i cn ’ n l  a- i , n ’ ‘ I I ;  is

expressed in e’rtr s of on ’ v tso pas ’ um ne t ers , ii and 
~~~~~~ ~ h u i s ’hi fo r  ;iri in is ’ l t

conditions can be deterrs i rued isv coi’ j ’- ’urison w i t im da ta .  ‘l’hi r h  , r i s e ‘I f ’ -  I a

of anomalous :it tenuaticu n in d i  ‘- ;turlued envi ronrnc ’nts S rs cc’nt 5 h ’ . ‘ i i ;

which is s hn p l v t ime rat n of  S~S iioi se front nearb y I g is t  ni i mp ; Is ’ t  l v i  y

to that f rom remote S e t  i v it y .

Figure 4 shows on exampl e ot how closely t ime t in ’  ‘u s t  l s - i l  A l l)  f i t s

ELF noise da t - u . ‘flue so I Ed line s le ~’ I s:ts t im e API) ca l c s i  I , s  c -h  I r b’ ’~ •

f o r  -L = 0 .2 3  and ‘
~ 

= “s ,  ‘.. ‘J ’ l n s -a e V;I J, ’ iem S w e’re sc l e ’ c t e b  - ;- r ’ ’~’ I - b ’ ’ a pc ’s - h

fit to the clara for t inc ’ location - n - i  noise cor ’ud it ions i tmd i c - s t  s - I  , I t  i s

see rs t h a t  , by properl y ‘n”h’ s ’t b rig s t ily  two Im au ; i i i s ’ t s - l  a , an t a - u - I  I t - nt

representat ion of ELF’ noise s t a t i s t  lo s can be o b tus  li lk ’ i

SOhhLI ’bfl ..’.ih 7-1 1) 1 SE Ph ) ( I i -S SISG

For t he case shown in Fi g. ~ • 
2 

19 .4  (13 dil), cdii oh “. a I ha

t he energy content of ti re sp i key 1501 so component Is n ;s ’ ; m r l v  s I usc I ’ m  o f

twent y greater than the energy content of the (; uis u aa Into , n 1 a  ‘ s S s ’ ii t

State d d i f fe ren t l y ,  for high—level °alpan noise , , m i s u i t  ~~ 1° ’  - ml u s >



tine I c - I _ t i i S h I ’ ’ u u ’ p v i i-n - - a ’  I_ u s I c i t  p ’ s - ;’ ’’ 1 u ; s ’ e  I i’ ‘i’m s - u ’ ,s I— ’,’ ‘ liii’’ i s  ; s - r u -

A l a s i  no te ’ I n ’ s ’ ; th~- 
~~~~~~~~~~~ 

m hi ~ A ll) in s h u g .  ‘s t ha t  t h e ;  ‘ ii, I ’ ; . ’

ar e  pi t a o i s t  s~n I v  ,i s i n n i l  I i n s t u n  e l  t h i ~ ti ’ s’ . ‘ I l i u m , ns ns sn ii, e ,s r - I. - ct-

lini t r s, ’rr ;- ’~’ s - I ;  ; - I - In C’ 5~~ i S u ’ s , u n  Id n- i t - m e ’ - ;  5 ‘ ; i s m o f  I it -  ‘ n ,  f a ‘ - ‘ ‘ li i - s - - i ’

si ig hut I v  si5 - 5 n s l imp  any - “ t m p m -  i i  i n s t  0 I~ - i t  i e pr’ ’ ; ;e ’ iu t  — b ‘i’ c’~ :- ’ n  ; 1 ’ ’ — us

l’roper’il,’ ad~~t i - : t t ’ -, h s i  ~ ; ‘ l ’ 5 ’ i  s ‘ i ; !  I t n - - a - - ’ th is,’ t nrus ~~s nr ’ i t y  s i t  t imp li, s I ~~,‘ n_ - I - i l ,

remaining i rs  I ‘ it ’  I i nie ’ ,51’ 5 . 4 ,’, i i  5 ’  flItj s ’ l u  u i  t im e I ii- ; . - — ‘ or’ t he - -n i -  i ‘ - , u - .’ n - c ,

nonlinear Hi- n i - ’ I n -o - — — p m s - —  ; -  lo i n  m s : s c ’ ’ n n s ’ r  i i i v s ’ l y l ; n b ’ , e’ l i ; ’ i - s  m . li - b . , i s ,

and hole pim n is n t ’ r a } s n s v e  t e  u - n i  u7 ~~ - i i ,  r~ 
- as part  u s >  t Ime’ ~,p:s i i  ‘~ c i  - - -

- -  - s - 
~~~ - ;~~

- -‘ ‘ ‘  - :.- ‘ . I~S- sf1 s - o t iv c n e s a  of t h us ns ,m n; l ha s  ,r t ’ t  i ’ ’

sing wa s re ius l lye ! )’ ins’ i s it iv i ’ t s m  c ’ detail s u - f  t h i s ’  I vps s - I  a- - i ; —

lineari t v  emp b u ’ - ved . lo re ’ , w e ’ s ’ n lv  s’x ;iInine i’ li isper ps’s’ > e t n ’

To as sos - ;  the e f f c - i  iv c t n t ’t ;s of c lipping in a ~‘,s i ’ h . ’ t v  - ‘I il ia c

env’1 renirnent ’~, i t  i s  n e c s ’ s s ; u m ’ \ to , f t ,’i lvi an e-x I m r s - - ; s i o n ;  t o t ’  t h i s  - i  oce ’ ’i’ ; u t ’ 4n

gain in ter n-- ’ ; of the c l i p l e ’ v ’ - I  , ;-‘ , a rid t i m e  r c m t i o , ‘u — , i - i ’ t i ’ s  i s s s n —

Gaussian to ,‘ i uss i an  n o i s e ’ . ‘ t r i rt l v  speaking , the s i t ’
’ ~t i’c s t r ’ ’ s i u i s c r i c

no ise  ( i .e . ,  lie p o s t - - ps  uoeu ;n ; i umg F’1h - ; noise) dc’pends ’ ; s -nn - ’’~’ i s ; - t  ‘tm r i~ ; ni ; s i

s t r c ng t ! n  515 ‘-5 11 ,i’; on mi su Se shiaracter istics . ‘Ihe ii’ s l y s t  Io~ b v e i

bel ow negiect-~ t l m is del’ s - r i s ic ’ ncs ,’ on si gnal, strength , and t h i s -  ri -- s i l t i n g

process trig gain ” I s  i n  fact more accurate l y des c r i i m- - 5. s~~ . 1  i s ; ’ h S C  —

— suppress ion f a c t o r  - Tb I -n [ a c t o r  u - I (‘‘;ely approx 1 mote ’  - tb’s p r ,uc  o s s  i s t u n

gain when the rat io  of s igna l to I i s I n s i RMS noise is i - i - -n i  U

‘l’o e s t i mat e  time p rocess ing  ga in , PG , we use t he i s ’I i s s ’ ~’ iu ig  u s - u i r i ’ . t  I c

expression that accounts for  the f a c t  t hat no advant a gs ’ is gained by

cli p p i n g  t i m e no ise to below t i me Gau ss ian back ground l evel; I .e., the

max imum gain Is achieved once the noise p tm l ses from nearb y tlm understo r t ’ms

are ‘. s s l i’re’;’;e, ’

_________________ - ‘ “ ‘ ‘~~~~~~~~~- ‘ 
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4 1, 2 1 ( 1  •- , 4,5
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L

- - n t ’ S  ~
- ~~-; t ‘ hay i t ’  I ph s i b - ,> r i l i u m  lot s ( t - q . ( 1 ’ - ) )  nid I - ;‘ ) I a >1 s ’

c I ill’ s 5. 1 unic t I - n; , p i ‘ _ ‘ t ’  I ’

‘~ I

I ‘ ne - n;- ; : ”  i t  it  ‘i’ - - I . (2 ‘s) i -; s l”ip l v ti n e sun , -i
’
, of t im e ’  1:115 v, u Im n e s  of

n e ’  : 5 5 5 5 5  i _ i t s  - 5  n .j non—Gamm a s i- sr i  s o  i Se s onmiponents - The f I r st  I c-r i- : In th is ,’

tenon;; irma b r  i a f’IhS c h u m s ’ ;  i an no i se , w h ereas t ime second t cnn I S I-I hIS non—

t . m i O , a lsm n f l u - i s o  ; i f t e r  s m u t 1- reas io n by time cli pper.  As t i n ’ ’ c l i p l’’~ s ’ h

s p p r s s ; s hc’ - - in> 1rmit ~’ , time ecorid t e rm in t l is- chsn m o i ’ - h s i; s ta,’r ‘‘‘-rio-;

i)~~i’ (1 4- ~i’~ ) an- ’ PP 1 • h ind ic.,st ing no p r o c e s s  I rig gain. I’ ar very stsma 11

clip leve ls , ‘ h i s  term t ,’nsls ~ u ’ w u i s s i  nc r o and
5 ‘5 -

— i f l) 
1 ( 1  4 - ) 

-

‘P ~~ 
-
~~~~

