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':¡nry+eg

fhts thcrt¡ lc ooneernecl wlth obse:r¡atÍons of the Effeate

of the Íonoaphcre on rad.lo ravós rroe:lvecl fr"on earth satEllltea"

Dedtuctlons srs maile about the !"ntegrated, electron eontent of the

lonotpher.o, mô about the {rregularltles of electron denrlty

çhtoh are freErently presant.

fhe fi.rst part of the thesls ls conce¡neil rJ t?r the tlreory

:requlreil i.n tho lnterpretatfon of the obser:vatlona, rhe theory

of the propagatlon of radLo lraÍBs thr"ough a med.lrr¡o containing

ranilou var{.atlons of e].catron d.enstty ls fLrst revleroil¡ the

atturyru.on Lc nade that the scatterLng :lr "roakñ. ^&ppllaatloao

of the theorXr to practlcal obsenratlons are then consLd.er6dl. It
ts sborn thetr 1a prlnolple, observ¿tLons of ampS.itucLe flluctuatlonE

of thc reaelveil radlo wever oan Èe use¿l to cLeteruine the follorl.ag

rtatl.¡tLoal propertl.er of thc Lonospherle irre6uS.ar{.tiep; (f) tUe

cJ.¡s anil axfaL mtÍo of the lrr.eguJ.arC.tler (fi) ttre nean helght

sf the laycr 1n rhloh the lrregrrJ.arttles exlat, ancl (fff) tUe

thi.oknc¡r of thls la¡rer. In ¡one o¿üEs several lndepenilent

nethodls arc avaLLabLe for ths ctctcrml¡ati.on of theae Euantitiee.

A partlouJ"ar}y Lnteroatlng pred.{otton of, the thoory ls tåat the

aaplltrnle flluotuatlont (or aselntll}at!.on d.eptht) should be a

naxLut¡n rhcn tbc raetlo rav6r propagate parallel to the d.l-reotLon

of ttro car.thfa nagnctio f,leIil. Thls arl¡es frrm ttre f,aot t]rat

tha Lono4ùrordo lrrcguLarftteü atre cloagaterl andl havs thef.r Long



axls 1n the ðù"eoùlon of the f,leld.. fhe a,nount of thLe

enhalroenent Ls gneater the larger the a¡ctal ratlo of the

XrregulsrltLesr fbe theoretLcat Bectåon of, tåe thesls oonoLud,ee

rlth a br{-ef ravleç of the theory of litro FaracLay cfycot, a¡dl of the

natho¿l by whtoh thls effect oan bs usodl ùo dtctcrnl.ne tbc tntegratcil

e}aotroa oontont sf the ionotphere.

lhe seooncl part of trhe thesis dessr-lbee the equfpnent useû,

the obacrrat:lon¡ wbLoh rere nadler an¿ the rosults obt¿lnetl. 0nLy

the nor€ fnterneatlng andt rmexpeoteð re¡trlt¡ ¡riLL be sunnarL¡ert

hG¡le. Tt Ls founð that at Ádolaiil.e, a¡ryneoiabl.e sofntr-LletLon

ogcurË by ðay as üolL ar by ntgbtr the d.ay'-ff.no effeot ta Brobably

dlt¡o to t¡rogular"ltLos Ln tbe E-lrogion nlth a slge Ls¡s tban Orþ }ir.

lhe onh,anoeuent of ¡oÍ.ntilleti.on d,cpth rhen the ¡ateltrltc L¡ olsEe

to t'ho eti.reetLon of the nagnct!.o flel.il fr ob¡s¡rvccl, but a¡rpears to

be of a dlltforsnt aature f,rron tbat prcdttoüeil by thc thcory.

Unex¡notodll.y, liherc L¡ ofborr gcl¡tlLlatto¡ rben ths ray path lr
rttht-n a f,er ilc6recr of, the f,loldl clLrcoti.on, evon ühsn thero Ls no

rot¡tlÏL¿tlon at alJ' eLrõrhem on tJrs rcoo¡d for ths tran¡lt
soaaG¡ned,r Å tentatlvo eocplanatf.on f,or thf.t phcnouenon La

a,tlvaaoadL¡ ft ls trrggettod that oxtrmcly long raakly lo¡rlsed.

nf,Llaacnttn must exfst ln the ulrpon parù of thc F-rcglon, aLlgrodt

;ftt¡ the carühtr flclel,¡ fh:la effaot ia obse¡¡redl only by nf.ght.

stud.f.er of f,xuotuat!.onr i.a l¡ho totsl çlaotron oontcnt, ac obæmodL

by tihe Ferad.ay nethoit, ¡hor that tbeac arr aot mX.atodt to tür



o.sßlrpr sF wq* du¡rr rÍ .raf,rnl .*¡q*¡rr?¡rt¡eo

rnr *T tffi tmÊümilr ffi ?üËq¡ uo¡*rq¡ üg Jo Sü*r¡Eü

er*.aoTr Tü)ô* ¡û råilImûrp Twûtür rrü| ipæErr¡Ð u.rq nr¡q

tlo¡tp w¡*mto¡r .f*¡¡rtñ*¡T J6 ¡rprotç IW rrn, trúrrtr{t trfp¡lrry

cf romfpr ¡n *or¡d *nr*¡afuf ür'sT î,æJ rpq¡, 'Ë!*rrl*¡
rm rf {aoro u4¡o qoTNF m¡¡prçnÍrraç .læs firil¡ ¡io ,rry1rd,



To the best of the authsr t s knowled.ge thÍs thesis

contains no matería1 previously publ.Íshed. or wrítten by

another person, except where d.ue ref erence is nad.e. It
contains no materÍal whieh has been accepted" for the

avrarcL of any other degree ,or d"i.plona in any University,
except where d.ue reference is nad.e.
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i"d.elaid.e Univer síty
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CHÅFÎER 1.

Å SBORS STTBV&Y OF 8.ADIO ¡TEflTTODS

Eis torloalæ1.1

Tbe c¡¡¡l.oratlon of the fonoaphere by tbs use of ¡ad'l'o

w&vts be6n'n wlth the sodc of å'PBLeton in thc 193of e'

*n early aûva,nce¡ the uac cf pulaeð traagnl.eslonc¡ rea

ploncereit by 3æt t aad. fh¡r'e ln â¡¡srloa antl. takoa up by ÀBXrLc{on

rn Engl"a,ne[. 8b€ Bothoct led to tho dcvolopment of, the lonosonde

wltb vbloh a se¡{.el of bei,ghts l.n tb,e lonospbere a3e e4pl'ored.

b¡r neane of a progreaelve ohå¡igs of, red.lo frequonoy. OnLy wlth

tbc reoeat d.ovelopnont of cleetronic ooeputere bee tb.e fuLl

potentlal. of this ¿pparatuE been realicetlr for the aonverel'on

of th"o LonogmU, a plot of grou¡r d,e1ay YcrËus frequencyl lnto a

ourrre showLng eJ.ectron itc¡elty as a funotion of hetgbt¡ requt'rea

olaborate ogaputatlons. lfheee oonButatl,ona ar6 nor carried.

out on e lot¡tlns þesLs at na,n¡r statf,ons¡ anô have been appl'l'etl'

to the data fr.on both €¡¡öund-ba¡ed, lonosondes a'nô the ro-called'

ntopsld.g'sounders" oarr:led Ln sataLll,tes. 3y Oonbfníng recOrd'a

obtalned. froo botb sou¡oos¡ completc Ëcleotron d'ensity proff].epñ

oan bo obtal,ncit¡ abonlng bot thc olêatron cl.enalty varls¡ íltb

betgbt throughout tho rfholc f.onoapb,etco llhc etucly of theso

rasults Ls pmTlil.tng netr lnfolüetlon about thc nlargc-Foalttl

btbavLour of tbs tonospbereo

IhlLc sor¡nd.lng netbod.¡ vore botng ûeveLoBcil; laterestfng

f,aats rola.tcel. to the ñflns-soal.on stanotu¡¡ of ths lonoEBhere

sæe notsd.. It rae obee¡ved that tbc eoho pulee returned fron



gr

fbr l,otortrrh.ür ras oftts nlcb loÌ¡Cür la ùn¡ratfor tbsn tbt llrl¡rË
ütttcü pul,m¡ aaû tlat tär dlffærnt prrtl of tbr l,ragûLerð örbo

Ter'|'.û r*nûonly tn 6t!ür¡t¡r ln a ra¡acr arggtrrtfüü c rsattcr!,ag

FÍgoltlr $ar rgbo$ rttu*Erd, fllon thr F-rrfÛ,on ef, ttr l"ons¡phcr¡

ttr plmsnæË rat parttcultd¡ rartr{¡ aaÅ tt srrr tô bf Lnar¡

u rrptla&Fi.

It r¿¡ alro ftunô tlat rssrrrlæ rmbtË sf ¿ ütr'l,il

of lebs ¡mlgrr efts ratllü[ la ¡tnnçtLr f¡ r ranûe¡ relrr tvrn

tf, thc tðåûrt rrÌrr not rrsrt¿.ôr. fht¡ pbrnq*¡lon¡ &nortr ar

trfaillag*l rrl ttsd,lrd r¡tmrirrþ þ ffetallff¡ aat I'aragr !,n

l¡br t¡tr tg30rrr ötudlcr uçlag rpaard, rlrotlvórÉ ¡borrù tbnt

thr rfltctl,on prûocss 1¡ thr lomr¡rhrn Lr brst tbsugtrt cf

tr tr¡ur of a tlunls¡ nçattcrl¡ü rcrtrnft rbleh rxrrür ant, ehr,ngu

uuÄæ tl¡ ætloa of r1dt aarl tn¡tnr.lrat &tlen¡. ?hr¡e t¡rærü

il€rtTË rrthsd; ¿¡6 ¡lntltr l¡ oolotÞtlon to tho¡e to Þr

ilf,rcunrt lrt* ta tb!,r lhrrlt.
&r rl.rwtropnæt sf, rodlç-artlonoqr få tf,t l9ÍOr¡ rllomû¡

fcr thr flr¡t ttnr¡ tbt ¡ù¡ilt of thr rf,f¡ott of tlt lonorphcn

o¡ I ¡nà16 ¡ravl tr¿rnttt¡rl rt*bt tb*t¡Ch tt. .|[lr lntrnrliq of

rtålo-rteË ÍBt fod to trl¡r ¡ra¡nnfy (t pblroreon anrlo6mrr

tl tbr *trtntsXtnûr of vlrl.blt tt¡rr) 
"¡¿ 

ltrtr¡¡ rt Certrl,if6r

auå Jd, rrlt Bü¡h rhtüù ttt rffrot to br dnr to t¡rr¡nllr{,t!,æ

of lorfuntlon t¡ thr lonorpbtrr rtad,l,o-rtqr mlatl,ll¡tlour
r*r foud, to br nlrrrBt rrtal,t at nttht¡ Ïut {1¿ rot oory

ü"rtF ¡¡l¡¡tt ¡ tlam cørrrl,etloa ncr r¡taÈli¡lrü, ritÞ tbr oconr-

.¡iltr of ¡Br¡û'ü rcbotq r¡sratlnü tlat tþe rar lnr¡ul¡rltlu



!.
wc¡Fr lcüpoüsfblô fo¡r totb pbüûî.qtrc Ír¡¡rthor üsr.ln nt 6enbrtd6l

rhev.û thøar F-reãú.on kerüUlsrt'ttr¡ to br bt*hly anl,rotloBlc¡

bavlng tär fo¡n of .leqgstt¿ Glsuô¡ tlth tb,cl,r long amr allærå

sloug tbr grmqnrtr.c f161il,¡ $uoh lærgtüa¡ttL¡r muLü Þr

.r¡¡q6tüð to proüuot xb¿ot*aoattôrtugË of e red,ls wã,vür SrsYlal¡d

lt nr,3 lncl¡lürt plrprrûl,ouLa¡ tô thGl! lont Lrott üslktil st

$tgtrford Àoonpt¡rsttû that tuoÞ tetl}to¡rcrnattivrË lsbotr 6ou1ô

tn faot tr sbscrmd at frroquo¡bl,ts of, abËut 30 lofrt
XÞ I95? tho sovlct Uni,on l,annsh,rd, tb* flrst erttftçleL

sat¡ll.r.te¡ Sputnll Ir rþish o*¡rl,ed reütc tran¡ni,ttr¡¡ at

frequcaal,cr of A0 rc/e aü¡l 40 l&.fr, loilËct¡ çbo¡r lnte¡eats

b¡å l¿tn tn thc ttuÅ¡r of, raðlo*etan solntlllatl,on rooogrl¡cil

at tbat tlat thet euoh a setclll,tr p¡orlil,dl a rLgnaL rqtrror

rltl adraa*agrr not bclil þ a ¡adio-starr Btöår thrn¡ [try

I¡BBII! havr ap¡nar$ rbloh ül,sçEt¡ n¡atrllLtc eolntlllationÉ¡

å!d c ¡trdy of, tht pbrnønnn¡ f,t¡rn¡ tbc uater porùlon of tbr

p!çlüt tltrlr.
tbr un of tmn¡nttttag natrllXtcs al¡o pcrml¡trrl ttc

il¡tcl*Lnatlon of tbr iltot¡l rlcot¡on sontetn (t!¡ tetal nuabtr

of rlcotrÞnr ln a sohm of, untt a¡es brtrlra tht ob¡rrrl
aeü tbf üattltltt) !ry a nttü¡rffiat of thr tot*l angte of

¡otatloa of tbt pLaur of Bola¡f,saùi,o¡ sf, a ra.d,to reva tn ltr

Irat6agt tb¡ou*h thc lonetphrls. fh¡ nrthod'r rbj.oh fi hnoçl¡

ag tbr Ferad,ay ntÞoü (tho ¡otatlon¡ pbt¡onnttn t*t ftrat

ûmastretrð hy far*ih¡r t¡ thr l*bolntoty), Aar provcil to br

a ustfi¡l mpplereat te tàr ngr of trøns¡std'r*¡ Eooo ¡eaul'tr



4r
obt*lnritr þ tbc Farada¡ lrtäoô t$t ¿orcr¿briX fn thlr thrctsr

1¡3 f;eFÊ¿trüail-of lf.f;hp4l

Slacr thc rsr5 to br rcport¡t þrro lr prl,J¡otpafþ

oons.rrrdl rtth tbr lttd*y of tlrrguterltl,ñ¡ tt 1r ¡¡¡P¡çp¡datr

te ¡uÐ&rlrat lü e 6tnæal ;ey¡ ttr arilvantagt¡ alå ûlm,ilvrategll

of, ttr mthtû¡ avaLl'¿bhr

fbr atuÅy o! rntradl.P caholr har l¡br illradvâ,nt¡Ut¡ t&êt

only e p&rt of thr tonorpbrrc Lr ¡rU¡Xrü - tb¿t prrt rbloh lfu¡

ùçls; tht loy¡t of, ¡rf,lrettoa ef, tÞr îtfiç Êt¡ttrtlo¡ ¡clatot

t{ tbr ofcg,ññ¡¡üt of rp¡rad*Pr thr d.rll"f and, rtarsn¡l rartat!.our

aað ssrrrletlonr rltb othçr æophylnoal ¡rhlamoaer û31 ry*$aot

breaml ôf thLr Ëtl*stlon rffrotr !Ð¡nrrtour Eüsütletlosl ra¡r rlo

lntsdnßiÅ br ohaättr in tlÜ tioflætlsn lrttl itnr to varlotlon

of, t}r maFr or ialblrntËr tlætron ûrnrittr fro¡r tþXl Botat

of rtrr¡ rtn{ll¡ of rq'dJ,o-st¡l¡ anÊ rãtcllttl ¡El,ati,llatlonrt

ia lbtsb tbr rl¡olr sf tLr lonstph¡r lr lr*tlrcü'¡ rra ¡rnftrsblrr
lh¡ lLolr ef tùr lonoepÞrn{ pæp*rt¡r of, æåntlllstloa

ab¡çrrvatlon¡ rouÏl ltsrlf þr a {l'rad'vrntssr ,.f, tùr hrl'dbt at

rhlsb 1ærgulad.tl6ü scou; rar nnhusn. $s¡tnnatel.y¡ l¡ tbr

êr;t af, *ttrllltc rülål,m; t Ëttd l¡ avcllaÈlr for ibtralnlng

thr brtg[tr tðA tÈtc le rrplaf¡¡d' fn a latts &tBtcrr

fbc rtul¡ of lb,itlag roå,sr¡ p¡o"ldlil ¡on lnfornetfon

regaËdltû8 ttt rba.¡nl afi, ¡lllr of trmgulertttl¡ lf aprcrt

r{ügö!."erl rtboür aæ r¡rt* Ëortrorr tä,r app&Brtatr tÞror¡r ie

øor¡ll.æ¡ fot tbr rsattrltl^üG: üùtüh ooonür a6ar ür nfrIoatloa

kvrl af thr ïÈTa l,¡ l¡¡ryltaÈl{r ¡tlon8c ¡¡ so¡¡f¡rart¡ reùlo-gter



ã.
ad, r*trllltr rathortt prl¡ft tbr ebslor of ep.retl,Bg fraqucno!.m

çbleb e¡rç sð bågË that tbc rfî¡ot¡ of tbr l,onarpbrtr on tbl ïaït
*rr rllghtr *ßè & çco,h neattrrtng thæl¡¡ oen bt u¡tûr tlndcr thrar

oonûttf.oru¡ tht scaLr of tbr olgn*l lrmgulcrltfrl obmrrô þ
rpaord, rliorLTr$r tr *trptt rrl*t¡û t€ tht rcslr of l¡rrgiu¡ålttlrü

ln tbr loae¡pbrn.

th¡ n¡r sf t ¡atrll!.tt as ß radfs ror¡rol¡ rethr¡ th*a ¡

rad,ls-rt*l¡ har to¡nt aÅv*ntet¡r eld, ro¡û d,L¡advru¡taülsr On!

l.sportåat ndvaatagr ls tbat tb. rêtdll,tr ona þr rrggrd¡il, ar

àavln6 ncgl,l,tå.btr ar6rl"ar ttl¡rrtr;¡ rffcoti 4üül,a6 fpr tht

fl.nltr rl,lt of, tùc ¡outot saa br mdlrstrú,r als¡¡ alncr tü,r

¡et¡llttr !Ë;rs üsptålt f¡os borl,¡on to horl,ron aaå, ps¡tr¡ ovtr

a l,arür ngåon of thr !,oao*phrn; lt !-r rlpcslally umfìrl, ln

loçatt¡g !¡l'ogulnrltllr üloh rrrr oonfl,ntê to m!'l or ltr¡ loo¿1,*

1rr4 rprtohrln. ¡ d,l¡a¡Lvanta6f llm ln tb¡ ãi.gù ipüüü of, tbr

ratrllltl roulrll¡ eos¡ra¡cd ütth rblchr ût"lft !Þllû¡ ef tons¡pþrrio

l¡re¡¡utr¡ttl¡r stt ütltr n*ll'¡ tbcsr os,arrot br æarured' lV

;¿trlllt. ntto{¡ at tbrlr ðta übür ¿ rs¿to-rter 1r u¡rtr A

6or¡rrã¡Êt1u6 *d,vrntaßt i¡ fo¡raû brrc¡ borrver¡ t¡ tbc ¡at¡lLltr

nrthoü f,or ihtc¡nl"aatlsn of Llrr8;lrlsrttt ¡¡råÈtr

X.3

fbc fffst beLf, of tbrtt tbrllr 1r soaorrlrô rlth tt

t¡rraüËnt of tonr thro¡rttraal problru aaû tt m¡ br wrf\¡l to

lrrtr|lr br{'rfly tbc b¡oksi8ounû to thtert

tbr b*rls tbrorf of radio ravt Irrlûpngatlon tn an 1o¡$rû,

er. 1¡û tbr pro¡o¡wr of ¡ regnrtls f,tllt reg d'ryllopr{ þ å¡rplrtoE



6.

r¡|[ ãa1'tîaa a¡û Þarr¡l sn tdrlat¡'l {fbrortiF ef Ïlootltl¡lio ltr

hn¿nrtû*tenloo tblo*¡r pæîlürxi a oorplÍoåtlû .1PÉlülon for tll

ilfsÊ,sti1r lnôr¡ sg|.6 "üIt 8ñæ8tr so$ûLtlo¡rrr tüd th|r hsl

brrp thi hrg to tþr cãû*tüttüûfnß of üry Ûûrytrr:: pLrao*ar

fühfu¡S pl.æl t¡l tbr ls¡o¡Pårlrr

In tà¡ plttfrËt to¡&r thr oax.y erprot Ëçrtrfn¡ tù¡ tblL

tbtsËtr ls that ¡.rlatlag to lhr frrafrf rffrot rllïl t}r Prrsr¡e¡

of ttr tertbrr rngmtlo flrtril i,r lrarntl¿I. hr tbt lttt of, tht

ro$Er ü¡llrtln; to tþt mattrrl¡¡É of, bl¡b flrqurnoy rsdto r¿6r

by lr¡tA*lalt,tlm of, tlcot$on $omlütmtlon¡ lt e¡u bt rhsra

tbat tbr rartbf r na6nrtl.o ftrt'ü La¡ nrgtlg*bfr rffrot¡ &r

forrnrlr fe¡p tlr ltftttttvr l¡ûtr brtoml vlly ¡l,nBlc euå' ilrpcdr

onl¡r 6¡r the nunbg of f¡rll rlætæa¡ prr unl't vsl,unr a¡*t tbr

ravr f:rrsnrnoto

IÍ¡¡ob of tbr tåüoIt rrlattng to ranÅon dtffraotlo¡ l,r

ît¡ttr g.nrrlal aüt trr not lc*ttrtôtld to ruÅlo eppllc*tJ'oar.

}qrtenstVc use la ssðr of fourtcr uçtbOd¡ snd oorreletl'on

f\¡nctlens¡ ae ¡lloncrreû by flatollff,r at tacbrlðgnt eepeolally

ln sonaaotlon çÍ.th gpeoed rrEeLver c¡parlnentt.

L.4 ConoluPlon

lràtr sbaÞter t ¡ Lnt*ad.sd to p¡¡evlôÜ a bro¡ð Futrty sf

tha gracrcl baohgpil¡nat to th¡ ror'lc to bc direurucûr

Uöæ ð¡trlLrü Ëutrtcfl¡ üttb rËfllaaett¡lrrl givw tt ap¡¡loprlrtr

potatr tn thc tborl¡r



T"

sllÀJ*PE.g g"
ffi

Ê"3. Tntrsdlucùåeææ
Ë'n Ê&å* ek*p*ax *e* ühç **€* e ræçå*s åe ßår**

*f '*,kq *h*nx,.^Jr e*åcfg.üå *# rùîåüåeÊ # ra*ås w*** a¡nd.

**te3.å*êe .**$,c!,&åål,a¡ùåusr.* *hp Ë.år*.*f.eæ åstç Èw**

*h,*,pèâ.¡'.e tr*ååsæ¡* È¡å# *ågâånçtåsn bet*æea rï*a* **,y b.*

s.aål"sê *p*xr** *&*l¿,g5r* åæ *¡bå,çh ååff#*,ståø'e by #"nâ

åryre#så*!È öi&##Ée å* *lås.Gr¡**çå- $.*r f**-rlg genæra3. tenæq;

*så. esl ¡å.å.*d* the*rge åa whå*k raær*"ùn pr*vt.æa:*ågr

sþ*s$.sæ€ *r* m,*&* *g .s$.ff** *.e th* ,**aå f.e*esp,k*,r* s,ñ*

pbs*sçetå***å pra*tå***

Ë,hç dlð;*.ç,s**å.a,.* *f tfuçce eha¡rt+re å* appååe*bl.*

** þç*h r*êlæ ster 4Ëü* *åtlt .xåã"6fu* m¡¡êtf,'å+*,üå"cxns

e*êsåã.åüø çrÞæ-sm*ä$.*xl* *f seÈntåX"l.atåoa* Flre t*s*"fsåü

*çetegs* å* êhær+f,*re e"aåuüså**r'å, i"¡s *h€ th**rg *å.,*åsqgA

*la* *xB#.såees*så we,sk d,,sp.prf.þ*6 åx å*Èsr øfuægÈe**

å*,reåçeå .**,åg eå *åååèç *tçü,å*x*

*h* fs*¡ns*å,*æ ef iffinåå*g$g p*.tt*r** ca,[y åu

**srsåü*r** ** *&-* a*rpååÈ*&s ef * pes*jt"ç** aåçe*.I" a,e *hs

gæøn*å*g e,SË.* ss,eå.Llr su# *ssÈ effË*¡* çl¡:a,*.rr,,*d+ ã*¡n* þlxü

*mp}åË*a#"e sfu*.çryv**.å**e s*#& w**.* åu å&* æerk dssqptþøê,

S.*È*.r*

fhç üåsçuE*åes sf, thø pr**ent *ha¡rter f.e ül-rådså

år*Èp fåw.# a***.ã*ææs,o ãu $+çtå*:* &** *h,a ÈyBç cf thearst*
*-snå *Fs**,*,*æ* *p5r*êp.r*,*&e üs selrù*åå!"**å**¡* s* ¿,€å** ån



$*

Ðr$t:.f r¡êd.. ?år*s åsr, v*ry *:ft*nn &. rse*k þêÞåtëfåäSü

*reetm*rlt e.r¿d. the :re¡r*ån*etr .ç-f ths uhapte* 4tr"*aar{þça

eåti¡etå$$a J":a w1'¡å*k *irs ec*t*srång *f, ræêJ,stå¡re å*

essuxeê *e b,* ee*k, Þå.ffralltåee by s Èhån sotreen 1s.

*ûËêåd*ss* å¡¡ Seçti+n Ë"5 and thæ È esËpen*. pf a Èh*.ck

ssrês*r ås gåv*r: å:l ß*rr*ti.sn ä,.$+' fhås h*E ø beær:å.ng *ll
tfuø ¡rr*¡r€rtläs, ñf *r*.ndr*æ3"y BhasæÈ spsetreË whåch &!.&

ååse$s*e€. ås, Seetåçâ frS. ïs $esÈ,åo¡* Ë"6 åt i.s shçcn

hs* *3¡e tåråek ssree.r: thøo6y øp¡r].å*u t+ *he s*tf,*¡r *'f

the erapJ.J.t*rd* 1l*ùter:s *¡a thé Ëp{¡Ìrsd" w}ren the rséåe

soufe& Bi¡Yês å.srdls# the ek;r*

2 oE åhp 4stFufq qf thq_ir'hggretíq_al. .rre-ÊtnFqt

2 ,2.L ?ht_Refïgçt1.eg IÈ{Sx o{ the-Irgøfigl,ar Ïcågsphere

åù tlre rpå{+ f,:reque¡æÍ.** *ox*ønï",y a*eð f*r

obasrlr*tå*ne äf red.å* etærr er sateïIåte çoLatí33at1ens

ths åppå*to'**Íletrtrøe *Ë$r*e*f.en fc:: tl*e refr*ttlsë ånð s

bçcç*e,g *ånpåe ån sl-3. regåons sf the åono*phere. *!.{a,Sr¿eüs,*

f.*aåeü a,nå *çqå3ieåsatì term* irr È|¿e ex¡lr,e*e$.ßB þ*{e{},ß&*

t,â thæ fårat *råer" lr*glå6åbï"e and. tlre ra$.åtv f,neq.u*ae.y

$-s æe3"å. pgse*'a*. f,ïts the plese*, fr+grasü*;r. Bh*

r*fra"g*åve i.¡e$ex ua¡r be nrått*n ther¡r

Hqâp
âø

shßn* ?r åe Ëb* ra&S* eava}e*gthn fõ åa tlrø q3.eøtrnüa

.#.enef.ty a.r**' 16 åe s se**ter{* *çx*å ts t}.re aTaseåÈsl"

el*etr*n *eñ.*,Es*

p,trÈ:sÅ*
jt {e.r}



çË **rfïfi: *wtìç€ÈË.* sq* qÊ8re,¡ËT,l* q+sd *,fu,C *era*rçTë*,s.*s *
fueE* 'tdr*æaçx**6 pxryr,*S,S s s8 .çnqp+ es5s,q g*.x$' çay *q4

{ã"ä}

eç *s*'çrrr1 öeç.*.s*üJ$ø"t $*&* &&.##: *r¿9" St*ç+re*ç;ro$rr* **se
p&*sl*lÞ*#nrtt æç ,#ç *sq* #t B.åT*sX.a*e #**Ësr rn -fq paca.¡rg**

**æt¿d ¿ne *Sweq* *ry4. sæ,***3Ê* e. ïgs{ås rfrT ? sÐss*.#ç.6r

*ð{rE* æ .x#,¡h# *e? et..üéi ñ.irgg.Ë&wp *åË,å s Ë? ç*çÞs?i*e.Ìtl#

sS$X.lTdwæ *Ë eeat*po;e* q*ïr{e. rå*â*{sË Seç3,*Xnp*æ* ceqd

e ÊË #@,.*äTð*& *aeçË** +eln$ex*g rrSrgç y *,*t*gç€*erqx

Ð.TqËË**,ñd#e 4,a+r{q"T$ü çìË*-€,t#** ltç eq4 q,#røürä* s*s*sd *¿q*

s çqea"t*4r*Ë #Ë **g***x&å*t;: sT{T" +# s+ËT{a Sæ¡çæ*,ggmç

r¡ "8*# s*ï*å T'6s"t is *a*ç-* { T"ä} xregçwa,bg

{õ'e} 
å--u.;

Ãq æea,g$ *u* *uu,ffi æ{Ë.* þ.ïù,êqs ss6îhËäï+Ê{rî¡r

TTü*s, ãT{* prãÞ {**.ë*ç slçli{#$ ÞKr*.*.{*Tåü d+l*çt Jrc *&leå Ë

*r*æ1S *q deæ (eaj4ç.re1n#ex*rg ,Aæçæ Sæçrrçe1rå*€ ês€l*rþ s

#*å,* pa$n*aaæ) rseçoç ÐÀT+ssÃr#,êr* rf&:*& s,ql* &sl$s* s €å,äg

ffïr{egffi *n#l**s1nsç Jiü s#l{'T#ältt#,&"rlrç q.€ss $atçu1elmwa

wsl*ð# E c{l 'çr¡Sç*;rçe *E qrye# ¡km æqg **w1nup4*wd wç

Í*$TT :pq$çea4a rî 8q s+ ffeq** wq Sggxe#Ëî ,s*.# rrtr*ï&þ.#"s

Ë STËS *s;rr¡s# OTþ*r Ë 1tç,e#,*s,q r{*ãð d,,m.* *qç .€*Ë,eæ ,H,ã¡ã#

#T++fT #,ãtBSå.e,.äÞ $å$linl å..à.ggsw-ËJ:&Èr Ëq+ ËsfiT€

'sssvåt"r!!

*F æs 
Jfu - *

*6



î**

ås enel"J,r s,s ås ùhe ð.e'vX.a*;i.or* of ph*,ee, #." It ås

a.ssupeð in faet, t,hroughøut thåe .ohapter, theù g¡ ô

t¡bÈ.aå¡,reü, b¡r lntegrat,ång rå6bË åhre,ugh a :ragion of,

irregularity, d.oes not exoeeê.n at any poånt of the cave

f;r*nån a n¡¡.lug of a.bx¡ut one rs,êåa.Ë, îÏråe. 5-s *,n effoct
the aørumption that scattenirig by the årregular ¡rediss

åE çe*k, Sases wl¡ere the aø,eunptien Le not ven,Í.û are

eoneldered ån thapter ,3*. "

I<¡ncøpber.åe lrneguJ.ari.üLea *re u*t*crl}.y mueh

l.a.rger ån a,i.øa t}¡*¡¡ tåe rad.Le ravelengtha used. i"n
,.

*cl.ntt.11atå** s,t.uôls,e. {Ssupare the se*,le,on gf t}¡e

or'dorE ef kllsmetres" neat:f;e¡aedl tn thapt,er l" *åth

ua.vs' angthc af tqn,s etf seùres).

Seatteríng of radiatien ogcursr therefEre, or.er

s FÈrJr sualL Feß6e øf *m.gles, Thf-s¡ and the faot th*t

eEuatå*ru {e.:.) contaln*,, no tepros relat,åag the refractåne

inde:r te the geonagnetie fie3el*, irup1y thet both 1n

¡l,re,pagatåar*o, aad, whau. su:sroed aÈ eüg poånt* tke csat*,ere&

ts&g6 f,le}&,e*¡ti, bç tr,eâ.tEå ín a ecalar faøb$"en."

-_------_------
o Tuo (fEøS) haa oonsid.ered the ma6neto-l.oaf.e e¡rl1tt5.ng
ef, ssaËtered, .eeupøxe$ts. of * w&ve fåeLd,. 8ås m;sr*Lt*
Ènåf,eots t.þat thç effeet has no reLeîassq te s*Lntåt.1pÈ.len
stuã.ies ån the Earthts Í-oao,rpbetre.



11.*

{fa*.x åe r¡çt eç wh*;r #ËsÕî}d"**rdær teyss ere ånsltrêed.

ån the e:epressir¡;r for the nefrectå?e ånðex. She

F**e6*y aff-***n tç rcrhå,çk thås ;:eÍ"n* *ra* reåe?*,r**lss åc

d.å*e¡rss*l8" ån Çhep*e'r ¿þ. )

2 ' ,2.2, Ststietí*s1 Þee,Þursë

fhe fluctuetåens ilf eleetro:t content whfch

3rr*d.**,* esilitåLletåCIrr,e etre f,rroguå*r äs the ertell* thet
å¡eterrg,gt l"e $st ue*alLy shswr¡ ån *þ*f.r åatså],æS" etrtreüura¡

hr*t 1¡r *hslr **rue.ture S.n tks xsa¡¡" lå¡cceptåons oc€lltr

f"x the d^åscuesiçns *f aå*gLe elê,:rs*str sf, i'inrwå*Tc {L3á&.)

*edl *a6g {1.g$¡} anrl cttr*re, br¡* t}¡exe sÊruçåur€Ë êrê

u ue,llE *f e åerr6e*" e+#.:.c thecr those eansLðs:reå hers*

?hs r*c¿ulr"erir*nt *f sp**åfyång th.æ b*ha-våsur uf, åruagtrl"*r3.y

rar¡ring gucmt'åÈåæE h*.s }eð ùa tt¡e *ðep*åoa af Eçy+ral

eteti.stås*å 6så€rrrÊ# shåch, fer *cxaplete€,*ss¡ *,s* €rfåneil

h*re.

The ateraging proseEB, Iupl1ciù ln noøÈ

.sts.tåstå.<¡aL ãs,&sr¿t' å* ê&,n be perfe*lseå ån åw* Tç'*ys.r æ

t{x) å* a **mB}.ex ¡rs:r*s$ fur¡Ðåå+n {t*+ symbol tn¡t w1}-1.

hepeef,È¡rùk &çae*e * *o*påex, str &øxrê 6ar*e.r*L3yn a v,eoÈor

quan*åt¡r), f.ta å* 6år*n byt

1åw
Nâr* ËË

å
*xs

Ísi*J*r.!ßt
{x}*x

*bar &qflf;#hlE.,$q.Êååffie, å{so } rs ûe-få¡red. es the ve}.rls {þf

$ ** tke peå¡¡t S.lç av*rl.eg.a$. sts* &$ &ff.$sæbþ *f s¡¿o}*



tå.

f,*lest*,nåæe $.¡ eXå ## sÞ*å€þ strt&# *,$t 8?'re s'e&# .ll.ú.e&å*aa*3i"

¡re..flg*å* þFêÐ*¡õË+

ffhø ,ueÈ.**åeæx eS* å¡* ü.s# ç.&þ* â'k*, å*atægra3' fsr*

ê.¡¿å* å¡e åfu:s *r*h*æ¡ åhe þsrn *å3å bç a*** åx üh* feå*.*wån6

æ*rk *ca åS-s* xlgraåch *h* äæo ty5:*s 6f *. *r*,&e-

Ëïr.* **æå&;tå.*$¡, þ w*es eqteerså ëætåe*å,çla* ef, S*

åefå"m*å Þg

4
*t

*õ5.r
ãffij

.o&
{ff{x}*S* }ua*lås

S¡r+ .'