- ‘ - .- -—  = 1 + y ’ 
, (2 5 )

C ‘ I
5 ,

w lmioi m sh ows t i - I t , I f  all the clos e— i t s noise spikes ;sr’’ r s ’ i : n - ’ ’ ’, ’ l  , t h e’

noise is a s i p 1 - u ’ ’’ - t ~ed I’y .s f a c t - ’ r  i+’~
’ ; I . e . ,  by the r a t  i s ’  o f  t o t  t i  m s - i s o

to Gauss ia n n s ’ h s e .  Of ‘ - ‘ s s r s e , Eq s .  ( 24) and (25 )  art  i i - ’ ’  m’ i p s ’ r s m i u - i ’ ,’

correct , s i n c e  a c l i p ls’v el of zero would actually s s i s ’ )  r e a m  ; -‘ - i t i n’

noise n un ! signa l. Il owev s ’r , t hese equations are an ac i - i r r at s  n c pn ~a c t i t

t ion when time cli p leve l is set below the level of most of the st rong

no ise sp ikes , but at or somewhat aIm s ”,’e the level of the R~tS Gaussia n

no ise from distant sour c es.
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By insert ng F’si . ( h (‘) I ns t o  ih q . ( _ ‘ ‘ 5 )  , t ime i rul e ‘ r , i I - - i ’ hi-  , ‘ s

in closed lana to obt a in

+ R
’ ( 1  ~- ~

1-I; 
m u s s ( 5

4 I~~:i i  + ~ . ) i ~~[,I( ; .  ,~R ~“~~2 + ~~ ~ -s ’ ex p t - ( . - ;‘ if
0 0 1 ~,, 5’ 55 s ’tJ 5 5’ C’

w here ~ 
2 

~v) is the c lm i— ’a 1 ’ s n s r e  ps ’nls ;m bi l ity f m j o s ’ t  ion ( ‘ 1  “ ; - ‘ ‘ - ‘ l a  i s :

‘ ‘ t , ’ ;r,’:, ‘ ‘ )  - it is cs - n ’ s ’ i i ieml t t o  ri cm rnsal ize t ine cl ipp ing h o y t - I to

RNS units and to expres s rc ir~ t e r ns  of ‘1’1 u~ using

= z Is-
c c

it fol lows t hat

PG L±~~~~ ’ , ._____ , ( ‘ )

1 + -
~

2 P [ 2 ( l I r , )
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I I i  . 1.1 11, 1-I 1CM, !~hJh ;i L’I :— - ‘P- ’ ~~~~~ 115 is):!

j , i- ’ i’ i, s ,:’! h u s i  ,‘P,s ,“s l , i s i  2 I ’ H b b  S i l l  ‘sl + I . ,

is )  lu t ist “O te- t l s t - - f  I s - - ’ > ’ :  - “s i  It ’  m r / N A  s - s m v j r o s , r ’ , - ’ mm ’ s ‘ ‘ i i

u i s pt- n’s s s s n  ‘f s i n  as p i n t ’ s — a , i-e l . ( I  ‘
~~ s r i ; beer s ‘ ‘ s e ’ i i  Ii’ c’ i l - - s Pi r i t s ’ pu is s

‘~ ave  I’ a rm - na I s -i’ u im s , ’ a a ’ ; i usa -  ‘ - I  oh i - - m i t  s - i ~ ’ - I n’onrisetmt ( r —~ 1) ami d t n  o n - i s - - ,

Intense s ri the’ asss innned i’inse - ] oa r  en m vl  r i - r ’ n ’ cn ts  ( = ] ( )  ) . t h in n - s I l o

in terest  is in n the c m os - n - m i - - m a t -  r e n t - h  f t - p  caused i’y t Ime i n~- 1s o r  Ic d i s —

tnir b tu is ’ c’; i.e , m~,- e a n e ‘ ‘ s
_

c- c s ’ n s : e r - ns ’ - !  ‘- ‘i t i m th u s ’  t inse :.‘-p ’ ’ n is - n s - e  ‘
‘ t in ,-

pu lr;e tool n-n t I it’; mum p s LI _ ti - h e’ , ‘l’i- u i s , n o  g ive’ re s u l ts  Is-n t h s ’  na - r i ’ .

f i e ld , (r , ‘I ) — I ‘‘ s n  I’”’ I ‘ ; s - ~ - ‘‘ - I  i

I (n ~ 

coa(~ ii~i(~ ) _ _“_ ) _  imn(2~- A1Lt 1n(~~~~~~~~~~
j

, , , >14 ‘ 
(,

— 5

c

w l m i s - hu f u lly  dt ,’u ;cr i ius _’a t i - s  pu lse ‘,,‘o ’ ’ s ’ t o r m . For conv e n ls - n s c - e’ Iii n n - s k i n n i ’

a-r ’ ; p~s s’ l a u u n m a , t l ie ne s t u l t i - n  ire p l o t t s ’ s I  so t hat p has nu pc ’ s,’ ,a I’ ic’ s - i

on i ty for si P ’ I - - m t  c ’ o t ~s h I! ions , s’ = 1 ‘lu , ~nid i~ = 0 (1 • s • , t ‘ ‘ —  n ’ s ’
0

Eq. ( 1 ’s ) ) .  D s f f t ’ r e ’ n s ’ t.- ’ ; in oxu - i tat l i - i s  i ’etw ~~~in ;m inihlt .’nit ansi - t j r t i u r b , s ,’P

c o t n d i t i i s t i s  nm u t ’  t l uc r e - f i re neg le c t e d . These d i i  t’ s ,’ r psmce ’ ;  - t i  f , ’  t

p o s h - n arrspl i t u s h  a sons newii ,st , but do f is t  a f f e c t  relat Lye I l i e ’  s I ’ r e m - b  imp ,

wimich - re’’;u u i t s  solely i re;’- pro~ .igumt i s si m .

From Eq. (21 1 ) It is ,e ’e ’t i  t :hm ;m t , in terms of t ine  n u t s m  is ’ i I l i n e ’, 1 ,

pu lse shrp s I s  det e rmin ed ent I re ly  h-v  S
1 , S

1 , 
and—— ma t< 1ng the -ns ih ~~t I t im—

t Ion m id i s a  t & ‘ n  b y Eq - ( 14) —— h’5’ t im e receiver cutoff f r s , ’ q s u i ’ im c  ~ , I . The’

va lues of S 1 
and S

1 
th.at best f i t  the numerical resu lt  a s h mo w nm In Figs.

2 and 3 are S 1 19.1  - i i ’ s >  “ 0. (~ ‘-~ for ambient cor ud i t I -i s ’ ;  F 0)

~~~~~~
‘
~~~~~~~~~~

- :‘ ‘ ‘ “- ‘ - ~~~~~~~~~~~ “ ~~~~~~~~~~~~~~
‘_

~- - “~~~~~‘ - -  __________



and S = .‘ . 7 r um s u l  S i t  p i on 1 j I  
- An I F , i - ‘ ‘ ‘ u ’  - i , ” ’ , inn

— 
h’,iiicj w iii t h ram a t  be rimuc is ‘ - ‘ t i n  na U ‘ I - ’ ’  111 15’ t’i-n;I I ls ~ i b i n :  - - I ’  - t ‘s I - - ‘ ‘ I s ’

noise pulse ’ i’ . ma ’ n t ’ , mt ’ ,’s h r u ’  ‘ - - s i ’  l It  it  ‘ n t - i ’ I s , i s ~;I v 1. , i - t s l s ’ ’ ;  ‘ pt ’ s ’u ’. ’;S i n>’,

s l i m s  a c i m i s - v , u i u b , ’ by  s’ l i N - in ;’ , ‘ --n si ns h F  mn’ ,’’,t, ”n i s : 5 ~ ’iii”  0 ‘ ‘ : 1 ’ s - s f r o- l s i s-n i i ’ ’

in s t I It ’S h -c ’ ~, - ~~ ‘iii I 1 1)1) Ii - ’ . I ‘ a ‘ c r ’: s ’ ,i-s ’ : , ’r ( s ‘ ‘ ‘‘ , ‘~~ 
‘, ‘ , ‘ ‘ )

t o - i t  ti pper’ s m u t s il t ’ f’ r t - ; s m  s n - ’ i5 ’’’; s t  i - ni- — ’ s m - a  1n i r+~s ~~ ~~ t o  ,‘ f t’  II; n ; imot i l i !

be used . A - c s ’ rd iing lv , -‘s g i v e ’ r e ’ : i i i t a  fo r  f ‘‘ ‘  ant i f 101) Ii ;n .
0 - i

Figures ~‘ and •~ s in- ”- : I e ’ r S u s n - ; t i-ne f s s n ’  ;Ii’il’ it ’nt s i r - i ii i : ’ i  m i r hed

esriv i i’o n;’;cm;t ~r , f = ‘ ‘ ‘  , ;m i nj di at  num nc s - - c  l ion time ‘ ;s ’ i n r s ’ e ‘1 1 n s s , l  -l ‘‘ m’s
0

Iii t iic con tex t  o f  I_ i r i s  re I n - c t , ‘ h i ~~tan’  c-s g rr ’a t t - r I_ lua u I In’- ‘mc , ’ a ’’ ‘ ‘ 4

interest s i i s ~’ -. I ip,lm t nsi i n + ’  nIt t i i e ’ s e  l a r g e  d ls tunnc ’ e-s t t ’ ’ ; - i S  I -  c iii r O u t e ’

to t ine G a t uss i ns u s  rather than t i m e h ’ h i v l e ighm (sp il’ s ;v) noise i- i n  np’ . r ,tu n e , ans,l

would ‘,iius not he ;nimb je’ i ’ t e d  I _ nm s i gn i f i ca n t  c l i pp ing.

In conupar lug time v ;s r lo us  cas~’m , n’ec ,-m ll t l m ; mt a ll r - - : s s h  ts m ; i s s s ’~’u i  i t s ’

norma l ized so that  t i m e i - ’ uI ice-  label  t’ ’ i  ‘ ‘ ;mri b i i t ’iit ’’ on F it ’ . 5 has nt

ampl i tude’  of  u n i t y .  (if us,-u ur n c’, it i-n d i f t  icu lt to e i i s i i ~’i ‘ 1 , - i s ’ Cliii ’ ~

pu lse length s , s inc e  th in It- n): ? Ii P s - p s - i s Is upon c e r t a i n  u n  I - I t  n - i  t v - I s ’  I iii i

I_ ions s ’uI a p u b  me ’ s ‘‘ h cg i ’ m in f i n ~’ msd ‘ ‘ end .’’ Ih ’ws ’vc n , i f  s ’ m n s ’ -~~’ t I m i t ’ - ,

pulse length -‘is t ime , time’ dur ing  wi ,  1 d m  t hmc ’ a s p i t I _ o d e  s ’ n ’ , s ’ec’s ls , ‘ no ’

re-nr ,sonah li’ t i m r e s h o l d — — s - m v , 1 (5 per-~r ’ tm t  or iso of  t he p s - u i .  ‘,‘ , ih mm t  ‘t l i en

• — for ambient c o n d i t i o n-a I ti e c u m i cul s t e - - I  du rat ions , T , i s  ‘il - m i t  1 i~~’ t’

for r = I Ibis ansI •~ msec for  r 3 Mi’, • ‘l’hem- (’ values a>’ r ’ -~- i s  ni ” s ’ ii - i i m l y

we ll with th e 3— to 8—inn-sec pulse w i s h  ths measured t ’ or cm “ i i  i t-t v 1

condi t ions ansi reported by ilodestino (J~G’1) . Moreover , ni~ Ids’ f re t s an

unimportant d i f ference in s ign , t he waveforms ca lcu l a t ed  he r s ’ e lo s e ly

agree w it h those comput ed fr et :, us mit ch more detai led i ummi ’ ni c , ul  t m e a t —

ment ari d reported b y Jone s ( ‘ ,~?O) .
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~
‘ t’ m e n’; I - ‘mrd s ,i n , ‘ — s~ - : 1 ’ ’ ’ a u i i  ii ‘c ;s t i ‘ - ‘ 

, - — s I  n t~
;,’I’’ ,“, r ii ’.’ ii ‘o-

rient w I t  n I I;o- - ’ - 1( 11’  ; e n ’ ,l ‘ , ‘ - - ‘ ‘ ‘ u s c t i t  I - ‘ ‘  - . A 1’ . u i t s  • I - i s ’  n - - ‘~ ii I ‘ a - - I I I s ’  -

o ans I’ - i u’ i n s  rn d e - t - - n i s i  ‘: , ,‘ , - s  - n - I a n I t m’ i - s r i  in - n ,  I I - - r i - f  j in t a;- t I - ’

h - r e - a t ’ ; ’ ’ e oF 5 ‘ - 5 ’  , n  - ‘ s - I - ‘ ‘ a ’  I - ‘ im ‘5 . s ’ r t u r n s  ‘ s - I v , u 5 ’  r I  ls~ ~s 1 5’ -’ ‘ I n

s n - n ’ s - r n  s in’ : ’ im ~~s’ - lu ‘ ‘ a ’ ;  ‘n r - b ‘ii I n n s ’ s l , ’ ’ , ,’ i h l a  c i t  t i m e  s ’r i t  e t I  s - n - - ’-

It I -‘ i n - ,:’- dj , i~ s l y  ~~~~~~ 1 rom I in ’ s; . S and 6 thns f t, ‘cc ’ n - s  in s - f  c i ’ ’,
a t  t h e  ; I i ’ s t u m n  ‘ ‘ - i  e’ n ’ - ’ Ii - ~~ i’; ‘ ‘  I’ r re’~~’~ t I -  peak iii ’ t im ’ i - m i t - ,

n - c- _ u a t l ie -  t i 11 a ;n i ’ s ’  n’ . ur I  ni l ’  - I s - S  s , I In’ o r’ I_ Is I r u” , I t s r :  u - - , - i ,- ’ - ’ - I a

t i c a . ‘liii s bs ’ ; n ;mv mon fa i t  ~~~‘ m ’ i ’ 5 
~: ince e ‘ ‘ u - nina it ’  ‘- i t t ’~~~’ ‘ f ‘ Is

(j l S t U i ’t s e ’ s j  c - f y i - ‘ omni ’ ’ c’ i u t  iS - t’ I - , ,  r o e - , ’ - ; s t t c - i s ’ :  5 1  I - ci m m l ’  h ’ ’ ~’ , m f i s  -

t hat  1’; n r e , m r l - .’ i r s I c p e ’ m s ; o - : t  u ) f  f i ’ e ’ ’ ; m i ’ ’ ’ ‘ V . 5mn - -~ - h’m j o h r  I I I n ,  , - e - , s ~~n ’  S

are most hst ’av iI , y ; i t t e n u - m t  e r 5 i n n - le n nit - I I c - n t s c ’isdI t i c - m i s . - h’ : s b a o l - u m , -

increane in attc nu:mt tor i c a u s e ’ ! by t Is ’ ’ d is t u rb u s e  is m’~;ii li l i i  d~~T H i

h i g h frcquenc h .:’ s (sh iort  i r ms ’~~”I t i man s t  low I r es;mie ’ u ic ’ i t ’ s  S l um’ t ‘- u- - ’).