æfuers $s $s *h* æEat{.eå sÞasn *f # åe * sæIl" l<*eæa

x,**pa*''* +tr *h* SgXßþ atr få*a'+È**tå'sæ ef *{x}'' ån

*æ*å,*g*,s* ô*fåss,*åxra åe t*rw.m s.tr ù** *ee**&åp eq&*#S,*

qan ke *r*,åt*sr

F'he æpm$å *. oslpgp:*ç*rfæå*,*å*ra f's,x'Ëüå.ûg *f Èwo

ffrrnç*å,e,*+ *{x} ane 6(xi, æ*,ÈÞ xpaÈåeL n*'erxø, S* **ë. g o

ås
ûq

*$*g{Ë} * f {r{"}r#*}tg{x * s}gdln *x

,f t*{"1:#*$ a*"ffgE*3-guto--J*
*

i 'ätr-r¡¡t*Ë'

.*h*"rg *!a* sgu**å ü #* ***s'Èe cÞwp,ï.**x *a¡c${*&&rr"ås$*

å.Sn.*.xrn n €æfåwå*å,*rs s*lx Ê*t¡æs *f; tþe *a*.enbI.¡r evêr*€e

¡*q¡n bæ *¡rtt*sa.*

ffiwm wppåS-*# ß.t *xls fia*çÈåç,¡l eå*n*¡ th* *.r*t**

aerr*å*åÍLs,s ,fu¡¡*tåo¡*ßårå **kw,s, s v.*ï"t¡s cf u*å,*gr f,ør



Í$'

Ë * 6 *,8&. &#*å*se# s årl aba+ì"l*te value *å the sala*.ftsn

So å**xË&#*þ* ?ks ç*.-år*s åf 6, f;ær ryT¡**k thø sþs*åut*,

v*lus f*Lle to Eslee s$,sqlfi.6d I'arel.¡ }.Íka 0.5 er n-t,
går*æ & 6&,*.sxtss sf the ,ry**ï4,q"å,eçE.1,* of th.* f]._r¡*t$e?ås$Ê

cf $"

Sh,æ m'sañ{år.&É ef s r*¡l&s* fuseÈåsn #{x} s}*S"ç,?¡ êrs

ess-* r*pxæeæ,nt,w*$.vs, ëf ths $¡$ÊGGss $.n uh.t*år åt åfås*e

ar* üïr*se #+f,fu**,å åm ù.*rms d *xawrx 3,p *ye.r*€"sg.* Ëm

pr**t$.-a#ç **o#'*-.+,F* wtl# ån nsåatå,å"L**S.sn et${,åeõ å¡þ

pantå*uåers *p*tåaÏ.åy üeff.r¡e*. æ,ess*år$s nre nf*e*. 6@äs

eæs$ï.¡r eÞtså"tr*# *wå tcre *.ø*xøg*.ååer*æ æ***t bç matlsl

f$.rstl.y¡ tha* å{xl ås s *tatå*.c*ry ¡rwnd.oe¡ vsrlsble
( gr*ees. (fg*¡") n e **sçslhç* s .¡*s.se wå*rs ùhís *xer*w;:tlotr

*aa**ü b* ma,&*)¡, *ø,*.enåT,y, th,e ar6v*.å,* æ,se*mptåCI*m, åÞ**

å¡r èh,* a**eu,håE es€r&å:#r apatå.eåLy ilafåx*å æøssur$a

t*pdt ån vsåua 4r. t?td,r a**ae$1"y*&f#s,:t$**åçfån** *.*raÏ-+6nre*

S f'r.¡lã. #:*.**r*øsj[*c¿ sf thæ. r*}'ååå'üg *f, *haes,

*ømunpÈ.S-ææs ås $e* .e$srf.*e# ** *he äeç**tr*.sär *f, *xpsråm*ät*

*åå3r &***rså:naå sses.Tss€s ås ååsuå ,ç*. S.æ *¡th*s rðspss**,

ffie*,s,æåångn *é *et*3"Lå*e sei.s ååï-sËå.*u* *rs æ,a6æ ss &hç

*,s,taä*.åä& #.s.q6:fi ü,s,F*,&s the xbg* &s tå.æ* pa*e** *hç

€:ë+Ëëtry sf the *c.atterång Frê*eeË, eeå the neture ,¡f the

ø#fæ***.v* par* sf *hs *,s¡æ,*grberen sh*Þ&æ ssé *?rç t*æpors3

tr*€6,f* å* ms,-È *.t,et*.fi*t**.ååy statipn,à?lc l* ash*.*Eå *,



I4"

&,ag'rru¡¡ *f *tsü*.sr¿*r"åty the rersær,& *uoü tr¡e þrekss* ånt*

Ehorå åesöib}** *a4 tk$"p msjr grrsä3t*Sa tfu,s Èa¿qj.:rg *f e*

a.***rræt* x.ç.at*u}" .&rysr*$s+ Fhe øærþ *f Âwe {fe$*+} s}1*

tlrst qf HcËse ftgaü aksç the dåffarensea thst can erise
be-*sca¡s ,** rrsåeùttsn .fltn*t,Ê+els €+¡s$"vsÈ. frÉu E*ert &q*a

sca¡llea and the aeaembå5r*åver&Ëêå n*luee of these

f,enctåssa.

H.,kp tå*a€r3' *å*erx*æçå åp: *hs f T,3"**ång pæg*e å*

ê:*¡råç*# ås *enme qf *CaæmÞäy*û.terpe&å€ vs3.ae* s,f *patåalty
&*få.s*a*. 4r*antå,Ëf.e,*c ffi''h*a¡ åatær ån Ëh*.s the**e¡

åx3rqilrårsanteL rss¡s3ts arg då*rrlseø*.n thç sattep <¡f ål¡sår

'frSrytf{¡ìst.e*tå*g Èø the apEeah}.y*sry6s.ø6* sÍ.3å ag*åx b,ø

tak*w ep*

â *z tÍ ffiffihgffig,t$'t$&_#giäk&4

ln *å*,suasång *øgr*ctn çf $.ãrårls;lherå* dåf,fs.êrtåea

*k,s x$*arJ,.ar* *.ppr*raslx lrf.3.1 bë u*e** Shåsn ä.:Ê *gp*Êed.

*** ùþs ftsçs*ä*rår*g* m**Þ,røå 9-n +¡ltå*$r, *3¡h**.åcell s*sttsrêË.

re*tçå*tñ &FË *årylly pus*eü *t * r*,eøå.r*r* hau thx

*öser*ttag* Srf. *k*w, *tgn såa tTrs *a,:u6r*åer ape**fæ:xF¡ &!¡e

*gr tw *Ël**,Ta eÈrä*ü- TéFç* *.æçlre*wa$ ea ttie ça*efc'gmå l*
€##rt & t-e th+ r*sü$.Tr€f. fh.* qweetLez,a:.., *f.9gw $'* t3*p

:[eæe,g$Fksgø S"ms.6*å ,oæ tbv gr*enå?*, å* åben*h3r a*sqs,Ëfe*

t-e a #åsee* wry,r

Xe sr$s¡r &s u*"*p3åfg *h* tre*tm.unt,n *@vernl

ahþrøçåa*åg** sps g**ë¡ *heec ars e.utLåtrs* beåå**
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Hhs ã,æxgror*l. phaso:: ef Èåt* TrêÌrs fl"*}ë¡

.w[*.**J* åg qsåt**ê &h*,*,*g'k,e*t"

tr*mpå*x s.s*& ve***r qr*su*å*å#É eã.6 ô*,m"**,æ*, hy

*g s,a*e'p*Ë*å,tg#gg '*artñ$. ÈÌr* ¿p*¡at*gÈ **kec *1&*,p ¡rhågh

ågp* a.f qn*.wbåty åe fnåe:ri[øå.*

ähç åå*ååa sf e3å. *.a$sgre'äf.r¡¡*s a,¡rs ùo b* ibak*n

*€ *qo ga* +* e:råseg. s&fu,*lp *.se ,s$lg{ãåfås&{ fbe sr*T.gr of;

å*t*gr*t*,*,l* å¿x enæåü.åpå,ø å*èe6n*3* å* fr*gln*ståts *kxx6*ü,

wåùkou* F*.f,ers,r¡sê *E tþe f**t¡ the å¡***gr*.e6e *.usrqåïe*

såI.l- Éê:rmå3.þ &c wrsÏ.T.'',.b*bsts* fr¡:ts*å*ãü-

Ëhe åå,æåtå:g xrs**tåsel å.ay*å**d å* ð*fåeång fhc

ñï'eçt, 1å& sf ä. fun*Eùåçtr *håpb å*sa]..f å* d,*trå*øå *.* s.r*

å¡ff,.tnå,to, $$)eB* ås .qsåËtqd* fTl¡¿s¡

g{xrr¡n} x å*.m
gr+en
{6t*
*åidtÞ

x

sf.S,}' þæ *rå&.sa

a$å B*Sr b* fwtþsr

¡ts Jls fia

-xç -$6 4-ç

.4** [ xx+yt+ *r l jaxer*r I

æ{x*Y*s } - JÅl;*{x,"r* 
s} I xË+sl+ sæ 

{*xAv* 
*ãå

t*¡
s{å} åH{r

çbw** g*$ **a*t*g * g**st.*r $¡trs&r*#**

ãa äk**kf.ry ,s.f F+r*råe *.r,a*gfe,ps, ats*&ç $."* å*

çeerry*x*"ru,ne€ t,e çs.as*.ôeË th* ä*T*S *æ** t* ba p*r*&3,41

,I

J
t"4* xæJ*m



p'¡ff* €r*&*t**, ,g..a,wqd g5q** lså,pg TXs sË #e'å,Þq*g 1Ë8q* ,**,#wT

S;xgx*çgæ*F nTq* sqfi, '*pççq#w gl ffi*lglry* *rãø, ül$t***ff

S Xs ænx4o*#* *üåtþ #* 4'n*wøSve* â¡Ë +wE* *g*ð*# rÂ6,1*,rhsg áF*

ä#Tl *rs:S- s$. sr{S q+Tår çSqëE}*#;ûiss *rl sgnøgg*S,ee ËT *f

"{å*s}$xE'îê* *

s.-ï $ "ffi ei{r*4,ms#* eq* tr*q*

t ì rf
{ã'ä} nÁpxÞ 

itn* 
+ xslr-sãj *t#r:riffiËJf * {¿rx}S

*tr*4,**Sa l#s,ûT,#{s#:,$1ff {}#* &q*. çsq #ç #f

{q*g} *ryF{d*x}#vxs.t* r* {¿g*!r}$

"{S*õ} u,æ14,*xlÞ'*

,tq *eç x*r:jgËTrLrË *ueqd *1g f6*çwgxgr*,æ*ssËEd d,ægë,ew,#

¡¡u.e "r*dæT eãå+ *ç "{Tãe.Ë6d!#rÊ *fi'.€rç!T*{TS n-T f q+fus.T s€s

Þî¡a eBnçç1dær +3rrrì #s ã¡A€.Ë rg*e¡.â. eue¡d ç

*ps:ETJr rT ¡Ð uTST*o

,sq* qe?q* Tãï lrrx*?.r# at{* s,6,Ðq€ e gq#çaa¡ w +Ë sT {üþ} ËäÊs

*ff{Êlß{s ãi* r"r*"&1 *a¡6, üse-.si#s TsrË*' äf.Þï.$.s+¿*ä* ç ;p* øtregd

{d*xn*} êq+ rrl #6?ã *{S'**}öV dq ps,q?#Ëä:*p Þe@ Æ Þ€*s ¡r

t¡T *sçë*T#r*T *w.ø;4çxa1m#**.xç *.g*æq*e€rå,&l åi# .ra€wg *Tlt*

S "{T"ü} s*æÊ39 ¡rcl ä*4ew**# **çç *øÞls¿r**

$"{*&

{*ä
*# e+ gæg1w*e e5 gq'€isoÍ* åå,Ë* *s*r{.e æ{r* ¡ä¡¡* mr

q4#rr*ga*æe ,eã#,q+ &â,ææ lë*'å Ðq* #* #Þ?è,q,ççd,mv x*pdøæ*

*Td+ tå'#q* *l {H}.tr *eüæds T*#,Ë JF* ws,Ke r$*s råS ü*

"s[



x

,\.^.¿\.+\.t-l y ¿v\r\ aN (x,y)

geÖmêt1ly fon nonmaLr pl'ane wa1rê
fn scatterlng scneenô

,
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â



cìir'û"{frð rr$T+û#ç äT g.gåTéâË s.T ,**e-t***æd$å,S rss.l-$#ls

B çr. & etrågXqw sT HüT1v,TITæRTIT *vd Tft#r{# {a*x}A *ø,g

txr*gex**Sx* e*94 w**çR erq {S#6I} Tr*ï¡Ë*, f.srse"*së &q* #s.

x*.*T!1.Ë{rëær*ll-$ Tv',ø;før¡ c,*g É:gð*e *txæ,9ç:6s!þ# s,s,Ë{.f6

{tr"a¡ *l ( *e *+H}qw }y,x,x*Jilð3å&$*{$eq*x} * {åfx}Á
ä:$ *,rãsçBËrr+êcrTd: apr¡*Tçdws,

d" #ft"ã+s&,dg æ*¡s # ça$**w*e*A1qm*æut* $çrçpr¡æd*,*-a*** *q6

{¿"ð} "Í{ug *x}xq&} ççry'{"å*tË}Baptå,¡ - * 1**x}É-
r åq pxr*a*S *q4 4* **'*rrg# sl r{ü qre Jû

ffiRstl**& gw,çç.*d* ougg tu*g+sîn¡lom *prt41qdeË ãÍç cdCIçw*e.p

*pe.geXnç*s€r*&sÊqd ågø** &,*slð A8 *rËG#d¡e,*æ.e *qg *pue*.*å *qX"

É* E es*Ë+sïF Ðq* qgv¡e#q*. p+Aq$sdsa$ {Ê"å} x*ç4æab,* ¿r*

**1"*ç*ade ;regæ#uç erå+ r{s,Tr{e râT rËsw{f€Ê# åq+ Ssqïtasep ð*s,q

(qïgdï Tïrq*üs ï,$e t*'U*e¡ edrdiTïs,*e,H *{tËct} î.{#TåÈ*tr

ffinû+resg 6q+ *s+ risï+ËEÊ{rütd êrç.a
**Ë,s##&. sË@'ç;n*,Ë *.ä*[T+Te apt*gçgdex SltrÊ aæ¿lË

*q #æw $sç*,ê{rä#r e+TsS *r{q. úqe*,a sl .*{*T# p*rs'ËtËrs #q{*

Sæq*'æ*oqe eaçXdw*ess *Es q+lå rÞTwï*l s.&&.å ç,**S**,æe

sÌlå r*l çt**w,*l*æ*q Þ*åe*4ss€€n Hu*.xg,* Ë ¡r* *,e$*gg"Í#

ðq* s, ?*ntptrî qÆr* *Kalt E"*s-q" êq# *ï/¡ * ltrl s#*qe

{ft*æ} fs* **ot3$*rxstx * {å* *ä¿}s * {*}ä
r,åfE

*xa*ç$ ug wn*4,.<*e'ds .*øçn r* w,l¡6 "# *$+ er**çoade *qS ö.*

lr&+æg*r ËTtxçe{ËTT eç S,uç;r.*å"te*s J¡& Miëã#,+€,* #* *w1nF*re eqç

*ål,
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È.r3.1 lhe itmplåtu*e Pette¡rn *t the üround

e31 the åmgn*s*ås* prø3rønÈåep ef the eæp3åtuüç

éåffc",e,gtåen 3rw*t#å*är &t thê 6reur*# çs* -e-e &orå-r*& f,se6

&h* *peu&rn s$,fêå ê , ab*va" f*¡e :$#&ä aw¡lååta&e, ås

d.*€ey¡aås # bg t.bç e.tr'æe*tËe*eå* *rp*tu,T,*#* seþI)ûn@ftt çf
t,he a*#¡låar *pe*trr¡æ enü h*,s e vçå** *f am*"ty åx th*
pr*øent tr**Ëssnt+ fhe ügvåst*,ç* ef alxpl.t,*.uå* frçxe'

th¡s waen 1e gf.ven byr

*{xor} - JJet*nx}ë*si**øå(xx 
* rt}Jexev, tä"ä}

fir* app.åås.etå*n sf ä*rn.ar¡*,Ll* tbpore*. *e Ëb{.s

rsl"a**.gg¡*l*å5r gåvæe eÂr ãiË$:reegf.pru f*¡" tk* ¡rsrå*ncE {rf

a{x"f}¡ àhu*" i.n the ereemhåyoevåp*#&

r[ x ]Tffiiðrüy - JÏr{x,s}¿xdr {**rs}

fhåE qr*aatåtyr Hhen nsrmel,åued by th* vaLuæ of tho

s**-Ê e*S$å*,**å&* ås e ** *.s * wsesërê sf, *s*¡rtååX*tå+n

å,egth+ **ryåsk (.1 gfz.) e*ê F''#*A*,m*a{pr*.ça,.å* çou¡annf.Eståsn}

fu.*r üt;rS.t*€ *rpr**rå*r¡a fâr' 4 O* *p+*åa,å s**ss a *
th*t d #***ð åð rr*,so& w*È*aes*,relE å¡c $***åøn â *f
tk*¡lterr 5.

8bË *w**d,{,æs¡rsto*e} sxÊü*rt*¡rreåatf.en fnn*tåsm

of the **glåttxðe fl¡rs*rratåcæE, P*(ën3r i, ås re¡.e"ted" t*
ü.h,* polvør: e¡rø*àrwø 9 &g

e*{Ë,*) - ki${x*s}*"ei-**ilas*sn3jaxau 
(a.n)



îS.