Time net resu 1~ is that t i n e s n n r t — d u r s s t inns peak is a t m  - ‘ sa l  v ‘ ‘ n i ~(-I’ e’ ,’:t ’ ’ n

re lat lye to 5 ’ t i  ~~- n s t  • whit ’ reas  t im e i-np - ;,Iu ura t  ion pulse 1:111 is n i t  g r e - u t - l v

al to ned -

If us f ixe l, low thresho ’t’ i is s u n ’s > to de f inc t ime  p rese nce  or a hs c si s ,’t ’

of a noi se pul - ;c’ , t h e n  the pulse s’ i ’ b t h m s  for 1’ = 10 8 a re m in t vo ry

di f fe ren t  from ” those for ambient cou md I tio ums . This; bi-lr n m - ,’ s ir os ’ c u u r n s

~- because for a I’ ixed , lu’ - ’ t hr es lmold , t ime pulse l ength I’ ; de l i  nod by

the tails , w hich are not : ;tr e rsgl y a f f e c t e d  b y c hange s iii t i m ’ ’  ‘liv i r m ’ r s r n u ’ n s t

(See Figs.  S .und 6. ) hh i ’we ve r , if the ’ t h res imold is dc- I  t i m i d  in n c t ’ s - m a of

pea k value , t is en si gni f i c an t  spread i ng can be a t t r l bu t e ’ c! I s ’  t ime d i s tu rbed

env ironment. Th is spreading occurs mainly because the gueak— -and hence

the threshold ——decrease s , w hereas the tails remain unalt e red , t hen ’ e is y

- -  - : ~~~~~~~~~ 
‘ .

~~~~~ 
:~~.~~~~~~~~—~~

---- -~~~~~ - -- —-~~~~~~~~~~~~~~



r e ’ nn , m ins irsg a hs c - - , - - ‘ h is l a - n ’ - i II’ r. a n i - I I  ¶ on us 1. u p , ’ r t I ’ : ’ ’ - t h i l t ;  t ,‘ ps

‘1 t h n r e ’a> ,s ’I il is m i s t ’ ,> • t i ’s ’ u ’ ’ ’ t  I V ‘-‘ Iuf s ’li t Ie’ - i i i  ‘: ° i a s - ’ i i t i . s ’ n : ” d  in

t i ne  n m u c  1, - t i / i ’  I’ , s ’ m n v i u  s i ’ , ’ ‘ ‘ T m ’ Ia m s ’ ’ ’ u ’ h s ~ v time ’ a ; mi , ‘ - n u n ,  t ).~ l u -  t s s r  P .’ ~,‘i iIcl:

cc m k o- ;- 1 I - 11 15 ’ t a t - - - ‘ a ” ,~ . 1’ ’ r ‘ ~ c u s s e s ’ ;  L-i ,ia ’un in s I j~- s  - 5 a id 1~

I_ ac - gu il e ’ d u r - s t  h - -n :  ‘ - u  1 i~~ i- c t rs s ’  to f - p r  t i m e - s  n n ’ ;  l s i l t 1 - . for

= 0 (amn I m en 5 ) .—m cs ’ i, ’ n ’ ,! i np, Is’  n: is: in! €- m ’ p re ’tat i - ii.
1’

Pul n-s e s i - I  ~‘,i - ,l 1 m’~ ‘~ a- - n : er~ Iii nomi l i m -~k- a r  mi s fn ; ’ — ; ‘rnc u - a n  I up a, hu,- n sse’ ’;

no on s ,is c i  l p p s n s ) ’ ,  Lt’i ’ ,’ s ii ~-e ! Is ’ -  f m ’ i u ’ !  I -S i  of  t ie’ I b r a t  ~ 5 , b pt ’ ’ r is u- r -- r ;i-

t i v e  i s  a p p r o s l ” i ; m t & ’ l ’ .’ t / ‘~ l u ’ r  “ I i S  ~~se ss ” ; u in  t i r e  I n m ; ‘ ms  I sea -

/

Sin ce c lipp inut ‘‘ p m i m i c l s e ’ s- i s o l , - t ; ’’ in I i i ’ -  ~ i~~nci 1 sho ring n o is e  ‘ ‘ m 1 ~~s ’ a , t his ’

rat io a l  -;a a pprox i n : i ; s t  c ” ~he f r : m o t ~~nni oS t ime s i p i ’ ; m l s- n i t - i c y loot

as a co nsequ e ’ r ;m ’e’ of pros:e-s a inp (I ’ ?r ” u;n~ ,‘ , -
~~~

,‘)  . I t thi s r s ’ t i ’  is

s mnail l, t ime u c s - - ’ ant  o f  s ignal 1,-s t  is r-~~ch smaller t h iau i  t hi~ 5i ’ s u ’ , s 0 5  ef

noise cnr-rs:\- uuipprost ;e- I  , and t i m e  ;‘ ‘‘ -a i - proces s i ’mg s::~ ill  b-c ’  i m ’ ; p r ’ s\ ’ e’d -

iiowcve ’r , if becor ns ,’’ s neum r ly ui i ~
’ i t v , tiien SO muuc h s: iu ’ is is l c a n  be

cli pped that - - - m m i i i  of tin ’’ h i - n e - f i t  —~f s’uonl in ear n o i s e  pr ’ - - - ,‘‘ ‘-: b m ; m ’ ,  i n n  lost

For , s n ’ , I - i eni t cond i t ions , r
1 

is ty~~i - -: i J Iy about 1~ I sec • ;m rl i t I / I  i’n mim gs ’ a

b~ t n ’ ee ’ m~ 0. 03 nod 0 .08 sec d€ ’1 ’ . ’ is. i itig - ‘ c i  c o n d i t i o n s, l u - o m t ’ i s n , i f s  I h i l t  h s - m i s ,

c - t o .  (,‘~- i - ,”~~;~~iu ’  , 
~~~~~ As dILc~u ’ - -~~~,I in Sec . IV , tImc’ ne -~ i ’ n-, S S c m

reason  to  expect i t i -  ‘-lange much in nuclear t~nv Ire ‘ ni - -c ’  n it a • s -n - i 
~- i’~ 

t , ’r

a ver y  br i e:f p e r  loch c i t  t e r  s-as Is burst - ‘I’ hmus , t he inc r “, ss ~’ in n / u it -- @ 1

due so lely to pulse s pr e ’s md lnc ’  , w lm i Ii should be no W et ac t hs :it i cm fact ‘i-

o f ii or 4 g r e~ute r than ;e ,mn b ii’nt . Tak lu g the wors t  case , r I m
1 

‘shou ld

not exceed ab umut 0 .3  (4x 0.08)  under disturbed cond it lot ut ; , arid the

res ulting signal loss from anomalou s spreading would be less than

1.5 dB.

-- j-—- ‘
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I-’ i~ -, ssr c’s -
- nut - I  8 s un ’ - ’ ,s i ;,i l a g s ’ u a  - -  -‘ i 51’; . ‘

~ a nsI 5 , - sn-I ~ Is ’ - t ’ .’ - - ’ ’ i  i t t - s

t o n  f ‘100 m ,. n s u t l s e ’ i ’ ~i - - iu  I “. u ’- p - i[ti , al, ! n -a - m it - - a r e -  m n - ’ s t - s - i l j z ’ - -
0

- t i me ’  w; m’,’, - a u’ I at -c Ic  1 ‘‘ ‘nil - u - ‘‘ on’m I I p.  . s i r  t iii a m c - - i  I In Ic rcs ’ o I ‘;s- F

t i c ’ - c - f l e t , ,- - -  I t i c  mi- mc i s ’ ’ i I ’ / n OA cmiv - ‘ a r m - e n ’ u t i  b - i ]  ‘;,‘ ‘ ,,‘ - s ’ ,’ s - f , ’ rs , ,

- ‘ ii c ’ rs~mc I; it’’; a - i ’ - i ns ’ ml i ’s I ‘ ‘ s m :  t or I ‘ - . Fe,’ e’:-;an - n i’ i ‘ ‘  , a ’ r = I ‘‘m”

t l s t ’  pulse ise ’ j s ’’ nt I cir P 10 is “ c-s is (F Ig .  7)  to l’s ’ i’ s - l i m o s - !  In ,’ - ‘ i; l y

c m f a c t s ’ r  of 2 fre ’rn i i t s  -- , s l u e  i ’ s - S e t  ‘un l - Ien t  c s ans t i t i s n r n , as  ns - n - ; ; ’ ; i rs ’ ’,l

w it h  r,sort- thais nm f ; mc ts m r  of -S r u - -hu t m u  fo r  I “ (Fip - ~~~ - ‘I u s - a , -
5’

r e s u l t s  s t r e ’ ng t i s& ’ t s  our c’ u ’ m i r ’ l t i ’,b o n  t i s ; s t ,, a l t l s o n m i ’ i m  no i se ’  p , n l c s _’ ’  , - ,~~;;

undergo large c’mrior’:;i loiu s np r s - ; n - l  l 5 i ~ iii ismm c lear/ l ’s ’A c’ ruvi m’ ’ ’ i s n - : ’ - n s u  a , L ice

rat io i / s
i 

does not be-o nc e’ l,ir~ne n m s n u g h to s i in n i l f i c ;s n i t lv ~is ,n 5 ’r - ‘ u-h ’ ‘n v - ; t s - s - i

per formance .

i’~wc~,~;si:;c GAl .~ i :: I)iI ’I H’l,i’,iJ !IV ii’,ONIII-i ;iS

Figure 4 ii lu us t ra t ’ - - how :-:sl I ti me ’ two —p a r ; i mcter  r, ’j ’ r ‘ ‘ :s  m n t  s t  ion

(E q. ( 2 3 ) )  of the A1’l) for  I’ll noise f i t t e d  hu igi i—l eve1 I” ai i s n : noise

data. We next sh ow Al’h) s I or I oca t I c- ;ms other than Sai ga in ii’ ! I

turbed i :onuhi ti ”ns , and g ive r ’ ’ ’ — u l t  a ‘~howing t ime ’ d Ies t of c i i ’ c m : g e ’ s  In

environnsens t/Iu’u ’ation on desirer! c i i i lev e l .

F’ i rs t , c u - n s s i s i e ’ r  t hmi ’ effect of a s p r e a d — d e b r i s  uuc - Ic nm r  ~om a I’S -A ’S

eruvironm -nt ot m t im e AP Is . As d iscu sas ’ ’! in Sec . T I , t he rinit- m e ’ (so ul s ig imal

cxc i  t~~t ion f u i s  I _ o r wo u ld probabl y increase b y up to a I s ’ - ’ l i s ’ iliels clime ’

to t h e  lower lum p of  I 0mm -; ‘ h i s - r i  a refl e ct ion he I glu t s .  in asi (I I t i o n , th us

attenuation of ELF waves propagat log In the earth — ion osp i m u- ’ rs w av cguml ’ l s n

can incr ease h y as much uu s 1 or 2 dR /megamet er (depend l im p tin frequ e ncy)

over the atte tmuation experienced t inder ambient conditions . Since the

Gaussian component of t h i t ’  nol se p ropagates  over greater di at ances t i t an s

‘- —, -- ‘—-- —‘.- — _~~~~~~~-~~~~~._ ~~- - ‘— ;-‘~~
_ _ _
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t ime Ray le i eh ( : ; i m  i k e - ’ ,’ )  c - - i’ a s s e n t  , I u s ’  m r t ci t e’ - ‘  of a ‘ n~~s ’~ ct ’! - !, i - n  in,

t’nvironnuient im r Ii’ n -, -~i s i o e  - is’ n’ s - I a’ i-’e import  a s s c c ’  u - f  t h u  ~~~~~~ Ian rem ’ s ’-

pont ’nt; I . e . ,  t ime cpreuLi - !~-H i ’ s  t ’ ; ’a ii mn ’ n ie mst c - m i s s ’ - ~
‘ t o  im i r r s ’ - s ’ - s - - ‘ ‘ s ’ r

1 I_ S  u m mnsLi s e m i  t ‘, .  5 [Us’

s f  cours~’ , t I c s ’ spr’ - - u i - - I t — b r i m ;  r’ s ’ ’  h-I is ls I pI’ l - ,’ j i l t -a l t z t ’ i l  . I’ ’ ’r r;so re -

c s ’nnnp lcx e nv irnnnne ’msts that  s - x I m l h j  t pr- ’u imi unce d l a te ra l  I iih’ - : r i im 5 ’ e - t i ’ ’  it i s  S

t smc  net ef f e -c t  on the A PI’  Is -s s tn  ong, funct ion of t he rc’ l ‘ut I vs Ioc -; mt b u s

of the d is tu rb ance , ns ea r ’l-\ - t hs m u i i l e rs t i ’ r mmi  ; , I c t lV i t \’ , ,Ii’;t mii t  t t  , - . ,  ~5 , ,  ‘ - f  e m ’ s ’

act lvi ty , cund t h e  r e c e i v e r  . c r  r an s i ’ sp l e , a di ;nt urbance b r ’ ,- 51  i ‘.‘,l ove r

lightning a c t i ’ - : i t v  far  ru- r i t h e  rt’ ”c ’ ive r  could cause mm sI is : 5 ;

in t he relat I’’~ inport~u r s s - e  of t ime t h ts i ss ia n component • -is could a di a—

turba mice local ized betwee n nearb y ac t  iv ity  and the r s- ’ e i v - ’r . h - ’ reove r ,

I_ lie change in R causes i by env lromn ; ’ i t -mm ta l  changes dopes - ! a s - i t  t men I oi ui

I_ ion  of  the t r-’mnsm i t I_ e r in add I t i  “ in to t ime pa ra me te rs  p ivet :  ,-ii’ c ’ s .

However , t he ‘~j — r ead —d e br  is mnm or ic l i llus t ra tes  time type s - f  c i s ; s m n p c - - u  In’

be expected it s the AI’I) acid op t Imui’ - u I ip levels .  A p r nc e - s s l i u g  ‘ 50150155

designed to p s - r i  o mit wel l  fo r  - m v ar i s - i  y of spr euud— d e br ii; s - n a  i renrisni I_ s

should perfor :- well . I n  ‘ - t , huer ‘ - n v I r r t n n  e m i t s  that , a l t h s - m i s ’ h i  unsore - -‘ n ’ ip leo

to analyze , v - -a id not - d i  st a r t  the APi ) any more s e v e -’r c ’ I V -

Fi gure 9 shows time manner in vii i oh time higiu—levs - 1 ‘P u I pan ,\l’l) ‘aim

be alt ered b y w id c ’ s p r e a - t  lonuo sp her Ic d i s tu rbances .  Ti m n t - I s !  If ’  lou t  t --
ambient APi) , m ’ i u l c hu cor r s ’ - ; pon d c to ‘~ 4 . 4  (13 d B) , rs ’ ’ - n m i l t s  I s - a  1w ’ -

dis turbed c ase -s  are show u -m One of these cases c o rre n ; p e m mm ~ln n t s m  a

“ mo derat e ” c hange in API) resu l t ing  from time Gaussian c imr ip s ’ne-nt being ,

decreased 5 . 5  dB relat ive to the Ray leigh comp o n ment; I .e . , increa s es

from i ts  ambient value nsf 4 . 4 (13 dB ) to 8 .4  (18.5 d f l ) .  T h i s  level
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s- if clmuinge is ‘ H s i t e  rea ss ;n, ’u i ’ le  ;sm:Li , 1 , - i ’ exa mn i s i s ’ , c m i  re ’ -  ‘ c - It ; - -

i . i—d il/ nmme gu imn& ’t s r  lmnore ’ cm ’ ; ”  Ii; a t t  e m m i m n i t i on  r;m I en- (