BswhS.Så {:"9*e*)&r¡* l*s#d t}rås r*}atåscr*håp t* ð*s*"v*

e funetiôee]. fc¡rm f*r tbc esrrc].eùLos ft¡netåos ån a
eBeel"at o&sët ítñ ãÞrâpèrtåee &*É ûsr¡eååe¡reü bri-afþ
ån ç,etå$e ¡È *f* €bagt*r $"

**3,'&

?h6 e:spååå{å#& }r* sr &p*,*tf}}s ir{nrgi cf *ge*t$.næ

{A*&} *.*e.*rvaø *Èilð,ry f,s. å*s aæn råght¡ :å¡l .qews rê#$t&sts

å4 &eEsså'bee åh,æ ååffss t*sn glrs$ßå* åa ¡a ffi*irê etraåght*
fors'ard. xnsr¿$ør then d.o the suåntf-tå*e d.çriçeet f,ro¡s i.t,
fhe p#st åxg*,rtruaå fe.atr*r* *f th* ex;rxreseå*lt far y å*

tþ*e s*3aÈåv* Í;s*ï"e,*$.*s sf the è*rma fg{XrXil*, whåsh

r,ls.eorlbee .thë sns"t*sc$,ng t*f *'*ü.å*âå*ao auå

el.n*shÀ{X*+ gâ } wl,råsle fi.escråbes the øubsogu*nt

d.åffrsçtå,pm* ?hæ affæç'bs pn Èþe F.ç*.*# epectrar* cf w,h,a*Ë€æ

åa eåähsr pr"ssËss *e l bw sånpågr st*6iatå lf, the *ÈTr*¡r åo

h€3* *¡¡ttstsa6* oli:* *S"agrtrå.+å45 ås åEaå å$' a*.üsnêå*æ l-o-

tc¡rËøû ** quare&S,*åee l.:i-ke 4 "* 
fla whåeh *¡r"s *.eråç.*ó. f***

ï1., Sn*g,r $'*uråsr trenef+rx*t$.*n tba pr*ñr*st *f th*
Êc me mbsye bE*+ms*& æ çau,rraå**åor* shtsh ås net ÉË *e*SF.y

våsusl"åaeår

F{6arø (g**) sh*æ* ùi,r* þefuaçå¿¡,Bs $f, ù[*e gr*wer

*¡lø*tnrrlu Vi {å*a å*see,Þåçe} ee dfl*tens&, h* frçs Èfue åh*.n

s#trp,ê,&*û Ès.etrssægg.ç *þe ñf*'åa6ø funn**.cnü*
/.'1

*ån*f rhLtr* [ æ,wrr** S.æ's*rd tewar s th* a.rå6ån qf trææefer*L)
*peË,e wå*þ s. €ûÞueqe*nt illt+rea#êr f,rçe #srf, tr* * Lf;uåÈåry
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X*l

X"l

0 ,' X=l
hol00Km

h=300Km

h=500Km

h= 200Km

\
\

0 0 X=l
h=400Km

\

Fleufe__( 2..,? ) srrowing the varlat iCIn
of the X-sectlon of the spectrum V
(rreavy lilç), wlth. height,-ho
(X ln Km-1 ). The'plots are for
normal illumination at 2O \[,c/ø,
and. the power: speetnum of the -,,gon€en
(aashea line) has the fonm
exp( -tt?r^Zxz), with r^ æ t¡,.m. TheItfrlngln$ functiontt lH shown to
half Bcåle by the llght llne i

\
\
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B,&L,I*çÈ" sf &fue &r.ê& TÊF g" p tlxs *trrvü für gü $srr thS.E

{hree i-$ relaùed i"n ert obvior¡Ë tr*"Ír¡rðï. tE Èhs varianse

sf n*eråå*l*åe f,}¡r*àuat*,ou* d {ess æ4wa&å*n (e.ro) )

å** þeh*rrå*¡*r sç.fï,e,*4æ th.*' å*rspeese *f e€å stållatåalr
*1*gtth ry'åÊh ås$Ë'r&s*ån6 *å.et,â.ffiç f,re¡m th* çEr&Ê&* fh.*

growúh fm E'Ër*.*$.,så *$eã;€ s'f *hø *.u¡rLåtçås ç.*m*ratåçn
trr*¡*$tåEa 9*n *"*,s¡ess.bç* br K*å.ø,p,r (lgsa)ænd þ+shååt, trBgga)
'*sn åj.hçwå,se be. &*em å"rl tpaw.s ,sf *t¡æ d.eer**a*ng

fr-eqn*n*låø* a*, Eshåch tha po*ar åln r gs **uc*¡a*trat*å*

&,¡n Ê'aete.$eø sf, 4he *p,¡rì'åax*åer¡ *tr *hç nf pr3.ø

pre¡rertåes of the amp}.åtuðß $¡rwër spectru.a ås a mçthoé,

e}seer*.fueç1 r*r*.sual¡r ky trarf.eþ (lgfl) an* Sxåggs atl.ü

lås.rkån {196e'}* å+.*enmå.n*.æ6 the heåght o,f * u*et*arång

3aryar: nste å* t¿ikan of the poeltåonu c+f, thç frlnge
ãerre in the a¡r*otrrim anð these l"ead SÍ.rectly to &

n*.l.l¡e fsr k å* *ke er,gam*nt *S ths fråag:* fr¡¡r,*t$*n*

€h* lt,**h*å *.e fuååf #*.pç$a.&##" ån Ësctå,sä å.of, fl&ap**r $o

l¡p a,*neåê;aråeg *båE s,eth*È. ã,t b*e*sqs e3.&e,r

that åf *h* ssst**råry layer î#*år€ ê.ê å¡ååeksî* {wtuåå*

swruså*råmg w*,aklg scatfaptnå,]* *. nr¡mber *pf *'se¡ri[+pp*ag

frínge f,a¡¡ctåerls wouå*. arÈeg i.n tirø an¡:åLtuit& FÊiqer

ep*.cÈæx..*" 9k* e{:Setr.*ffiü e*fseÈ ç'es}"4 bn s Ëfåå3$.n6 åas

¡}f åb'* **'¡*4,* ff#*ßff' ,ef; tkç thf.a süse*n* ?kt* u,u¡t È.*atx'*3r

*hç *v:t'gåbt3.s'*r* çf ù?*ry fråregø*,* r*xå*rs,*¿$ Í.æ$¡øscåb3p

Ëh,s ***h*& or*ù3,åne$. *Þ*y*' *r å,f atr* se se,sok d,* ængr



ÊT"

Frêg$"&,# ûrie*þ*s s,es$:lrt"s.* *h** *'f l.¿EJ¡sy Èhåsks*€,rs*

þç*å,e {epgSi ke.e ex*¡s.(sëd" thð etÈT*eêå*& ån

e o5¡',&*å"eå c,*.*e e.¡rd" hen¡ veråfåså *h*rss 3lss6åbååS.tåç**

it þsa fu**n *kæ .åstee*:e* rlf *}*s 5rr.we*nk sr¡thsr t.+ derårc

&be *kt e:{ #*r,*.€$û s eæpååÈu** 6r*.wær s'$¡eeåsä* åxr * fe,*w

&ðr€ *ægå3,]r ryå,s¡*sååge& *hs¡¡ 5uü.åenip exp:re*såcrn* xLåow*

sal* * 61" * ån p*rÈ'laælar" a*a *xpï'åeåt r*ã.a*å*rl*hf.p

b*tw*wn è.he nâeåh$"åS.È;¡" sf ùhu frångc *p*Èew swd È?re

îry*r Èllåokrreæ.*¡ thås leeÈ år**#.sr; d,åd !x{Fü é*. Sha

tr,ømlËs*æt å* #år*r* å-u tks feÎ,Ï.olcå¡ng s*gt$-o.æo

.3.L tra*k $eatterir¡s by e fhÍsk Ssreen

Ê",h.,L Þeeer$.etf"ss Õf tbe $srpen
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"lt*{*ø,i,*e}truw{snvr* 
¡**' * {s}

**#¡3**h { r n . * ; i jj * { r * -* }S " { - ;il -r }s {.u; 
" 
v,e } ð* . ( c }

*a{***n{x**ri)$p {*al* }e*{*r *s }ø{x,r"E }e*J" {u}

$"

ts'¿g)

Ëþa eg,ur'p,ee of ähø ssr*ø:tlc tsrtrs *.n th*.* +gr**t*"+n

æ,*ø qf s{Fä*å&*ra,þåç S.m*wvøs*¡ *, *. s.$r$.båw thep

r*fe¡rsss*,a å¿' s,&S.Ê. t,s ttlË åf-agraa* of Få6*:'a tæ*9) *hf.ek

shcæ ¡ro*t$*xs *f thç rsflæ*t$,tlg *E¡hstrs d.nteraeptfag tl¡å

$Fçw#r f¡wü'èrrx* ff+ l¡9 ås' ragrr**erzÈ,êå þts s** ç¡f, å**

ê,+.nùarur.** wlu*.æ}r ås d,re.rã es *æ *1^Ï.å.p*4" hUå us $p*rtåsç. +Ë

fsræ 1s Í.rita*éed.,

*å* ü*,r¡n {.e} *f e,qæ.nÈå*s {å*gS} &s,s.sps.äeå tke

os*xy*l"utå*a str w{s'f.*f ) wt*.h *ke fcäps'&åoa lg{**}1"
ç*¡r,*¡¡.*& s* #* * #€ *Ë X s¡tð T V*n5f n th* l.aù**tr fus+tf"sr*

ü#Ë.r'ss.* *rwr tlre w¡*fsçe gr{tr"T}n ks.ek åe ths

ræfÍ,**ptåag *ph,ær'S *f fft,+ Sh¡ç hatabç,å *gs,a sf #å6rlr*

{f"$*} #ü$¡*üe;Ër¡t.x¡ *}as p.ar*,å*u 6# w *trå*h s"* Ëe*mgåæ&w

by th{,e Bë?sÞ*ærk.
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prof iir: functj"on moving over
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appropri:rte i{} ii.iu,¡nination by tr¡¡o different wave vectors.
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3hç Ëeræ {C'} *$åses frpre s *å*så"}.ar üsÞç*X.ää.f"*a
t

wg.èh l#{*S}lu ,*e:¡*r,*'& s¡r *8i {Xrf }. H*È

gl {x*gi ,s sr {*x**î}r Ëü à,he a}tsfesá. *sI, {ã",r} ås c¡¡*tas.*s#

hS .nEfJ,sl¡È,$.n6' gt (XrX) ån tï,l* s*rtå+,aÏ ê a$*.# *tr*. ùhs* ås

*,ke {Xng} prl.ønag i* i.e å* fac* ths r*f}**t$.*g øphere ,øf

*Srr çe,aårç¡l æ,& gt åtr t.r*,nsf*t's sp&.ö€* Få6rur* {*"sA}

ah*ss *lr* ge*m#try *ppr'*p;rås&s tç t*¡r¡* {ei.
Ssrm* {c} *ltd, {P} &rs r*ÉB Fs€Is ** ørtçæ f"n Èhe,

F*g*,.sxï sf +rcrÏ.ap sf È.kø, gre,r*a eef W å¡¡rCIåçec1 å:n åhe

pr'erø,ûå.r*g &*rm*" F-lråm re6:å*n ås Ehawn by *rne* haå,ehåu6¡-

åa Fågu*.* {A*5' }. ffh* *ånùsr*s'tå*mp b**wçslr üh,* twe

ræfÊe,etå"n6 *gr'h*re* ås slp's å,n#Í.øatett bF åhe åpr¡bl**bçs'6.ç#.

e.rys: $"n tlrås fågeenæ,' fh* *xp,å,r¡.sntj.*.3" feçt*rs ån terus

{ci *nd. (n} Étr6 eãs*cåated, wåth the mfrl,nge fu¡¡cùå*nñ

str ?he è,¡rË*ç s&*þ $¡r,eçå*¡se*,y"

'ffk,6 fç¡s cf *.he eæpre**;iloa {g'AS) fEar -Ë^pl$.* rl*t

çbvå*up$ Èå- eå,6hå ee æx¡¡leøte** wh*n èFræ å;nfåaåte æ*åàr*m

ås *hap** ky tle* pr*rffååæ f;,nr¡*ü*.*aç èhst th* *e.s.wç3.t¡tå*n

*f wdx*X¡å) sm.û f3{n}t* w*r¡*3.ë Þa aaw,¡r}.eê b¡, t3** rçflewtång

*,p'har*o äh*ø å.s wa* Ëhæ sesS ra:Èh*.r ås € pespS*å ÞS

th.* seers}aüåsrr çf tb* apher* wå&3¡ fg{n}lÈ" îhe

eü!gÈ*ereä*,s ef *he s*s*t¡é. ¡r*f,åe+tfng *¡thor* f-e eL-Ëwr **

r¡ü*gpsæte* *lçæt ìålrê r

ï,,n s,onc*.uE$.çn +f Èk$*s ****åæ:E m&*antåos *.*

$-å.¡rç*è,æ* èç Fågr*rø {**ge} w}rere ?hs ã.ntsrnçtf.ens å"r*vq}.voü.



FÊ.*

åg ù,&s ss,*r*'e#ÈrÞe **f , ,k*' €f,eÉs Êr#{åt#sä ff** {*,4*,**å'æ'n

â*HS) *** Í.Fr.ëtüåiêsðr Fsur rafXætåÞ€ 4pb*ç-ësr èhop*

cf S:* *e* #** "** *æ& .*Sr ffi.grü' äfuß#,s ås. üêç #å'*6r*,æ*

,g* ?

Eþ* EÞå4 WEil*

Ehn tht a ãs#{Ftn åa såtttl,*ü' ð by PstèlÞ#

r{*} * å{r}*

Æ{*} å* tþ*¡s å.w#.*,æ,s&cffi .s*} * -aftñ *skæ# e #**t Ë#

* -l -,l*nå.W* Hqwx*.,å.am {ã'**#} ttu** *:å'**'*'t

g**{e*x}x {e"g?}
rÊtk*#.r

#¿i rl!,
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rhe lnfirråte,ly Ëhåçþ .ßes$eË

lf t?+ç **r#**. $.s s*.æ*å sEs'#. tx¡ b+ fdåtxå**ãy

ühåsk# 

s'{g} * &{*}*

Ëhs ðv*rÏ.*p¡ æægå*.* *f ãå&ar* {å*$**} A*,*apX¡'*rs¡rs e,***Bt

s,å äho ær:tgårer .a¡t$.
ìf'

vr{x*r} * *{ w{xrg*ä*} + w'ixçsn**l} * *ë{â*s#ûi | {s*te}
,)

çksx'* .* ** l*** rçæ1 *,ø*ts**nt* ËÏis egr**Èrr*x å'e

eaøp3*, *¡r *he refåe&Èå*g *pir*re enl-g s.*å *ks. gråegå.e.ð

*f tho *æpååÈ'¡råø Þç. 4r P$en*ræs *å*æg¡ñ¡e&lrs¡

Â'f ã,*3*,S,¡ ã-.**ffï*# ,e*å fld&*$)*'s s4rr*fr$t**ðåcl#

Èçr rsxisf'€Ï. *rf the s"greow3er sëæ3¡ør*øl* &tz &æståeå Ë.*l+'*å'

ãhås e*rs e* Ë*,e xågån pæå*ù åa sst ** å:np*rfeä*

fçeturs af the *¡reotru** åt wguåå neÈ åPBÉg¡' 5.n faaÈ

å.f f sãs gsr*s..t* åe tærm* ¡*f * ser6€ï1 *f trå¡rå*''P'

b*råssnÈaå *åae* Ë,5êe aåFc r+rbFeEuentt¡r €øe4å46 tu

*¡¡#åeåtåF.* Sæ *g**å*rh* etrus*ttäê s#.Þ. *såst ån the

.apeøttr*æ sf e ssFP' e 'sf **x*åsÉfåaú'*e '&gr*r*rm*"

son*åd[sgleås.*æ ås c**, gå*** .å*] *n *.wp*rå**ù ss&,ë

å.gå*g Þ*t*s*a *ï¡,ç *wo *:e.Èrsøss Ject åe*+råba&* *,g-s

a*xg:uø¡*tåeæ's *.s& aa*,e*

{.¿} "tþe* t3,,ø å.Ër'Gs}*. år t}*å*fu aæ**gb *+ s'*sü*å*r

*, êråfiüb.*r {çtr the srå.sr ef t*æ $,r &##s} t'f t3r5rå**L



[**.*t*:ä"f "lJ [ã/{ iä**Ë} 
rx#xJæ fJ:æ1'

ft;**'n1#ä [{ia*rx¡ì{r J{ãÊ* 4.*

( 
lx+rx¡çã t i:**¡alqrøfr* 3ú** "*- rJ.

ilo* - * { *} #f 
IJ f ðl{ *:ä'* ts } *ã*x }æ Si-æe {,å 

ns 
F'r*

Ër*e$ÞTåe *q t'r*w wa*1a'ad*

¡s*gs *'p,açgï*wv *q4 r'ç*çç+'dæ*,*'*# ä#tql E+?#"

"[õ/{*g**gfg+XJæ eæf.æ'å Ðr¿+ fwo'çç.wntçxæt*ds

+ ßêTeT##å* w ç¡+ *Ë.1 Þgqg, *eeeï# gtr*'Ëerç oq* s'# +eE+

ðq" &* É{þ}äë? aq ã*ar ***xætië* åsr{STs Ëq pegdaæs ss r& #E

ät{Te,É *q+ *& Fsa g rx**trã *sJr l¡ff* ag$'Ë¿o sq*. .t*âtÂ *tt*1#

+r,r*SWX Kërfiffi+s rîsq+ o4*-m3x**t*d* { þ,ä* gjH* *ff #ç} *ec+q#*

S*rg4**1;## sei[, ;eEg *;reÊ"ËT P*qEÆËË*S eq {*q, a'sÊs B ¿l*#

?åÉ,T**{r'+lã s,¡{+ *s+s.ü,*sltlîT ç1"$ e'tuËld *s1qtr$se'sd€e *T &

qóTqiÈ eeÃ å F*ry ã JitÞ s*nt€Â *t{î t{6t{+ *es*eg Ë*?rm ês {ä}

r*aq#ø Sxçg+xç.drâ,.t sq* irÊ #î*S'P*# #r{+ tgl*e** s Fe. *Þl¡s

s&TBq.* et{S .$ê ËËT+T;t*TnSø+*ç *a{ü ð,€} *t1t'1'f4 såls*}Ë *{f+

u.Ër.{X ¿ÊTT€r¡t€ î{oaur sT T q+güÊîa,ÀFe' ðT{q. +€1i+ (fT}

***sqdp Fu3:ç*41¡r*s s+ÊT'#d*¿ddp sq* q¡t) &ëlT"G'å s+T. #4 enÞø

*.#:E sq .dæø gw-a "{X} :fq p*'X€ææ* u*gffa* êq* â"t'#q$ne*r'14 g

$T *¡gËêqt¡++ #T**êæSx,*-äd,#e rg *T Ë #s 1fi4l*etrng Su'çÆ**r"