~~v~~m a 4 - ’ e ” ! ‘- ‘ s r ~i f 5

re c e i v e r  i’ -’snsf ’ -: iej t I m )  it s in i - i t  - s s u t i o t ’ m  ‘ - ‘ ( S F e t i n s ’  -a  a r c ’s o t  t~ , i u u — ~~~i , ; m i

noise an - s 5 f- i- ’  t a r t _ S ue t ’ I m ’ ;-i s i s o  r s ’ c s ’ j ’ ’ cr th uc u n u-c time- ; - r 1 u m ’ (’ L - n , ‘ ‘I’ R ; m v l m - 1~ ’ im

noise.  ‘l ime ot su r m u s e  ‘ ; i cn ’ ’ ’ii is  t a t _ i- c ’ ;- - ’ , an d  - - r re - - ; i ’ s i n n s  to  t i e  ‘ - c s ’ s ’ , 

component being ds- ’ ,’r~’asi’,I 12 15 (‘m increase s ;  froi’m !s .~ I s ’  1 7 . 5) r e l at  has

to time sp ikev co m ponent . T i m b a I cad of c im an gs- ‘i i w i s t u ’a r r e s l ’ , s i n i , for

ex~mnp 1sn- , to a ‘ —d B/ r;m ’ s: a- ’ u ’ t s ’ r  i t c r s - , m s s -  in a t t t ’ i s m n a t i - ’ m m  r a t e -  - inn - I a

d i f f e re n c e  in propagatl ’~mi ‘ath l e s s ;  I_ l i .

lt is f :n:s— ’ - r tu m nm t  tan l s ’ ’ t s ’  t h int , ml t hough t i s -  i’; ‘c ‘ - 1  ~, ‘ r h ino

to non—Gaussi a n no ise c ; em ’  d iu’ ; i n s i s h  u;s ; ir~n e-nul y — — c .5 dli ; s n - l 2 - S E  fo r  t ics -

cases consider a l  ct ’i’V — — t  S e ,’ s ’ hm ; i ms p e  inì ‘ ~:i P2-!h no i’;e - - e m s  l’s-’ qm- s i t  s an,m 11

‘ i l mi s  be iuaviu r e -n cur s  l’s , s t nse ! s - t _ i n l  ~~~ noise ii- , d s ’ n i i s , s t e - l  5 - ’ -

f rom nearb y 1in,htmilii,~ 1 1 - s -dues ‘ hat , du n e  t o  th~ rs’:l I i ’ ’ is - ’ ‘:1 u - m ’ ’ ~-

gat ion pat h, 5! ’ )  not suf 1.- r large loss of energy in d I at usn i )e ’ sl s - u s a  i n o n —

- ments.  ilm e n n - s i f l  e f f e c t  is  u u s u m ; m i l v  c m reduction in t ime - u ’ n ’ - i ; un no i s e - ,

wi m ic i m  d - s en ’; c o t  4 Z r t c m t  lv u t  I ect  at;,] I~~ (S no ise ;  i . e .  , uI ri~~ I I c  , s s t
-I )

reducti ons in - m do not greatl y at It’ ct time anum a R ’ I’(l 4’ ‘f- ) 4 - ‘
“
. It

o s’u ‘

fo l lows tha t s i  i p level’s ,shmou ld bo based on the’ rat  i s ’ , ‘, , m l  ( P - s t c s s i , n m s

to non—Gauss i sin noise ra t h e r  t iman on to ta l  h-1 ’I1-~ no isem .

Figure l(~ s h ows 1 m r s ~ - t- ’ s ; ’ ; i ’ 5 4 - ’, g sm i n u  (Eq . ( 2 7 ) )  as a b tn n i c’t  i r I s  of c l i p

lev el (in P ’ S  unit,s) for  hml gh- leve l Sai pan l u m u E S e .  i-s n e t-mum ntip le . I u ur

ambient Londit. tons , set ?  luig t I u s ’  c i i ; l evel 20 dB above I 11 I 1~ l~r ss ’ n i s - i u ’ m ;  - s

s r i - u  s ’ s ’n  ins’ c ’ai ’n of /s ml!’- , a - ! u - ’ m - - is  a ‘i .’t F i t s ;  o~ — 1 1 (lB s — ~~s ’ - s t ’s’ - m m i v  i sn ’ s cs m n

a c h i e v a bl e  g,-u !rm of 13 dii . i-er t h i s  case , lower s e t t i n g s  m i c a  u lo t

d esirab le. No addi t iona l p roc ess ing  4 -a im can be ac hIL- v .- -! s in ce  t ime ’

~ 
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sp i key con’mpons :’nt i a emi l v 1 1 sf11 - m Is- vu t se ’  Gin m n s ; ’ i s ’ s  a: ~ ‘ - n u n s ’ • a n us i l ’ s ’ - ’ ’’

settings would de~’- r,ads’ ;snv :s l s:u ’ ;s l t i n - ! r imi gl mt s - p~ ‘- ‘,s ; i .  i ’ m  I s - -  e i s a —

t s u r u s e ’s i cas e ’ , i’i g. 11) si ’ s ’ ’ ’ - ’ ;  t i ; : u t  t ; s ’ t t  i m p  t I me  c l i p l u - - n - s 1 r ut  - - I  ~- t - ’  - 20 cl ii

give ;, the nu axi ” mim: ’ s 1’ , s i u n  ot  ~‘ I  “c I (~ -5 . ’, ) ’
~~ ‘ ‘; . -

‘l’o as s e s - - t im e ’  s a p s - c  t ’ d  p’ u i  om ;;, s sa a of s i P  no i so I ‘s, ’ ’n, ’ic’ u ’s , F m  pa

;) and 10 must be used t c p s - t c c s ’ r .  An ’s s ;n;merin e n ’ s l I’l,F n d ’ ,, c i i; ’i -s r

deve loped as ar t  of t h e- PAhPI ’T PI - ’ ‘- ‘ ‘-‘f  e ms’s , cs u n t  i u i u s ’ m is l  a ; u - h m 1 s t n ;  ‘ms . t h at

cl ipping o c c i u m  5 some sp . - j 5- j r  5 1 m c  I I s - n  of tile’ t in- s : ~- t  nm 0 ‘ u - -

‘
‘ ) .  The p r e c i s e  v s s i i u p  of  t i s i m ;  l’ r u i c t i s - s ;  is ns t - m ’ i t i s a i  ,

cC ) to ‘( 5 ps ’ r c s - : i t  ~‘ r s s ~’ed ss u c - - s - ’ ; ’ ,I c m l  for  am ble ’mt no ise .  l u - i - ;ir’ i’ ient  ‘ ; ‘ u I—

dit ions , Fig . ~ s S ’ u ’ w s  t ;  S t  sn I  I p p i m n s  o c c u r s  60 percent  of t i m s ’ t I i :s C i f

the c~ Ip level is se t  at — 13 dli and sO percent of ti me t i sis - ’ if f ; .  1 ,”’;!

is se~ at —1 7 sI P . Fr o m ’ s Fig - l~~, it i s  seen that s’l ths v r -re t t i s - p mm i f ’ ’ ’ -

esse n t ia l ly t I - s  ma x im mu s ;s ac im i ; ’ ’ ,- - s b l e  ( 13 dli) processing p- s i n .  1i- r~ s ” n- s ’ r ,

a cl ip level s -s h i g h as - l() dl’- , w L m I u : i m  corresponds to  c i lpç s Iin ~’ ~~~~ percent

o f the t it’ll- f u n  r ant’ lent is kgb— I I ’v e !  15 - s  I pan noi se (Fi g . ° S , inlins g i ves

su bs- u’- 3 dli ot pr’ .us ’es S im m ~; gn u Ii’s .  ‘fim uis , wi th i n  re a s ss n n , ml ’  ~n’ bs ’mi u t ’ sds , ‘ Lie

I r e - ’ i i c ted  p~~’’ u ’n.s ifl g gain is nat a sensitive function ~‘f cli p level.

For t lie s’ m d s’ ra tel v - l i z t i s , -
~ i ’ s !  ‘ ‘ u- ‘ - ‘; i s u ’ ~’ui j i m  5 I’ ’ . — s -

‘ ~~~ 1, _
s

s n - li ppi mm g oc “ s u m  ‘; 2 s ) umud ~~ percent of time t Inc i f  t Ime ci i i -  hov e l  Is

set ‘it —1 5 an ’ s - i — ‘1 dli , respec t i ve l y .  Figure 10 sh ows t ‘ sat , in u-i  thor

case , the r-,,mx i nmum process; i um g gain s,st 18.5 dB is ;u ls p rs , s c i t s ,! . These

results sugge st ii rule ol timunib that is perhaps evident rum l o t _ u n  it  I

grounds. Spe r ific a lly , If ti me clip level is set so t h a t  clipp ing

occurs a t raction of the time corre sponding to time Gaussian region

of an APD gra~’-h , nearly up timum noise suppression results. More
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simp ly, I s - m r t h i s -  t ’ .-j - ’ of \ 5 ’ I s  p lo t  u s - v - i  on i- g , ‘s , t hus ’ c l i p h e - c ’ s - i  shou ld

be set a few d s’c ih el s ho-i ‘-a’ t i m e k nme ’ s ’ in the c u rve .

A } ’ ’ s ansi s l r r e s p u - n  1 i’sg I ’ m’ s _ s - c ’ ’ ; ’ . I imp , ga in- ;  - s m ’ ;  s I 5 m ’  - ‘ ‘‘ - - 1  ‘- ‘ i s ’ -

show n let’ is ’ s - ui ’ i , u t  ~ - ~ s ‘ n - &-~ ~t , u1  t i n  :‘ s. u i ’;~ s ’ s-I !o r w  5 .. no I s e  in 1 1 5 - s .  11

t l s t u - m i g ; c  I - - . ‘I;i~~’ .u ’  rc ’ ,mn l a  r’ s ’ i : n ’ ors ’ s ’ t i m e  main c,onc lus i’ ’: i’ -s d r , u’ ; rm muhr ’j e- :

(1) Pa c it  i c — C )  i cr ra ’ c mo- !s” l - m g r - ’ s ’ s  mn - e l i wi th ’ s  measured ,P f l~;, ;mnd ( 2)

— , ; — n o  i ’  ‘‘ — ‘ ~~- 
-

— -
‘ - s  ‘ -

‘ ‘ u s  r a ; ‘ ‘ - ,‘ ‘ ‘  n,

- : ‘ ‘- c- - - ‘
• ‘ - ,‘ ‘ n c ’  -~u- ~~~~~~~ 