*f1q+a.*m Ë s-ï {X*A#X}ø *f 
:* 

* ç{s1sr¡-*s-ïS*€ siå4 {¡*q4

iË*?T6w,B Se€{T+ {Ërag:Â.ã€ **q+ sl tg **,çg3i*ed .Ë*&"*{IJF*rÎrs';riS ag&

éis sTB"** êîð.& *+rã**¡çs Eê*Ta'*#Â #*l' i¡E sa1+T.rËTnË'ex*g

*FÉ
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rx 
f**oesläsã{$r+Bï 

I }x[åu{s*oml }]

* aå*{ambimt+#l i lui*siur**i I lJ {e.ås}

,,il*-Ðr'è åS iç the autt¡-correLatåOn f*nstlon sf the Brofål*

fxll *åsüt Æs

J-stu**¡g*ç** 
]**'

f*{a} * {**}8}
å*

an& *, **'å. $ å¡tdfio*'te peel' s*.å åæs.6å.mary P*rtç.
The funstå"en fS *e prepcrtåonaL to the Fsr¡rLer

tr*ssf,s¡rw ef åh,* squâ.¡r* *f ths ¡rr+,f$.3e fr**ø*å*xa¡ *hat

!.e, of "*{ø}, enå *.he ne*L and iaegi'nary perts of f$
*r8 r+},etsð xrerp*etlv*åy t,æ th* êrü;rrÌ ¡1r¡d" oüå ¡r*rts ef ' '

ss {Ê} p}**'* Ë¡**r W*gr s3 {s} ry* ss* h* purnuSy *,å*" å}¡*

Fr-Êf Lt 6 *{n} þ,*itrg pu*såy re*3" e.+ åt åa ssstlssd f*¡r

nåmgilåeåå;r thåt ,e{s} {an*. *s {*}} are pnre},y êrsþ+

?t**s f$ ,*,x :pr*reäg' rn*X e¡k*

vr,{K,r} * *ffu ç'[Ë,rr{a,*zl }lzi [l t*(*]lsa* i
e {&.s* }* - LJ J

o 
[r*u*sârç'h{,ar+sl 

}*Ê$t*t+*ri lJ (a*pe}

#,*xg$er*,**s ef thån f*r* w{th t}r*t f,*r *.he thX& e*rÊ*x}

(aEuatåen(â.Ê?)) shûe* dlra+*.l¡ the eff eet cf sç¡.eên

*kt,sk¡ne,#* Ë,ft th+ *från6o fl¡r¡,*àåe*e whå*h å* gåv*E* Þy

*k,* åæg,* Ë'aaüsr ås e*p!¡ *x'¡lre,****** S6r å!¡e èhåsk

s€r:,&,*Ð tt¡* ntånf.s* of Èhå* f¡e¡*eüåçn ** s** taka th* ¡r'*ã.t*E

t
êr )l**6II
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*,#g'6 {eæ**paræ Fâgr*r6 {e'g}} A* }"{.e $þ *he a1t¡r'çÈ

{.t*Fx}- *fuxs s*}ã*Êå*r*t*.* ths *f'å}}åt'tg*åT{ä d Èl'**

ger*õ 413.s&e*. to ¡rrev*'eusÏ'y*
glå6*rø {**#} ¿æ, æ S:lr* *f ttrs s*#tå{}s vtdl¡r}

{*quaåå*n {9'5¿i} sk.ssåæg Ëkø *f,Eeçrt' Ït ås *r*sn

f,or the f,nlloøång sf.ùr*ctl.snE å plane g¡åver tf Ë&?e*

å*ngth $ un*Ë.r*e¡ åø' x*ræ413y å*eåd'ent *r¡ å'$

*È.+nøl*pt*erået **æt.*æ*tår*,6 ãayer uf gÉ+*n hei'g;bt Lffüü ha"

Sk* ¡rrafåå* *f thås åaã¡*r åo g:åt*n b¡r s{*}i*ex$}t*'s*,/Ïrã) t

sk,*ra L :r å#ð ksi* Ëf** eErr**peø&å*g fsno*ion ÊS"

#ËFreËe*€, s's, c f,-*¡r*eåles sf ã þy rgs&nâ qf Èhe rssuL'*

å* å1t**, åg1 åp$¡*s&åx ä* åx sh*xn by * å*sh** tIl¡tI¡s+

*nhs þarås*sù*å s**'tååe ff{å}r sf tþs }þ#w*r *peetregr tT,

hs.s tb* gsr* #îü${* ðrs*K}} erh*re rs iF T &n dt¡sry*sp{ålT,iäå*S

tg e6*ux*å*ä* årregi*I.*rit*.ç,* øg èg¡rå*'s.3 r&*1ue 't k¡c) *

thåE Ëe,*!,*åe¡i ås *åeÊ, *'h'e*¡l Þy * -ðna&e'å #$fî€r fhe

,Þî¿1'"ry.e* *r* pl"*t*eå sct *xå er'þåÈ.refïr rsrtåçs} e&aï.* aaü

r*f,er*e**ê ** thæ ss****r*è jtgt*]{*g* ås oxåttçe".

Elä,e {pç*ryu.} sr*fçe f,er Yr* ås +*ax* ts *peåååats

ä*,tæa** tþe *$reåep* *î*¡.v&s åæ{x}{t*$s{K}} *'n*

*g{X}[t*9*{X}} s.* ,s æ*** å*å*y*åae* Þ5 th* erg''ø*fiÈ

*f .È}r* **,p:bas **rg[ åre æ4aaÈåea {g*}å * Wsre sr*ah s

påç* ÈE Þs *btsåtaç*. *x,gr*rix***så1yr ü}re fsï-}"ewå*g:

åx-foræ**åaæ eø*nåü" b* **rf.çe*¡ th* e:rvtåep* €1tlrf'gs

**uld bs *r*rcn ån¡ t*ngont t* *.he f¡rå*€@e sf Tu ¡ th*
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,*asr s.t Gèóh X, *f Èh*sç ha* tha f*rs çf, g{x}n e*å

tha úfff erencen of ;r{X} 'FS tX} ¡ boüh f uuctåone eouldl"

þ* ås*çr*åæa.do t¡ne åee*råbi.ng thç årreãtî1*råtåes *f

!,}ie neellun {ÊrEi, 'ana the ather the ]'*y6r profd'le

{e*(A}}l th.,s cfl$"e*å.s sf *hesa fi¿$et'ås.&ß û& t'he frånge

f$nstlf.ã Eeuå* *ç r,es+ç*& aes üb.e' *åsea t:*ågh* çf the

a*aätçsåag å*¡r,e:r eïçråv d. fros tire tvaryin€) Fsr$"**å*itp

af the frtngsËr

*h*}*'y*rã.t*åght,då*$ffk.aofarwhå+h}lå6lrr,s

{A,ð} f* &r*qrr¿ Íe t'*,$ 1æeg* ü* ba *gpå"*r*3' *f *he

årr*g*a}*r å.*p*eph*t**o Âå*qu*ts åt}.tretrgt*.'*n *f *&u

ålasus*åsE r:eql3J.re,s e lnrge nusber sf frånges ln ttre

*Xr*atre:* aæë a t.e*t#q 't¡*11åç *rg,P Ë?¡ErefÌ'aE+* +isgr¡ss* .f¡+r

the hcLght* ln *pp3.lee.t1*n ta the res.L åonosphere

th+ pr+ueåx** *îåË1åæ*ü eÞ*ve Ëåy suffer *åære fçqler

f*lltg*a wå3å bø ¡**æål-sãLs te êsfå¡rs *h* envel*pe tu$ï*#.

ths"a a,**Ês.r ås f,¡*¡r-Ëh*st {tå.ä.6}å4Ë*d, åes $*øååø¡r }r3

cf 0hapter 5'

åê 6&s E*,&Æç*ü*å **rÏ"åern 'tha *f;åLï"ã:ag*1 æ *g

Èhs e:Ël**år*ã {1xån6* *å*rf-xna '**p ba Êsë:r l* *ka silmm"át.í,on

{bf e ssg;å*s nf thår.¡-ssraen från6*e rhe** ¡r'erf'^'*&å*ltåæe

#€I¡e¡rd, sn t,hp hei&hte at whåeh the-v erisa ån t'he thåak

&s:r**Ëç ã* us* p*p{¡*eé *haù e ìåeås1tr* d æsrç¡'g|lt'

tlråeknsæs *çl*1d. þe +btai-¡¡*,* f,ros Èh* 6l*u*'r agÞ€Ëtfi*e

ané *t¡åe ba'* b*.'e: s*r*a' fsË- e f,aårl';r g¡eneraÏ" tfi'ss * thç
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{ess#¡},re *.Ë ifl¿}o

e å,åffe,sæ:e* eã!å:r*'*eh *o the f*s'¡ssååen Õf, the

ãleffexl 6€i8*:t,tr"*eþa¡ $$sl & pe$tås*#.mF $e*c*ång fer ÊSn J's

gå*4,* S.n tfre **st $.t'&Èå#3å"

ä * å¡* s äkg J,*gåþ,Åååffq - *,Ë"-Xþ r ç.h:ågË-Ë q **Sfi qgåå&4*ÄfrtsfrÆ *

Hhe*"' ån tþe *å*,g'Ef.*aL ÞY*n'ngre d"*lrbïe e}åtË

øxp*råmo:nt, twg ä$s'rsË slLÈp s*e ååXt¡ml¡l*åtdi w;L*h

e&h,&ä.+mt tr*.vp ff.+3.*øn sel ånù*E¡g$"tg ååst.f$s-t¿t$.a¡¡r *f; ths

f*r"æ ¡t * &S* S eIiS,ç*r.;S. e¡* a *ilctant sçrë&rxÍ & ås tk*

¡13*ee'* *åff*çrqsn. e çf thg üsa w:*,v'** mrr$.vång e* ùb*

gææ.*re}" psår*t *f, the ssllsÊs*, xf thç wna-p fåe}. åe st

tk,æ mã.*"*.s s.r* aut p*rfsetåJr *æ*,ess:s:iÈ* tår* f.xltæa*åüg

ååetE"åbwÈ,åaæ te.kes ålç* fssæ { "t tr øss $ wh'*re *}se

qaar*tå*g nn caL].e# Èh.e vå*l.bååå*yo å& }.'g*,s thar* ue$,*'y

åre ab'**å*tte'qre3"ç,*'"

flae sfråer6e fe*ss&$.+'n$ çrf øqu*tå*n {4.5få irs's

* s,€råf Eå,4È.å*.ã' f*læ *r**å ti¿* wå*åbåf-å*g cf, tle s¡lßü*r*l-

frång*,* å.m.¡ by *¡¡sls,Æh¡" ffåtr*n by tþe s,fiIrreÏ.þ*åçn

f,t*xletåüsì S&* Sh.* e¡æ.på*6r, {*,*eæ¡t has fr¡:rtþ¿er *å$nåfåeåþ#e

fsr *ba såsåþåL$,tp o-lf the &*t¡&3"ç sl"åe frl;r:*.g*,e e's'* &t'#s

Þ,e, *xpr*,+s*ð åEr t*rç,e* sf & **äirs3A*åss fu¡t**$.an* ffi

tla* w*ry'e f}åsL,*s *å êhe' *I'5;ù* er'ß gr **# ft ¡ *heåx

[ffiffir
{l*, X* t#o l*

{æ,*3å}



Ëq+ .Ffr {**X'rg}ff e1*aç*d øreq lT€ ü+ 16 'r*** w*Ts.e"r$ü't'rr5

sq..B'rs?,Frirî Aq dpegwç'ax øç {XsH}#ff sÊffsç sï{üu

*ps*,fleÈ g'€,qq "dpe*'*xe äå8E {ætt,rçaa<{w *ç's*e'd açra*'çxdw*

pî¡€ ) #?tfi$äsd* ep*431#æ+ !Ïff&,s#*x{r3t'¡* *rã4 ã# *'*it*'&

qø*;¡*ed pøæ .#*xççq,ç'ÈTjb tïüsï æqå +'.Ë ?'*ç s TT8' 'xü#

"t-*'

| { "a*,rx*i #'fi I " I I x*x¡ *ff

'f 
{a*x36ü¡

{ffirK;-"}rc:Ë
I

I** I" [ {a*i {¿ox}
4f ðg"ð) x+1ryænbo # *{åüç*TTTTJôÞ* *E4 #*tÄXdt{* Etxm

'{¿*xi"$" = (e-*x-¡#ä
* 
ç**x¡swlr

t{*T*üffi-ïr# îse;t #-êlt #@ wnt*{sðds eq* sT *# e's'*ls

,*düd *"{*TTIEçS?,¿ *TË¡ Së ã"fä+*a.r&€ *9tl5e; 'B* åf,gË

e*.-¡:å6*æe* tt##*{s6*m?qÞ Ðq+ uT * f 4*"*g*}f6 p"* {x*x}sË
s¡u**îî** aaç4e*+do äEA *#*lls 4eÈ $* spïef#

sÅË¡d s'q+ releeq êËËE{d*Trûç1a$írlder^¡r} e uo 3Fr:çu¡qnoc

Ës 4#1ås åq+ *.{31€'a${s¡: æ¡ *s,eo*.¡d ffçq* å ÞIFe ¡¿ tr+*ç#

dcÐÉl *fü,ë**) u*-gçæn** ðç {åtg}sç' arn*¡*ode apraçç;dæw

,*q+ *¿l* *s sïsË *çeråd*¿x,oç4wËed*.xd e qaç Ëi#{;{Tq*{È*

ð{s&rs ¡¿**g*}ff# p*E {tq*x;sË *a1**#* rxês'xt <+tÈ}i{$

'ðî{? Et-þ*fi Ë*l*sât ?fä r+ri*i&&B#;ã+ #rcç'p*a*"ttr *E4 ts1

tg.r*ø 1uç**{ s #4 å}ðâ'e"F+ eE s¡.æ* d$'êtnäræ *q#

rF$&!rïHæ}rã

å6ff çT sdr*Tqsï*111f;t*Ji eI{+ ¿å".}&Åt qq .{åTxr#?.}ãrlê ôq{&

*6i$



#$lê*Èsråü #t*Atss*å*x* {å**.q'} } * S,${*å**T* } ås* *f'må3.aråyn

reå,*ù*ä. *c? q$,å *h*, p*ånäe ${*nHo*g*d* } o #þ* rsænlt

estaÞ}.Í.ehæå *þgçe *st¡lå ån fe6t l¡eg'e þspn shosn By

uaå*g ùï¡æ raåa**,e*xhiP r

g*{"i,X¡* **$ }, * g{,ä¿S,*$ }*

çh$.æ'k þ*å#* så*eË &ffitæ*ycs') åø ¡r** ,r' ffke r'çæuåt¡

or Ê&ås *hsrss tk**. ff *+**råþ'*s&*s

&B ttu* fte-åå*sw ,**{ä*X} an* $${*x*.*€}*



llzirx, Y) * eJ-

[z,t x,vl - v]

s-[- zitx,vl - v]

-vl

lx,vl

z

!.0...,'

-¡'åggl**(?.I). Showing the locations' iD tnansform sÐace' of the

sanpies taKen bv the r"""tioi;"äiä"(i'") :'vi-;1t9 -sliz^-'(x'v) 
+Yl'

Tlrese ;ìaaptes, which..are ,tãi--ãi".io''eå ây'iämetrícal]y' önè to another'

about the origin o, "interiãrði t'o give fni'nge str^ucture 1n the

amplitud.e po*ão spåctrum uî-lr*u grotnd.. rn-é visibility of the

structure is d"eterminea paitiälrí-¡q the size of the neqion where

s(2" - *) and s* (-zt - *i'tif,ä""ãäråäiiãi"ãr--s.(r; 
-;îr) in o)

o.¡eù}ap. -



s:|"

åa# ff t,x *amï:å** *nlg #13 tlx* r fåeat:[ng sËih*:as* Bfue

es3.ååsË,#ä!f*#i: *r:* ff{*gr*Tr*tn} **ee $* s:rr*&*?Yy

'1t*1&*t$n&J.$,3r ä6r!:xl#s,.f,åËffi ËþacÈ e:r*. &rã r*s¡r&I-nte&* lfr*

f*tn6ex rænlsl¡ *# ç,.fts ãh*ryrr $.*¡ tþe *er3ået¡ ty*'a*æ*xt

ef *bå m ss:$"s*Br.

Skæ år'r**rpp*'tä*gätx 6Èv*:r *3rpÏ.å** t* th* frångu*

f rnt*å for gåren ä e,rþå f å# t!ï* æ¡,e** hs'ågþt ûf the

*4v&ã?: ï*o ,4h¿g¡xg**c F*r * f txe*. lleåghÈ, vå,oåhå}{.t3i" mmp

ahange çsltÏr X enå T. Tn Flgr,rræ {2.5*} t*r* srea of

çsffñ"3,e!¡ sf .t$r+ f.1¡s!&,t5"trs{* S{Ë**8} es}g å#{*är r**} gs #É*Í}

t* &æ*rüesg såth S"gxstreeeå:lg ctråetar¡ea frçw tþ* û'f!{"$å"äl

& Ë*rrå*l¡*að;årrg d,serease fn fråylge så*åbåååty !r'å*h

å**røas$.n6 ä åe #essN åu Èå¡ç mp*c*re*m elf S"*,geræ {t"6}*

.tlqr**ü$"tx {g,*}f } w*s *h* starÈårtg ¡roâ.n* qr$ *hæ

pr**e&åry ðås+ussåss+ Sha å¡1èerpreÈnüåçn *oP,ð r¡o*

Í¿*w*-sfsr &ep*rl* sn the a.esl*a3rtåon* wh$-*h å*,tå *ry åh*"e

equæ*å*m gra{[ ær¡uatå*ns {**gS} es {9"æd} aãe etat*e&xlts

sf, Èhs señks F*+ç,ôëffg¡ i:n fsgt tlts *åntere.stLs;;sÐ þetse*¡x

Èha r*f,T.€sùåm$ Epk*glgsr, çhË.ch an.e *æpå+Ê,e* *":: F*.gtnr-n

{e'F}, & ,€ år¡e* å¡aËs**oeù5.c}.!ås.&.*Ègs.sn *Såits*" lrr th*

*{}g-ffi 6æn.ærr*,}. sÊ,ßes *tre vå*S¡þå.åå-ty ð.ep*lr#,* nçt ør:}.y *n

sg bt:t eï.e*, s¡* t*¡* fçr¡n ef ths l¡*tr,$P sp€*è¡rx?s w*

fh* åås*'$ßs*"üffi *f trå*åþ*tråt"y år* *p**trs k*.*

re&eva*a*Ë å.* e, åe*p*Nr ;*r*båapæ ån SåSfraatåçlr Èþ€Þry

whå*h t.s åå**E.,e,eeü åxr th*, se¡e* ssstå*¡nr'



*â"

Ë.5 åezuggå¿*.i.irps.et1 .lri{u}qå, ipçttËg

"ååTl eäSäåeF s'åi#€*rlr8i sf es**å*rå;rg å* eaå€ *'o

h* ævesd.*stäy phieø*,çl'* åf: th,* pir*æe ç'f åt* gexre*e}-

O*æ¡lc*Snt åe a ya¡¡å** rraråabåe *{fBã" the arrgul*r raege

r:f *b,e s$¡es*rråe eså{¿ *ver a* *e*e,:n}åp ¡*f #tåsh *EþsËå¿*e,.

.S, s*lr¡oå*eraþåe "*dF pf *he*ry" b*esstÏ. ¿rs t-}re **:r**pt*

h*.e fuesn .åeeeå*;:*å ina**ern Èe.te.ti.ffe snå Shår:nil3'foln

Hatetr'åffç {fp5$i}" sfå# rssqråå' cf $hi*k åe: Tr ths

*rþ6UJ.*þr øgt,***e*ra #,*sårr'ed. fr+æ axx3o Ègpç æf e*m*,tenåm.g

$sræ*å:r ås rp:r.å*m}¡f ph***ån e,¿åd tf *3r*' ffil¡ûctr$tr ç*.atsåag

& etr*ri6 ¡*ns*attere#. +ompscåæHt {sa se*ç¡*ed. ån p**wå*aa

pa6eoi" then
Pe{ë,,n} i :l${g,n) {2.t3}

ryhetr* i*e{änr,å} *e tire e¡¡rre.T;s'bå*x fr*xs,tåq¡* cpf e$pLåtsd.#

få1¡*tusåå*sr* a* the ç1r*unå åtl *å å.8 tlte sarreå*tå*n

f;r¡ns&å*& &g" the *çettereå w€rv& f'åEï"d* {ær*m}ey i¿gg:}¡

iie*st.lff* t];S56i }'
' l{CIql .1t ås wsåå k¡¡sw¡,t th*È *å ¿u ånå*¡:*r*ð.*nå af

åS"såeä$* fr*r* tl¿s sst&**erå$g e*r*&.s åred, å* hs,s b*æa

ã&d$:tnn f,*r,*sn*æpåe* th* ôfå+e cf the ti:iln ¡rh**,# ssr*ers!

*høÊ *,h* g:6lø*rs *¡;æe.Ër:nm So sltås,h å,å {Proportå*r¡a}. tû}

ù.å¡e F,*,r¡v'å.etr Èrsar¿Ef,,nrç çf Ps¡ f.e dep*nclggl& *n tålåg

*ås*anss* fft*e eË#3å ,e,r e.pe*trun Sf t,h6 ru*nð.ral* ¡r-}raø**

meråu.I"a*åu1g #Éx'***& åS* þY #e#rl*tåo**¡ not e#åed;*mlg p'ha*øA*

llr,* atr6ram4¡¡t A$¡f¡}åaW æ.qraaLl¡ te a pr.rræå¡r amp}.åt**å$*
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sqf{uå¡s&f.ftSt **rs6ãå &leð. t# *}*e thl*k s**t,[*råxl6 Êßrsß*

d,å,s*l*ssçrt ån ttrJ.s *tra3:tor¡ sh*.th Fþ{Êd"TlÊea ÞEth ¡l}r**ø

a.** xa.apÅ,åt*e,1.* merttaå**å+:r å*r ext **r*rgå*g xrå-tr*Ì*. ffh*

qr¿*etå¿¡x arf,."sss* å*t w!¡r¡ù 8**å?&e &rs åh* s*gtr3*rr speatre

proåu*ed ån tÞss* s&itå&tr súF*6Ës nçt *sn*e*åy Fhx*e*t

*h* qr*æs'tåryer :*e ?*Gs*veå *+*¡sååersbl,a sä*'e.Es. ,íeæ

{Axeg6*" ê*tsååff*r peåv*t* sçenr¡aåEatå*xi sxrg *,atelf"ff*

{Apg* # S,'äi h*m *tsses** å.te åø*¡r*rÈætr*,e,* *he wurk

ef åh,e pr,e*eå*.a6 .e€* åBæ *?å¿gge*te * g*Nieral sä,&äåF*

$o¡¡s*,*er a*r an6u3*r apeetrll* g{X} *'}¡å*h aråees

å¡s *. Êg¡p*åå*s6såo.gs} s*r*e¡r sf *,*y ågrpc; S å6 thç ßf-f,**'üås*}

€Þ*årieo *tâsehe,* lis a.le es,ås sÏ¡.åeþ åe graraS¡Leå *ç åhø

#êF'*&ëãe ¿*f, thx #,&e{Bät*trr**å af *r typ5,e*,ì. *eæ6roæer¡t ef ff"
I.et t,!r* s*fÈ+ì& 'Þ.:*, å:sg'9nåt* ån *¡rerture ecr:d åË* g{*i

þ* xr*¡råarråg phe,**<å e+ *'haù thc ¡:ïraesa sf xng tw* &ågEret*

ësepêlreãäts g{r'"i æ** ${$ + s}o s # $* *r ån&çp*rnêe.n*

ysrlåtlm rÊeråeþås* #?ær Ês Ésúésbåy *f s,Ës*'*&1*r

?he.tln

lTlrf,€Tn f,sr s a tr
Ls"f,crer¡ü'

t*. ja)for n31 S.

Hhe 3.sfÈ 1t*r¿å så&s *f Èttås *qu*t{*æ ås * çreå} k:*sçs¡*

$*eãttr# *S *gr¡r*3"e*åçs å¡: Èhe *peeÈ:nrn+ ??r*+ e.Àì$$å*s

e¡r**trum *;¡ås*¡iê åa e. r**&sm ph*e**or aæpÏ.å*+*õ&*

s*åuå*ååW &qlr€6:l åE eaxs"ly mh*wn t"g ea åæf,y åha

*gl**tf.* ,r



S&ås, *EwæåS*,x å* ss** d-*'*e **'å*Seg{g *xnc nþ*m *,pp3"*..æ#

*e ræcrË,*pæ*.p aæÊæ*rü*ê ræ***r,æg kæt *.& ä* æ*t *** rh+n e

rtl*ååea*håp LåkË

g{e;* #t * ffry{s}* #'*w *øæ* #ç

æ*gr- a#*** . S,*a- tÏ*æ,¡**
*@ffi+tFæg'{gÏgfffi'X * ËTglgtTHT f Gr *a sell*r*r
þr aEnet*,en {g*Sô.}",

$,ü*h reÏ.¿*åsrl.*hL¡r* ea*trs f#r ?k,e Sp** ef

ü+reËn.* æ^eati.asæ# eberr¡ f,e¡r the ptrnc+**s&u3*tång

ÈStr*tiË'

å*{*s} * -g(-s} 
"

c.s€. fer Êh+ **p1*tuõ.g*uerdeleÉ.!,ËS ssr*Ëtx

g*{+_ff} x, H{s} o_

s'o fEr bs&h çtr t*epe ffftrêen.s'

*t'sgq:trf # $

F+ ths eæt*s:ü, tÞes th*t ege*€fe* ig"I5) l.s æ*È

e*ÊÈsf*,egs. th-€ *a6:uå*r rp*aåna ef ül¿ese sËresãÊ e.F&

mpÈ p*n&eftåäf ¡râ**e+ä. €ä* ñ,x¡r**t*qs,** ,ef Èå*e eEméå&.*,*æ

t**:$) h*e æsÈ be*e æår*s*Es ån the ¡rae:h*

ery se#Bå*xr ,*p*#è¡r**u ch$,sh *atåsfå** eq**&å**



e!¡e#*$ffi. *.q* $xÞe#,ç.ï#. ffi ffi äiffiw * #*& *,*.*.r#ffi*s .*ë * *
S.ggææ, *#€l sFt+ W q#?# ry*W' $#gx ,*ry #

*,w'#Þ,# q**g6'Þ*x gr,ffi, €w'ww#
*q **,þ *{ æ}# ***$*#!{#}Æ

s4sffi s$

.*sæ*,*d{$wl'ffi*,,p ç* q*sxw, ' W*w* 'es*t** ,#* *.tã*æ€õ##*

x*#-g+:*lñ.s;äs.s. *s{å *{q*'q*:ä Weë. Æ*S åffi &n$i,W*'.tr€å,ß1* *q* **ã#W

æ*ã *æ**} tçtæ1,&s,w*'s:& {*+ffiï *qå&*@ #q*.çrwçry:wæ.Ë, æç {.e*}aff

þH-q {13}ä t*w**aç*q +ã'5t6æ**çþ'$g:ps:6q& fu #.&s# æ* *4-& &* wtr

&çæ*agæç'$F &s*# #ølel*w Htrçê,Ëåq's-ä,,*' -ç.-W #s ËËET*ï;dr-w eq'S

*F* Ê*54;æ,f*+# +,q'& *+*? sÞ**? ËS åcçn'+we Ëww gg **Ê.#Tã€#

å* åããb*€ *q .€*e gç {É51'3s¿¿ç; ;n;e*dw #ï6*q'# {ru,*}Fi*}g
å*näÈ*'-*€T ,*lã{ã ,fq:r æt*s*6,eq* ,ã*ìË3;,,s &Ë} +æ{L *3^l &5

*w#e..EsË ftrç*r+'4g;+rx âqir,+ ;rû*jr iüi){sii+îTp tåt çra*rlap ffiTryË'gffi ?cFrs

Sîr¡ËrÞ trrs+ sé'ê+îrl *ilr. ïr$ *pr::,,iÏ*rp ffiiffiffi r,fålEÈ .dgggu*et*

& *rir{.å&. qiÉå*rc#;TETTT*e;r æq'g *1r Ssäþ,.ã'Ë#pg aq &"å,*di.ËÆ, tð.+ #'sw

{$S"*:3 ry,*Tþ,"gsré*¡i *{*+.*}Ë{Ë}# *x**a *.rãq. Eê-ç-re rä#F*BHäqffiË* Tsë

,F#&1..å#&# çxq *{ææ.4r*,*#'æ .xsÆ**å æle$w¡ *'rå.* æ #4-*æ&Ëd

4-#,æ.çmwa&.$w3 * *$wæ.&#rçffiÉ ë- s q#*äqæ**& @strq.,*.}

J;eå*ffi#,ÅË ffi,rr** #q+ sç s,#. &##s#w {:¡}ä q'&ä# Ë#$'æË##të #Ë.i

#ffi:,*qt æ,*ç4æ.S.e#m,*rd .#,,q* qæq** # å,gç*eu sf +ã

¡euæT& ##sJ Ëîqê &4 Ë.$:*,ð?#+*sA &q rftrt W'ErS*d*ÞTsffËÉ

" *æry. '*e$ 
r€,*#R*!#,s$ geç**S* #ffie H éF *? ,m**g*g& wgg #..*,#Tffi

* *,æsp #q* ,F# #E Ê*e,ç&w,ä #,&* #.e -#&$# w,æwq *6wt eæè

#&qe dt$e {#Ë*x3 *egg.w*&* @mç,*ss #,+ gËps æ,ryr* {-3,ñ*õ}

*çþ



â&*

çf.- cå,#åbååS.*.¡¡ *,f {y,g.l*atå*,n {**"ge}u &s eglpåå** t* tår*

*eååtee ,8t*¡ a.**, ffie{*$:i. Sk* ç*,rc#åtå$a {e,35} ;ås p#t

eø*åsft*.* r*Ë¡å#s#, Èþåe våsåÞå}å*y $.s * ,rs* Fke pre*,ent

trsatwr¡¡t -1s,¡ Lar f*eåo e¡*#6,*æ.åe6 by Èh* sdwx,rå.sr åtr sh*.çh

åh* ¡rå*åh,åÏ,å*y æ,€*rå.ürsr a*å ***æ åreåghå ;l*................p,mmd.$¿¡s.6* ***,

th,e ***p}-åtäcte, ër{swer! ep**ùru* *f *}:e *}?$,&k s.äss:6rär

fi"åXa¡lB*wn t*lg*lghgr åS .ths 3$"eåÈår*m €:&,ã.w af Èil* tr+rgr

{i-mf,*.ru**&1Ly } ÈT*åçk #*pË#:n}.*

Ph* r¡ûs*s*tå*'fsetl*:r ca** *ç*at:[rr*r ig"F]] fn *hs

**s.e& gxrevå*nxsJ,p eåted åB sÐìtr *d.cqt***eåg expå*$"lræ#*

Shq d*ËapÈS,**rs m's#.* ab*e* sre furtþer v*råfåe,d" år*

ßppem*ååx lln bp ü.å**q¡esåÕ* çf tiee ç*L*.åS"tg øf Èh*

*qux.åt*gr

, ps{€nç}* ¡rg{6¡ar}i"
¡israrnårrr,p {X*ge}* x.*èetåff'ç {fpgç } }*

{gn*e **qr*ætåæw spgååeø wha¡r Èfue at*çu,}-ær *pes*n:w gs

ranå*æl,y grfrr.,a*eå acl# å*,æs ftst ðe&üe,ås & etr+ng uÏr64at**rs*
e*æp*nanå)* thø ff,*uråsr *¡,*,gsfsËËes qrf' tke quaaÊi.tåeg

Ès3 *,he eqæ*tå+a .ar* *hssn t,a b+ xå¡åü€**,&ll. ehe,B e.quatåtl,n

{e*553 å$ ss* s*tåsfåød^, hæse å¡/'a!.i#fsrm.s, w,håc}c &r#

lífiw*r w;r*c. t** då gw,r b¡r s **.sâar*ss*#*$}Ém*,*a* q:**n*åt¡r

w&ss,ç w*6xå**åç å * *rpr*woåbï.s *.e * f*rtls låka the

v5".slhå3.å*y æ*** ar* *å*etlp**l¿å g"þ'o-rra*

ln **n*}uçå*n åt æe.F bæ sstså Èlrø* *h* çesslxre

*f vl*åh,*,"Ï"åÈy åçes ::*t¡ ån mod.ul.ue, *epønü" *¡¡ #å*ts,as*
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f,r+:rs *k* s€rs*rirg Èï:e engtlSer' üF**tl-Ìr& è,AeX ¡¡trt þ*+e.**'

r*üï:Ë,n *L.3.#ss,* rrl$Ë,*ffiÌ*l 3:*raee'å #s åt flrs$a$etçs*

fiçwhJiåI {1}6Za)tr*s sTrsw.n thtnt eqxwtå*n tg"}.li ¿* Èruç

f,çr. tles aral¡Ï.*.tt¡&æ ðåøt, äbuèå*r'r fusms'Ë æg * grf**rt df"s**¡as&

fr*s & ähån pþ*ø**n**raåetåxg SesêËf¡ {A*rt ***tn as }sas

beça s€'*$" at 3.eå&er d,*etmnoe+). seJer {r*65* åþF** rr*?}

*r;ggeøtw *?r*t *hå* ås &rã$ t{Þ t?¡ç rare&*øåp '$¡hw4,wd s,etArs

t-f t?re æs*gw}**r s3r**ê*l**. lbts l-s nst s*l s* s3.3

ðåå.teft*êê *å:e rr,ås,åhåä*".ùy *f th* f,råct$ew å!å *þc amgrå*'trxå*

Füs'er ep eetrirm ås tlnf.ty {eee Få.gure {z.z)

f*:e f,rå1xg:a;s *&, b*w*Ësr, be*srsas Y'ðclr ëra¡rlå* aà gno*t'

ååa*$"r¡cea **<¡*. *æetr:åe tå-c#'Ë.r' *rx?:eI,ü$Þ.e s¡årT,s' S.n **mep ¿l*å.mtee

lhe Fcr¡råsr tfs.*sf*tleg $f tir* åË¡**åtr$ffi s,nd üþe enrel*36

,¡]uncti"e n *r* thtn vêr;r aLnnù}arn sn{i thes* trensfçrms

ær* Fa *xå ffi * *þrl* åø Sawhf'Ï'l-re x'eauÏt*

2.6 tlateLl"lte .x-p$-ååûsttqqp -s-t the ?hÈg,lq--&qrq-gn- ---::---:-.-=-;æ

*rres}-eåå"oÆ

ä.6"L srrheqicê& -ï.$igp,I+1 iëêå¡'e$*

ä'hsr¡ *h* ra#*Ð É*È1!f## ån * *.**eslÏ.Ète n* a f*.nåts

Ì**åg?:t a,bççæ tþ* g:r*$rtdñ *hs savçf*pæt ånøå&sst *¿r &'hæ

åo*er*,g:h*r* åE ¡tç* F}-ex*'þ+¡* .*phetrlae}* øn4: Èþs tr*st*es*'

gåv*lj prevål31¡*åy m*rs* þ,* m¡rçå.f,åe*. lf tt¡e æute].ãü.t'e

ås *s ååsÈasrsæ *f ø*,r¡ã ttæ*e thË rå$ggt*s*srêïæ¡rß*k fr*xe

åhe *æett*råe6 røg$,o** *hø æelååfå*e*ti"*a ås s*Ì:åevo$' by *

*åra3tÏ"e trar+sf*rusaÈ5.cï,;: c?f, Ëh* d.åffra*tf,cas g#*.*e't¡.y



4&"

{xerrå:å*ffe {ep56 } " ä*rtl'}=,åx}. {:*e r; , I}uddss¡ {r*qif i }t
Let the se*cl}åbe be st iz-hi * *i{* absve the