~~~~~~~~~~~~~~~~ 5 5 ’ ;  - :“ 5
~~a’ - 1 ‘~~C - ’ 5 ”~

Time u les i g n  u ’f t ime c ’ a p e r i m - ’ - n t - ’mi C ) A ’ s t ’ l . I  c l ippe r t h u s  s I-pears -- P  1 1

suited to a ~‘! - I c  range , - t - s ’ s s . ’ l r s ’ uc m s s ’ m ’ s s. ii condi ’. i ons .
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1’ ,’ . ! _ I ’ : i h ~~
—
~ I’~~- ,, _ 5 ’I i m . i I’ c - —  

~‘ I ! )  i’ s s , i — IuI I ‘ 1~- , ’ l i  , u ’ s ’  ‘ 1 ) 1 ’ s

P i s ’~ ’ i u u s s ~; ; s - s t  Ions 5 ’ , ’ i , , , , ,  U - ‘ i ’ m - u -  ne- I  g r i m - c u r l  iv  ‘ s i l l  t s ~ s - f f s ,’ c t ’

a I ussi sum s;, s I OilS 
~

- m us 5 5 ,5 - n - st  j i a s  s’n T I ’  u s s u 5 ’ ’ u ’ ’ , t n ’ s  t I~;i I ru f l - S  n- u I ‘ ; ‘ ‘  j i n  a a ‘l i s t n-s -

5 ( ‘ 515 . i s’ss. - :u - ‘  - ‘m , s’ - Is ci’ - - - ‘ cbs S m s i ’ m ’  ss ;  s ’ ’  i s ’ t h s; m t ‘ - ( 5 5  s i n- u - ‘ u ;  ‘ ‘~~~ - - 1’ , ’ ’ - ‘ s )

S t  r ; u s ’ - 5 - S s s ’ s ’ i Sn u ‘~ !s in~ in U’’ - P - s c ’ - ’ ’,’ I u’os m ;“ u ’ ’ m t s .  l i m o  p - s t  -h ’ ’  i s ’ - ” s ; ’ s ’ r ls:’n au

is t he e l e c t  u - ’ v ; s p i s ’ ’t i s ’  ‘ , s  ~~ ~5 ‘TV ) , ‘~~- i c bm is I ig h m tn I i s s s — I i T ’ s~ -

lightning I I r s - m i s c ’ s ha’.’s’ - is  i u s ’ t s m s ’ s ’ s i  1- c ~‘, rs ’ s i m i - - - lov ’ ’ 1  - s a S s - m r  l’- - s r - r r s ; ,

Inc is u- l ing n- i t i s o r m ’ ; s ’ m ’ s - m , ’ I , ’ : i m  , i a l n , u 5  ut i -i -  a,’ F n i w e ’ t ’ s l - - / s tH 5 ( 1 ’ - “‘ , - c : 1 .

:m7: ) ! I m s ’ a s -  j o d uu s ’ s ’ d 1 5 ’ l p ’ , ye’ s - - - I j c !  lnrt rs ,n’s l ime  i”~~’ , ‘it s t -

_ s ~ s~ - ; u r e — i m t i v  c ; ; ’ m s u ” s I by ‘ i n ’ s  ‘ s  i s ’ , ‘ l s - ’t  ri c f li ” ! I  -;  ;‘, ‘ m - s — r - ’ u - - i s , ~~~ - ‘ j~ ’ - s

electrons prs  uuc s- d by ‘ - ; m ’ ; : n ; m radiat h u m  I rem ’s t i su ’  ds ’ton -st is  n. ~1e  t

durat ion of t ime obs e rve - ’ ’ f i s- ; tm sa~ - - n - s ’ - ] c ’ s~; than 1(11) us - -er . li sa , Ics ” - u

sunma ll f r a c t  is’5 o f  a i r e s - s ’s - i  ;m 1t e ’ r  n-s u i ums s lp;ir ’ hsir ’;t , a rm I’I I’ j ’ sos. s ; i !  11’

fol lowed by induced I i~- ’ - t n ’m i n ~ s i ll I ’ - -  re ase  t im _ i  ; m t rn os ; sn - lm s ’ s  S c  m:°i me’ . lip’,-’—

e v e r , suc h a -~ho r t — l i v &  - :  i m i r s  c- mis, ’ in n noise sho uuld not a s - i - i o s ; a l v  deg r ”s u le

ELF cor.nmun is ’ a ’  i r is  s~ ’ m m te rn ps-’ ri’ s ’ r r s , u s s  - e

~~ p r~ n - ~ p Is ’ 1 ‘ ;su i ’ t i i  s ’  s ’  stf t ’ -,~ ‘ ‘ s m- s widespread ft ’ s- a ~ t :s 5 ’ 5 s ’ S  n - se ;m

r , ’ - n - u u i t  O f  ; u n m ’ s - l e a r  COn 4 1 I s . ’t rs isi l.’l I~r u s I s u s ’e t lc mu rm s ,l e r s t o m  s - s ‘ S m -u us ;’ 1-v

tn  gp ’ ri ii;’ c r - n - s - s t i’.’~’ u s ’ - I mb I I t v .  II sim s-h ,s ‘ , ! ‘ s e ’ y ’ s s,u i f l ” ) s ’ ‘ 5 ;  h i s ’  - ‘ ‘ ( I  m u i ’s !!