##sï*Ê¡&r *oefæsç¿*e* h*åxl.g, æ**¡S,* Í;e såg:r*e {*,"*i} ãn

tsr*s *f' tlr* ¡iû*c¡;'*ànatee [onp,u,x.*]¡J, r*f *rr*d. Èsr *he

cråg5.* *t *ll &ï¡* g***u*rån & &a*w *g***e å* d"e:t"lrræå by

lx'rfl'r{n.*h}'J * i**, e¡: ._ ui**n}]i
!î J (r*:6 )çhere *r * =¿:--+* ãü-t;E-Í j

lån6er thå* tramefo'r's*.*.åc¡¡r ths gr*rlr*å ¡råæne (e={} åæ

¡¡*sl,ter*d. þu* eåå sth*rp*åtrte mre #hnnge$g ån pæ,rtlt¡*r}*r'

th* s*t*åtåå*u ¿** {a*h} o -5{ l:r r*erå åÍ}ä¿êsn åe a* *,

gtelght {fi,i*h* } * *,cs, åff *¿å*trr#.nsf.at***d.*{ *psr'E*r Þsy

p*t?i* *re p*araä"S*å *r¿i3, rcetrefrents fr.rs gil.*::rn:r årt tþe Ksw

ßã)ecsu *,nå *h*n tr,e*tr¿*nù *S' preYåû¡¡ê Sïå&t:ff ftt&¡t" be *rB¡rå$.*&

èþere"

Irtrr çë*trenå#c¡ü*¡. t&e t:resEÈ,me¡st sålL be srlùteæ

åæ *,*:rms af, th* npetåa3. y*råsbLs* **Frs.sSp-Y¡ end. ä n*ærå

pr**å*r:xåFî wþ*ere *hey ep¡l€*r ån *xpr*øçl.or¿æ fcr peææ.F

ep**tra thwg x$.Ï.I refer te *æ**sensf,*'Fs*dË ffpes** &ag

gçauå* çþtsåneü" æ rst **n#.wrg.* ÈÞ¡s åÈIs*$'eê æ*ürø,næfferest'å&r*

bEtrçr* b*ll¡g *ppî"åe& &s tl*s r*al. Ê$eå,e çf Fs.d*rr* {9,ê}"
â*$".å
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å+*,;L&vsW* *. i&$*æ þ,*k**åæw ,*f å'h*' ampå**þÉry p,**.**

aÊ the grer*,må, when åhs rs*,tn *s*rrÞå å& s **v*-ag

setel,l.åte."u

I*eú a æ*åe3.ååte* r*.ëåa*ån6 *t a r*,r*;L*ng*fu hÉ

*su*, ***r ååW ,*å e e*s,**ef b.#å#b* #-# *Þ y* ***, grwa.U**

*æke ã&*,*&nr.*åFËìts *he pø*å*å*nr {*o.,F*,co**,*} *m* {**n**æ}
*,m Ë&æ høs*.*+:e**Ï. gÏ,*e#* 9k* üå.**sËås* ***-å*** *f *þ*
F*ål: *h,*ø.¿6h *b* gr*r*æd. oså6Ut* ðr Ér.,gæ* fç* '*mx.ryå-** :&&*r

f,Í.rEË peeÀÊtneç e¡F*
\

&å' sa, g
Rr Hr. &r

s.kærp &* åæ *kw ëåË,t.#ff#* o.ff *hs eæ*s-åå*tæ froq Ê**

{Xeg,æan.u {9"*}}* Se$s*g &*fåra*å så Ëþe s*wtt*è* *h**c
qt**rrtåtåss èrÊ $*sffçeå*r[ b¡r ss*€trranef;*rpaåå+sn aadf

þeesæe ùhç dlårEçtåçn È€så-eoe sf ths Ëå?rril4ÞrÌüs,L ln
*&**tls*Ef$fagðt sp e{ir6*

äa sæåùå*g *hæ *xpreeaåsn f*r tk* s*s#i*ffils#üFece

*;f *æpå,1.*ç&* fåsr*'&'****.,,gm.s¡ fft** lt åæ söffi,f,sæåçm* -*ø

*+ryr*,nets äfo* quen*5,åü.** t,+* S**r å* snë Ëar' åntç peËt*

rbå+h çast,aå* êha *p*Èånå flreEræn*I.ee ä esð Y åo th*

f,årst *reË. p*gøndt ¡*"cxnrør** fhgsn nak*.ag ra' *r**s'6 Ëu

åp6r*ndtf.x Tn f,+r t*e fåreÈ s*ù#Il,åËe ¡loså*å*r+"
g*,8ãt*+$rh

Ë**' * **ffi** s &b *,

sñ* :í'use*&tsg tþs ç*,*rÈË sf, thlr, *sç*æwut *.åe**tåen



W*

€#*Í"mË&F

$.'*gç ¡p *'

#r&. a ** '{F
rÆ' * Ë'?r + *¡*4'J

u{**.u'*[ {h+o*t }a*a *. {&** *. }ru *,$

m. ø9,u.,Ësr{ *ç o&'* }å*'* }s*"s,ï ar{ ** *A* } ru a }es*#&,ê&* &qt

*hçr* * l# s" ç¡ts*etsrrt anå 43,1 5¡a.ree€tt¡'* rs¡fer t*
*ø *åroarræf*rrs*#* spe#s*

Ybæ *.wp$,å.*,r*ê.* ¡l*ë **,mma.w&.$,m*t ,qrËå**' *& Ëh* #æ*,rr**ür

çhrss *?¡* ee.Ëe3.Ï.åte *.e å¡¡ essh çf tþ¿ç p*a*.*åenr *çfe 6n.$"

*ä*" *ea *pør*å,g$¡åf çry6,g:ç:*.ü*nræåe*sê to #å.r¡p È3tç fnç*t,å,çts

fa** t€na]' 'Fhs $*qåsrt Ef, æqãå'Rn* vså't¡e sf F*.+* å*

#ú,*gåx*a,a$ trrrË# Ëks e.. $.#:åss çf güsre*.e'**;ææ e¡r*** ftr *



sä*,{9#Ë éå*&ønr.*s. eçt**& &p üc{os åå*,*.**e,es *'&S"*k tbs'

p*ùter*. Eü?#Bç .*. *eøw.6a*** &s ähË *s Ë"*a çd *h,s

q¡f *s¡g.r**.æååoln $*t.s*&1

ålo* *.*fi.S*¡o &tr€ rç&w&*d[ by Fø.tlråær äreEsgfw:#&ü*r

åsrar

i:' ,x 
ffF*ou 

{H'**t}*ru[,æ"rr.{Hx + nv}jee*t * $¡* {x*r}
wherc H. f.* * caruatarrü* ?håæ ræ}aÈåpsr*hl¡l Í.e

&åffa*sxåå-*t-.eå srå-Êr r#ëftÊ*# tæ H s,n$ nqårwnååøeê, æ.nð

tï¿e Ll*ÈÈ an X enå I tend ttl uers åe t*ksn* äh*.e gf.re*

€F*** tg**l*&*a

s*** {g¡w}æeeg

*hå+k å.t, t!rs, ä-a**.spåS"w&* sf Ëbe se$àrp çf æa*a sS S,&*o n

Ëk* q'**ø.çr.ð æa- ëç, S*s åx. xåmif,3*rl$"g *r#pr*s&#ü $"e ü.sræ

ø'f $,ü.* €."åq å**i*ésp*r

$ubstå*etån# fon Stc fros sheçe *.nit ex¡rrr*u*åug

Ër** S*** #* s***#a åm, t*ræs Ef X end. T g#"ve*n after

s.ræË el6ebr*,åaeï, eÈepo:

lå¡E *

* ffi ffi[sE#hqÊ'*(E'Ë]J



SS" #

€* ¡ä h'lgå * #*ìv"." l

{i

{***F * **F * ë*}r{*r *** *ät n6* }*,*,t*.sä&är&st

¡;j j E { *n t se rHç n$ t }ås,r *.xe 4*&t}tta- ¡
d*"

xhe*s f {a* rs* *E't *4n } ¿* æ{* }st*, }Pw{6try} *s**&x } I

a¡r* s ,*,S'm*.åar expre.exå*,* f*r ri* 1¡¡ tßË.8* "f ff aaå $Ë" *

fhf.e øx¡:reerf#$ oan be analyeed ee f,el"Lfirysr

{å} FÞt S.e lr#F*#s*ryå3¡r CI*erfrree,¡rwweÈr*.* {*årae* s${$ry*s}
\*åa re*].]* rf $.t ås &Ê&usæ* *kæÈ È?r* xrref'å3.e *{m} g*

*,3rÞsstråm, æfup¡¿t *. ¡¡ O*,,*n åe ,s**å3y sÍåewa Èfu*t åtr*

n ¡mstrs?*, q¡f ths eê{}g¡id terw n*æåehaa and

6" ¡s hrlËg * 3å\, 4e * r¡rl** - #Lì.**\E Kf"-'v \Tr Iil-

F*rf,ermårng the ånvw,reø ***tr*.*sf,*r:re*tåsn* ün I¡r gåv*a
ffkht = ffin by çee***.*e {e"36}* {The tre¡r*r has beer*

sss.uwæ* *gmrueüråo *b*uÈ t3re h*$'ght h* S"r¡ *9"*tr&ssfprwæ*.*

sX96s,*F å* *"s ?üsS r*eråy ÉÊ *Þ,**xÉ t* åa r'as3 s$les* å{'

t}¡e å*ysr tl¡*ækïå&,*s l.s E&eå], *eæpæred, wåth tho h*ågåt o'f

'å!¡* ssùæååå*e)* Phe S.åapÏ"**çe.çnt ,*f S*.*,** ar** tku

ê.åetawcê &.å.s&:* bX' *h,a *agr3,åtud,* ¡ruùternn sr* *k&tt

E * *ffi{Fr*pn}* ïr * ftE'{qr*e* }r

wh,*s àhs *eÈ:e3.3åÈ* &&s*,e *bssag& {F**p*ä q#*qî}, Fhe

**Èåoxr +f *k* E*tÈ,$ryã ås gg,e* *.f ù,kæ s*e€.çss *m hs

&rr*î*Ë*& sf æ p*å*t et th* høå6.t*t kr ?þæ r**t*f¡f åæ



ä$*

sqråå åå*ìå* to tï:*è-*f ,Taæes {f*gæ} wrd â;lu {rY*O} w}te

Etr¿ðåe*. *p,e,cåe3 setssei *f *yxm*tråoal l*yere. fF¡Ë

per****ü åerå.rstå*¡r å* qaåte gën*s's,Ï."

{*A} $f tlå,ç åey*r å* ¿r*t sgæweürå*æå *þoqt e ¡¡ s, the'

s,**ç**. tçrp å* *å¿æ etrXlPse*å*s¡ f*r äp ð,:e*eråb*s¿ ålr es¡

*bv*"***e H&Fr th* p.r***,Æ,s wf fåra*å:g t'hq ***trs* æf, æ€*6

o*' Èþe p *f,å3* .{.çr*,*èåCIrs an*1 t*¿e *a,rreåe.tå*r¡ fr*rþçtå+n

ÊH* ff' *{*} åp *pr*a*.**å*el ab*st & * ** the *eas.në

åsra st¡b'ärsq;ts å f¡¿¡s 3r* S"s. å,þ* får*t,

ådåiååe¡¡*.å *crms *råse åf s{s} å* ca$* a¡rmæa*,*åu.

the p*e**s'ù*r Ëtr trhs.p* it ü*¡pr¡rsr n*t se tþç en6eræ*n*

*f * fnnutåæU¡ *p.**åf*e* the €**s+ur*i"nste s,I" tha ss;rtr*

ef m*.øc ** Fff{€tnñt}r, eserege€. *ver *he plrröå.*r*s sf
PTË{ãr 14'r{,r } eanp}ed b¡r s{$t i, 4.Ê sesn f ron t}l* tw*

rråeeå*6 p*øiLtå*ns {*tn and efto}' An ef,facÈ *mæå*gcla*

**. *3r*È s6:&s4Àr*å hsrs å* tT*e w*veæe¡tt *f Èhç *enÈse *f

$&så *f t,ke *Ïrc- ,o?r whqn en Tåes;r&netrS.çs3 *p*qlrø b**.y å*

rsts*æ& eh*&* åÈ.,ø *exÈre f &e,sã årx a sts*'t,e*l*sg bee*

sf låght.
$*sh .*ffests **nÈsåbuÈø næ61ågf.bï"y ù*- êhu

*n*spÏ.e.* ,ssså ss**å*æ *f tþ¡'* *upÏ.i"åt*d* E¡,*ù**#!l ts th*

å*,n*x;lhøf'åê €âss* Ë*t* s'***llåte *nå thç qb*srî.er &r*t

urtleÏ"}.g gç fnr re'*ev.e$i f,rø* tha s*s+*Grår4; ï"*¿re*r *he,*

th* eap*c'ü pr..*sç¡¡t*'ð kg h* Sypåe*3 år.lr*6uå*,rå*S* te s&

sk&.ptrvËt *û,yåæ wå* *å,m p*È*et'þ+ S&mmge* Ï.åtÈ.1*+ ås **¡e*



$lß"

tåm* *h,s* Èhe, pmtË#ä.rr &Ð-?'s# & *åsÈs,æ*ç sÞ-äce.¡t' *:Èxnss È.ka

sesl.e sf tþs ,Lffiwgnå*råtg,*

?Tls Fe.rriir æf ths #c¡rraåatf-on Fu.n*tåen

fþ*s €f:fe**s pf *þs a*Èårys ¿¡f #æ** *en b,*

*em*ç,e* .by *xg:ree*å*# tb* pp*s*ft*w ã1x Fbwe*-fçå**åvs

t* Èh* æ*ïr*,ëg eeaùrt çf seaüs,* .S,pp3yå*r6 th* v*æ*ï.t

tr.&,**å*eå, abærye fmgr tba æ*tå.u,¡¡o tke' #r*p*****e.* ep*et*u,xx

ås
{}

Sne - $re erPi effih'(#ne * ÉÊai I{_)

*l*g,s,* hr åe *i:* helghÈ pf the' **:atrs eif n*aa sf the

{,*quare,ü} pr*flåe ån ilø*ts¡s¡tsfsrr*.såÞ sFeü,** Xrd,

d.sseråb*g ðho ûrrss*o,G*ref.s.tåon functåtrn ç$pr#esed

sET,*.Èåv* ** åts 'Õsnåsql ef H.*,ð * ån whåeh f*rs åt åe.

srit*eä Ëå*n.

ßhs gåså* teræ# å.n the expreeølonr ferr $lç *në.

ffnJ $r*S.$xre s,+$$åder*bå* e*rcpü,ewåÈy ån a getr*r*å

*x6ar*-*eånn fsæ ths eeærç"l.**ås¡c lfr¿r¡*tåc¡r* .f.s sr&en t¡l

k*ep ties &å.s*rx*..e$.. r¿ ,ø*.ryåe f-* X6 6,s-pr¡n:*ê thst all.

þeft* *nf Èk* eûeüt*r$"r¡,ffi l.æårsr .*.r-* xü åsr&e ¡åt*-1*uçeg

S*s.e *!r* gramnå {å¡r *a**rg,s*f,erne€,* n$***} ee êh*ü. &h*

så*¡e Ëe**m,*¡ wkf*h regra.*eict fråtge fu*utå.*n*¡ æay b,*

gsåÈtçå esd. Ë#trlïaos¿l by a. n*æeriea]. cpr¡ætnrrt. {te**pan+

th* ð3.*+u,È'#Ès;å!6 *"& $,*&ål;pm **'5,* n -ùbs *qual"Í,Èy Ç

#s * s#* sg*eþã.å,she,ü by sww,'bLt.ã, {fggr*}}"
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,Êrå+tr t}t*.* &ppp*#.eatåon* €1$ wap be So,r¡rå.*r:

traneferrËed. te 6Lnar
Êä*" 

{gun¡ } *
::'fl

I I sis,' ) s{a* }
JJ{g**u tr** *

" 
Pm{g.ëg&a * ffinru- e*Rn " Wn x{,*,*Ð }&sr ç*

flustuatå*¡rs i"n tne paÈ'terns nIü e,nd, nåü.