an inc rease  Its Fi b- ;itiniu’ ’; ; s i m c ’ u ’ i ‘ m iojo c ; ‘ e r : r l s t i u m - - ’ for  l i i ’ s u ’’ m l d  m s ’ ’ n s ; ! i

Accordingly, , ; ‘ ~ g i r t o f  5 lie s t u d y  re - s o r t ed  imere” in , a ‘~-s - -i l I sm - - c , !

e f f o r t  was e xp ended to s i - I e r- i- - m i-’ m-,’hem Su e r  ; m u ’ s~’ ,‘‘ n- f i s - n c , ’ .‘‘ n~~m sl - ‘ t ~- S t

la rge—scale f I r e s  could tu ’ s d s u -e l l t ’ l m t  ning c u r t  lv i  t - ,- . 1u u s no ;iu s m s -u i - n t Is

tr eatnment wou ld be in t ra c table , t he approach taken w as t o  -ont . ’ ) c t

aut hor i t ies and survey l i t e ra tu re  oh m f o res t  f i r es .  A s s s s h g hit  be - ex iu c ’s ’ t ed ,

the resu lts of the surve y wer e so mewi s i t inconclusive due to a lack o f

‘- “ri~ 
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- - Is I

S i .  - - s ’~ t u s ! ’ I 5 , I’ -~- 5  ‘ ‘ ‘ ‘ ‘~~ 
- ‘ - ‘ !  f’ S ‘ ‘ i - 5 ‘s  1 ; ’ )  I ‘ - ‘ ; ! a  In

no ~ clv ins- l i c u t  “I t I s n - u t  1 -s ,- - - S N” i s  - - - s - sI 1 I ‘ - ‘  - i s ’ s  h s m ~-, . - 5 -  q - - “ ~ 5 u ’  ~ s s ’ ~ I 0 m m

was h ;s ;n s - u i  eu’s t s s - i  - a r m  ‘ t I , - is  u - ‘ - ‘ ‘ ‘ c - ’ , ’  s ’ s  f I r e - s  a-i - lu - , ‘ ‘ - ‘ - m n ;  r I -s ‘ s d

ii ,~i s t i ’ s  ( h a .  - ‘ 1  ,‘s ” usr Se ’ , 5 is - a s  ( ,~ - s  - IO~ S ~~~~ si - s  5 - 1 5 5  1 s - S ,  S m , ; ’  5 ( ‘ - ‘

i s - r s ’ m r t t 11 ’ u- ’’ - ‘ s m - s I  i v o s ’ ( ’ ’a~~~~s ’ ~~ , > i - l r c  ‘‘5- l i e i  - u t  c s’s m s ’’ l ’ - l ’ r’ t~~ j 1 -~- t us Inc

‘c t  i v i  t n -  . I t ’ s ; ’ - ’ n u s ; t  i , , - ‘ t i  - ‘ 10 1  S c m; F i r s ’  i r s  t i ’ s ’  I ~
‘ssu ;sdr - ‘ ‘ i s  I ’ m ’ s !

f - u s r e ’ s t  — — t i m r e ’ e  - m n - i  s s s ~~~! , , 
~ 1 ‘ ; m ’ s ~ 5 5 4 l ’ s ’ i n u l e ra t  ‘ - r r sss  (‘fl ’Sfl ’ ’ ’l . fl u ’ ) ’  55 ”

v-a my t s  ,ls r r s - ’ r t , m i r u  w b m s ’ t l s  . ‘i ~~~~ ’ ’s r  ct ( i l ’ S 1-losu ld I - m e ”  ss - - c s c u ’ m’ ’ - S 
~~ t V - - ,‘i1,~~r~ss

of t ime t’ i re .

‘lime s ’s s - ; t  n b - t a l l  ~,, 5  5 5 5 ;  ,~ s ’ ’ ’ s s , I s ’ s ’ t s - s u r o i s n s - j m ; ’ s l c s ’ s - S i ’  j s s -  -

ds ur inn, sin- i n - s - r ‘ ‘ m ’ m m I ; m r  ; - ‘ ‘ 1 u’ s - i s -s -~‘ e’ ’ ’ ’ - nt es l  I-’: Rood , s ’ ( - ‘ - - ‘ ‘~~~~) iii

report imi s- on ! s , ’  h ’ s s- , s’ i s r ’ s - ; l st I r e ’ s j i m  ‘n - - s t hs ’ ; s a t s ” s n  ias’ -amml , s -c  7 I’o l ’ r s u . s y ’ .

j ’ m ( ,7 •  It was  s’ens’ ]!iu - !ssu s I li- it ‘-“so l,irm’e c s s ’ sn , v i - s’ t  i vs-  cI  en t a ’ - ’ ’ - s  -- t i s - i - - re ’ t

by t he i r ’ ’ — nn-~ t ha’ , s -r e ’  - cs ’ i s ’  s , t I 5 s n - s m r s~: - n  5~ f ’ s  , -
~~~~ -~~ ‘ ‘  5 5 , Is -’

instab i lity .  ‘ihims , t lmem’e ’  e”x i’ -s t a I - s s - nes u a evidence that ~~~~~ - p s ’ ’- u mi f~~rc’’;

cou ld ctimul,- m t c -  t hmr nns be r ; s t  nm ’ s  .- u c t l - - i t v  provided that  u s s’’ - - ’ ~ i a u  i ns ’  cus s ,— --

dj t i o n s  are s s m f t ; , b le .

( ‘ u s t i s~ ’ h- s ’s i - n -  of t I m - ’  iniso ’ :- ’ i n f s s u i ’ a t i o n , it  Is ou r s ’ s  - - 1  l i - s s r ’  m is s—

cJ ,i i~; i u s m s  t i uat  u S s s s n s ! ’ ’ n n - s t o r s - -  ;5c ~ ‘,‘j ~~~s - ~,j 1I not in ’ re - n - iso ‘ r f - ’ s S f ’ s ’ ‘ s - S I ’ ,- - --

s; .n1~, ar m order s f  us - c s ,n i  t -s ’ 5 s ,- — ’ — j u-t t In’ m ’ s ’ : ; t — s l e t o n a t  ion en’’ j i~ ’ ’ t i 5 ~’’ 5 5

s ) hviuuslv , n - s ~ s e~, s t :  deal c - f  !m l -sc eu ’ t ; ’ s j l ’ s ’ \ ’  h i-; assoc iated ‘ ‘i  I!- ! i u I S  s ’s - rn’ ! m s - - i ou ’ s .

exampl e , one m- mh e r f t h u r U . ~~. For e s m t C), ’ rv i s - c , ~ert  ht ’ ru ’s F ‘u” ’ t
Fire Labor i n t o ’  V , st ,-m t s’s l that, in 20 years of observing f em ’ es t  f ires , some
of t hem enormous , he hash not once detected lightni ng ,

5— ~~~~--- ‘~~~-~~~,,—~~~~~ - -.‘-~ v- - - - ‘-
~~~~‘-‘~

-— -‘--- ----_ -~~~
--—- — “
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- 5 /u

A u ’ s n - i i ’,’ t , ic  ‘ ‘X ; - i ’ s ’ ’ - s ,—r i o s s n - - - 5 ’ s ~ ,m ,,, ;, r H ’ ’  I I F  n u s f s , ’ — -~ ’ s s 5 ’ .’ - ‘ ‘ - ; ‘ - _ — — - f n r r’’ ’ - ‘ s - I

nem h s ,e ’ s\ l ’ l u ’ —n 1 s - e ’ ’e l o s - r i  s 5 s ’ S ’ ’ ’’ ’ . ~u ~ s s ’ ’ case’ ;  ~‘ —n d s m ’ ‘ ‘‘5’ s - i s !  i ‘ ;  - ‘ I n - t  i f - i s - — S

‘s~’ i t 5  c- - s i  l ,sh l  “‘ ‘ - ‘ - ;~ - s ’ t ’ s s ’ s ’ m - m n - u i  -V i i 5 ‘ m m ’ 5~~~} r ’ - s — s ’ s l t ’ ;  f r  s - - m u — i s  l i ’ ’ s 5 i ’  ‘ 5 ’ ’’ - —
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