'å't¡e ssuü****trr'sä*Ëåo¡¡ f$¡rctåscr ef $he aupååtu#æ

petter$r f *r, {*t 
pa** 

)r å# qt¡taLnee b¡r puùtingE

** ü S,a * &l åR {p + Fhe ðst*Þ3ç S.æùegrø}" Ëh*¡r r*p*ea*ate

èlre prø$srtå#!þ *f E**A þs¡r*.rs¡Ëteå sê**gÕ*
#g{60r4'}{çf, sË{Ë**4n.*är}n &c eoxp}*å by *he grraflSa

fï¡åe&S,etl) å¡x êhe S:årsc&åçn sf the Þ'ev*n*rms.l" *1*i

ån Ëaràå*trå*r, when the prerflåe ftlnetå*n ås ef gr**.t*r

v*¡rÈåee3. *xtsnt ths:l s,oë *trtt t,ttø 3.*tt*r Ls låÈtLe

xtsd*.ft*å ky *fte førm*e, unårr åe tlrs ss?radlçss* *f #H ln

th.e på;+në w&ne åi.l,esåvr*.tf,sn af *#**r'*nsf*r*eéx epåçs3

*hø xpa$ås,3 åå.**nE$.*vre *+f þra.r r ãrü weåghÈ*S 6"v*.trê&€,s

çf *þø Ð$rr.esp$*.åå*g: ååmønsl*srs çf t¡*g s$¡{{onro},

ffimd*r *h* åsåTr'ef Ëe Êa*tr,s.nsferms*å+sþ øpËi*oã¡råa** * ¡

*ht æeæe b'eåg.ltt ht - m sf tlt.e æus,t*erå*g L*,¡r*'r, th*

e¡:at*.aå ð*"w*r¿**$*se e.r* fsxnå t* nu $, tÍ;,**e L*rg r
åtä&

th*n the ecr*espËnd.ång e,vcra6ed. horl"ssntel d.l"¡sç¡ìsÍçng

qrf s,Ï.ë ån *s*å sgdk&€*

trlse 3e.s* psånÈ È,€ b# ,e*nEf,åsra# åE ttie åesr€a*.ö
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åcå tÌ¡æ &#såffiìåe treÏ.råç Éf #krr së ttè* ärÐt*€¡:ïüø *åñ

&ãlË nä*s *rr ##såsr# Êë¡e¡rtr þ,agew* }.**s a$"æåå*r* å$*r

EwaXS trå-ç**&FËs *3** Tret"i.s!äss,* ***u åsd. {r&äs sf, th*

*.æ,glååtr*d.e fSxctu&tåçrue ney be gslleå.*e¡rø,€ te Þe e,quaå

anð., tãrnø.*.tr*r*" gos*ç*ant' Ë?¡s &e$$.etrÞ vwJ-ue nf
Ëäru, e'håeh. å* tmken Èp be t3¿ø tsl'sE st tlae cs.ntrç

ÕÍ' nass, is thcn:

dänr{*,*} d. i¡ e{sr}p(es}
JJ

x Pr*ç***. 4 + ffi* .- ruq " W *8**#*!gprå$*,

Fh:* *.9¡:re*o.S,.s¡r *ä ùh* r$;g*rt {s m*a*, *åwp]"y

d*,*tlr.åbsé f.x ä**æs çf, ar: i.rztä*.tåse på*tur't gåv*n Þy

ËetÍ.r*r* $ä*. iiçø:?æ*fi {fgd¡+}" Sþçna a¡¡tliçre sh+*, t}¡st
s&,rr{grlf} e',qrå*.* 3åk* tire rcÏ.l:se *f,' n*at?eråtrg w¡sterå.el,,

*ð&sÉ.*sl tç¡ t;.r* *;r3**r$*rs *h*e* sg,dål &re *Ee*n,3. Ès tb,e

re*.f.us +f th* fåt'et..'!,¡res¡:,eä E*iì€ {*-* e*ex by ns¡ øþø*¡rçer

+xr Èhç gr*u:rdþ¡ &rtd shesn &trçðn whÍch ànt*re*** at th*
*entre sf tÞ¡,e ***tÈ*rå*g 3",*,¡rerç *r* *i"esç*e6" e}*ng tlre

rs&ç+åssrcreå* 4t3ä a:l€. *åe* fþ.* expr"ee*f.Ee. *Þnye åe g

f*rsa3- æ*ætswæ¡rt sf & så$Íåa$ på*tur* *.n* t¡aitlcatee

**¡at slg *g*"ghte *3l* gc&fleøn y*I-¡**e, ffn ref,erer¿se to

tk* ffræs*ex" &*srs så*e #K!$Þser& å¡* *hæ *xpraem$.un pårt6#

S.*.ffrsçtts+ sffe*ts h*9,* b**n ressveå, ån }licåÈ,åå¡8

*t*çm$Í"çs¡ ** þ,eharåst*r at Ï.arge d.åøt*$ces fr*æ åh*

m.*ø È*rln6 {t.4'r,Éssr ,âç tre*l¡irs er*å &ç*neo& l**ve *he an



To

*þ*çs af:tøeÈ* å* æe*. 6*reaÈå¡r åsá'åtrptlçe tbs ?*l** o:f

F'&r* (çr*i.

lhu r*Letåge oh*,nge cf, th* s$rn#on velumç

*åår¡üed È** f*r' a 6årex eh*;ugr åm S,f.r**.tå*tr *f t?*e.

F*ïs,&ÊFmr¡åsn å-o grua,ùs:r *.¡¡ a È?*å*ker åa¡r*ry {.* Ss*a

n*t efu.nn6* *È *IÏ. å*r an ås*finåtety thån Sager* Få*s

ttrå*kx¡ea.s ,þf the la¡rer can tbs¡reftlrç bE d,eåqrmån*d" frsä,

Ê}rs ra*s oå* eh*xags ¿+f #'&n*{**s} ç**h r*ægt**È êø ahæn6e*

å:¡n ê&g¡ S# *3r*l qç r, #*w*,m tf pçg) fånEt d.esog'eÈrete€,

thi,s p*aæåbåã-T-tg wnå ffiatl.i¡rø ar¡ê, $s,s¡ss,{},så, {gpgA} }rs?,ê

gæsreral"å.søå år*x, r*s¡¡l.te" Yhs a$rë¡Lå*,stÍ"*n of the
peÈhsð å.p s*¡¡Eådece4. ån Sectå*rÈ 3" r+. çf, tï** neat

*ir ept er 
"

?..7 tslneluEåon

å. **v$,e¡s Ï:e"s þeen gåvea *rf the {lr**r¡r bs.*år:

*ç stu*å*g *f, tr*a1c sea*terriri6 iri i"rregu).*l' mpdåa mn*.

l:e$ work ïrx* been å¿**r*a-iu*eå whåshn åf tsa* *åwa;r*

éårecrhå¡r *.ppå-åe*håæ å* åt¡lr*sphøråe *trråJ.*e* hns

ialterest ån æ,er* gøneretr *g:rÈs.e*3 ç¡¡xt,*x*e*

fhe r'#,st*3ts *þta.åurq,*. *ye ngt a¡.lmm¿tyåç*eI h*ra

bat å* *.a p*åru**d eu* åh¡*,t * efø¡iï.e çe,tttrpnl îmmdeåe ir.*s

be**x 6åv*en* *h*. er*ss*ðFêêtä'rræ $r* f¡rçæ whåch aåÏ.

rss¡.*åfe c****gr¡:åmg wa*.k o**tt,*rå.:r6 #år1 þe *.eråt¡**I"

lke aleBïi*åÈy ånherer¡È in m*rkÈng la l.rsusíer

'ülrsclãf*effi s$l&$e* fke q¿s*,fuåne*e CI.f ?he a*n*,wpt s.f thå



&
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rHåFrER jt

lfiI; ¡"T)ï'LTCJ'lItll t.li fl{ii0RïlI0/rL itRI"{.Ít,;iÎi't?S
tõd_.ffi_ffi

3.! Tgttgr].*etiog

'l'he dieeussi-on in this chapter coneerrle the

appJ.icatåon of d.iffraotíon theory as previously

eensårJ'ered.n to pre.êti.c€l, tc¡ the extrsc{Lan of useftrl

informatio¡¡ regard.Í.ng the irregular j-onosphene fro¡n

an*ilable eqintlllatåon dets"

' Frepex'atory to thj-s dj.scueeåon, val.¡¡ss

typåc*,l sf åonospherle irr"eguloråties are aselgned

te yã,rirì;s thcor:stiaal qu*,ntitåea in Seotåsn 3.i.1"

a$d. the naturs of the effective íanoepheråe ecattering
sêr*ea is d"eeerib*d ln $eetåo3r ].)-.Ê, thrse naån

topies ere then d.Íssussed¡ in $ectien 3.â, the

behsvicur cf the ð.epth of abplåtud.e ssinti.L,lati.ons

as the senith angle sf a rad.io seurse changea; :ln

ånformatiCIn f,ron the Srower Êpeotrum of anptrÍ.tud.e

saåntll1.atiEr¡si in Sectisn 3.l+, the {nportant

Þropertles of the uÕrrela*ås'n funçtåo¡l êf axrplitude

fl"urotuetf"c¡ns at the grouRð,

].1"I &Ieasures CharacterÍEtis of Ïonospheric

Irre¡*ul a,ri"ti e s

S3r wa,y cf naking the fol].owíng csnsi.denatåens

nûsr!Ê d.*f å:råte, vari*us pâr&FÐtern eå}} be aosågned.
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naã,uçs s,hf.e'*¿ 'are È¡rpåsxl of the årrog:ular åo*,roæphere.

The appropråete f,led.Lngø a,re sussanåeed. hers.

ïI¡s Lr*Ceîlt.arå*åee nes¡ron*å'b,åç for rsd,J.e

Etar a¡rd. *atettåie scf nitå],latLons arë often f,ound, to

1.1e at F-regiøn heíghte, of about JtO kn+ n*rÊgÍon

irreguJ.aritíes which nea¡r beoorre ímportaet when a

r¿d.íø sourêe ls at }çs elevationn, sec,ur anound. LOO kn,

heåghtn ln t,ko ,ab,pe¡¡oç øf preclee knowåeågø tbe

¡r'nef,å1-e of slest.terår¡g J"e¡rers ÌÊå;.F be ta.kEn t,ç be Saussian¡

e typåei*T, T.e¡.$s f*r the heåf-thåçl*aese sf .cuel¿ ,* t*¡rer

ån *F¡s F'o'neg,å.sæ would &Xlpêar to be jCI lcm*

F'*r"agåon årregulerå*i.eç are eålgr¡eô al"ong *,,ha

€€.+m&.gr¡*àå.t¡ f,Leåd"+ Shair spntåaå &l*sren,s$.sr*a sh.o¡r

oo¡¡sideraþIe varÈståon but shars,eteråetåo valuea"

oxprsËËed as the díst*noes Ln nhi.ch the correJ.stÈdn

f unctJ.on of the med.íunn f al.ls te **1 , &re, transveræe

h,þ Èhç fåeåd,¡ å ksa** ar*å *tr,øng.the fi'e}å,* $ kn,

Fbw pb,aerï¿tionc of auLtabLe defini.tåsn have

be.sr* ¡esd.e *å:&h' Ë*reg'åe& ù*regnåaã:f.å:l.es* *eßsrfr,L

ço:,r,Eå.d,çr.eèåç¡¡s' ßu$&a.ü,t È.hr,t the¡r #a*qrÏ.d ba ss.sl.åsr tlrsu

these fn ths F*negj;orn* Baskseatter obeervationE

inril^leate that¡ Êil sose ssoasíons at leastn they too

sre fåeld a1íSneû.
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3,L.2. the_ î:{{cpStvg Ïonospheric- Sglp"een

ülsen the eharacterietias d.eseribeû absve

*hp ãelattørårÅS prrûüê:s.ã 1n the lonoephere may be

for$a]"å"eed. as foll"ows* Fhe oarreLatlon funotåoa

sf the irrre6uSar neð.ltrp f.s tsken tç hare the ßausßå,&*?

f.orar
Pru(r,s) = exp T- { * T*.-l (J"r}

L 16 {a"o)oJ

shere Ê and. r are spatial É,sÊrd.ånet,es aeasüreû. .

along, aad radial tor, the geomagnetic field. reepect*

å.veÏ,y. She üshs"raste'r1,etåon scnteur, on whish
Êï$ * *** ls å ø¡rherof.d. of rel¡olutLon about the fie3.û

d"f.reetåsn. fte rad.lus rad.ial ts the f 1e1ð. Ls rr,
typleally I km, and. fts nexlaL ratiot is c (>fln

typically of va*Lue 5.

fhe proflle fuaøtl.on sf the spatterång 3'ayen

fs erråtten¡

s(r) !' enp (- *'7, (l.A)
¡2b-

uhl"ch felLs to e-1 Í,n the di-et&nee L which ie

typåca1L,y !ü tcm,* 3he enordlnate.:i 6 {s,, as previousS.y*

&sas&reð vçv*1eaåtry ðswnwarfl'

liow the haLf*thit¡knees L of the proflle

fur¿çèÈs.¡l ås e&xre,raf,.. tåasç J-angen than the na&iå
Ì'ltyplcal of *lfrand. the rad.Í"a wavelengths used for

scíntlLl¿tion studåesn of the ord.er of lO metres, ,sre



så,.

oãe,hunårë,fr. *åmeê Êne1.ler than these rådål¡ fheEe

are just the eondltLons aeeumed in d.iscusslng the

s,ê êêrï oÍ' fi.aå-e *hj.eknês6 ån $eçtl$n å.,3'T of üh*¡rter

â" la Fouråe,r. tran,Eform ñpace {see s'l6ur"e (:''f } }

the.transf&?'üod prof,f,ï"e $(a) ¿* n&trroïr ån df stråbuti,r¡a

conpared with the vertisal eeçtion, H(0rtrg), of the

poner spect.rum of the nedium and the spectrum ie

eff,eetåvely ,eampla{ *n the tangent pLaree to the

refLeoùlng sphere *.t *he cnågi-n"

Ifnd.er theee c'oTld.åtåolr'ãr and. Lf ths *eaÈte:rlng

be wealc.., the expreesion (9.5f.) ror à?re power Þpectf,u&

srf anplåtude fLuqtuståons at the gneund nay be aåopteë,ç

fhus:
.*?
v, t (x,y) = ;fu;F *tx"rn {u, *sÏllzffl.g(s)'" u{

r l ". r- )x lt eoe[wla(fit+är)] ns(ar+ai]f
L)

Sinoe FIS h** * si¡iall.er diraensåon of-* t¡1*r,
lß and Y d.e not exoeed * 1 kn-l wf.thLn the regi.on

where l.{ tskec eSrpreclable ta.Luea, within thi.e re6åo*n

then, for a wav'eler¡gth l\, of, - g.Ot kna, the nerüiE.al

aeper**åca of t'he refleEtåreg' ephenEs trÉ,â

Il,r + äi * Ì-(r3 + Tâ), (åppenðlx r)
lrhíoh doeÉ n,ot exeeed * O.r0,l kn-1. fhls value åe

several tJ-¡nes snalLer than the hslf*çåüth ef å(å)
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shown for the radi-i ðf tfte.reftecttng sphenee,for the contour on
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the transflor*åá-proiifå iunction S,(Z). fhe cul'vatures of the
reflecting sphenee ane exaggerated''
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*4*håsh åB * t¡CI} km 
' 

so th* ¡råslbålåty fanetlon"
¡ l-tË{Er + frt}, rûay be put squel ts u.n5.ty for ell X âr¡dl

$h* an3rlåtud.e Í¡CIss.r Þpsstruü ,then t,¡ake,* the

¡"â*
Ài+r,|Ê-d

{g",gc }

t¡.¡)

The faet that PS å* unåty indlcates that Èhe

Eeatterír:g layer, though pfur*åee3ly thå.eko bøhaveE *a

dåffrast:í.o,n es n tå¡ån ¡lhaxe*,m*l4u1*tång ËsFêprrr

to,npaasl,sû& sf, eqrraÈåerr {l.S} x¡j,th thaû

crågi"naål.y gåvea for Èhe thån ðrt3Ë8¡1, equet'l.*n t'â.gin

showe thaå tÍ¡e faetor¡

rl i-*1, , .'.'- - r . r, -l:*I_ I ilg(¿)l"ds i w I x,r,(å, * E;)/zl, (:.¡*)
(k.*nlz u J L J

d.esc¡rlbee the ¡!Õwer speetrum sf ¡l.hese fLuo*uaååens å&

the $evefronÈ amergång fr's.s the 1a¡rer. Ss,w tl¡e

eanpl.åag ef W on the p3'arle perpenålsuLan to Èhe #ârrs*

n,*rmal {see Få6urc {,¡"¡-}) €-êffiêspr¡r.s,ts t,}¡e integratlon
cf, åts Foûråer transfsrrilr Þ?"î, *1.o*g 3ånes pare.lletr to

the w*.,-:,&ãrüal.i åt og.*senpond.s ån feat¡ ån real Ëpeee*

t<¡ t-he lnùegraù.*.on o,f Blla*e at ong ,the rey pe.tb*

S?¿e matter may be fsrmalåsed. thr¡p¡ the Fs,urf.er

relatlonehip between W arrd, P$ (eEuation {p.f:)} le
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sr5.tte** fof' br*vlt¡rl

Ðanplíng W on the pJ.ane perpendicular to thø

wqvê:rsr&el #t.* anê sultåp3yi"ng b¡r r*Eì13, gåvesr

f-aJtt
}f w[:rrr" {a4*xitle} <",> ru!}ua"*-J**f*"*lirnän }dg' :{Þtg}
E..Bt

whare {t l'e r¡easun'a,ê pa"na}lêl" to t?re *av€r*srn*-L èlrð

€' aucl rlt orthogonal to ítr fhe f,actor E.å,nn where

l¿t = &flt is tha r¡nl.t vestor par*LJ.çÏ. ts st n erlsee ån,

the rotatåar¿ ef e¡sËs:fros {,€*a*4} tc {€n'uÐn*,4'}" flha

lstrt*har¿d s14c h,Êre ås sånåLar ån forn t* åhe ex¡rreeef,oa

{¡"+} but contaå¡re na refereRee to layern thi-aknasoS ft

ås Êhe pedr,€r *peøtnum of, grhase f,Luatuat:Í.sns per uaf.Ê
'

êåeta$ee af pro¡rag*,tåon" and nay þ* wrtttenr
* *Le

fu w[xnvn (ø¡ a eÍ]/zJ {,-> ,û" u*{€'¡r}') tl.e }
lf¡Ur

sher+ Po, ås Èhe TarLanee of, ¡rh*,se p.er unåÈ ååsü*r*eer,

an* o;6 åo Èhe auto*sûrrela.tÈe& f u¡*oÈåon of ¡rliese1, fu¡

the wavefrontl

Ëq*atåag Èhe'råght,*.haad s1ðee of relatåonahå¡ro

t3.5) aað (3"6) siveor

Z * **uu"**i'I ø*(tne"4,* )d,6t ,
tsÈ

as S$"rræn b¡r th"err¡or¡, {1S6Oin arad.

o*{€,',rr n,} 

d 
rK{ã, nrl,*Ë+}&4, .

l*"tj
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These equåtLürls e,nd the fact that Tr.ê.ve

pha.*e ü&n ba $eanångfulT.y lntogrq,teil through ùh*

üeü.åI*mr, epp¿y -when,ever úhe lrreguT.aritåea *f, the

ned,Luu are mueh large,r then the reåistion waveL engtho

the EcaËterlng 5-o weak end. the seetterl-ng ragiea 1e

not ss ù!:åa,k tþet tS I 3.
1 f,. - ,â

The tern llS(r)l dß in (i.4), as yer
k'*. J

und-e*cr1bed., går,res the d.åsts,aaø ðx¡er vrl¿åeh ths varianss

of phøae muet l¡e øumm,Èd.n Àp¡rJ.ying Fareer¡a}+s tbeorçn

and substituting from equation {3.2},

/'f st z)12 aa = i 
u' (r)¿z = {J"* 

{-zr lna )az e ($}år,

whioh È,$ the ef,feeååve vertåea} -thl.okness of, th.e

saaùtering layer. lhe nslent* thi.ek¡ress ånereaseg
I r. \like :**, the,È ie"tåk* *ea(l), wh*re å :is the arag3e

#rår
ef inslåenqe cf ÈtrE ra¡reuorn*1., when the f-lLu¡uirratåga

ie oblfeüêr

Srf6ge ¿nd" S¡er&{.a {fE6¡) b.avs earried out

the åntegratianE of equatåons {3.V} an¿ (3.8) ln tne

cssè çherc PIü h*u the fors of equstlon (5.1¡, fheår

realll.tø, lrhen appkåed to àhe ¡aresent d.iseu*aå*.æn g rne,

fsr thç :rs.rå,snse of ¡rka** ln the sav+front emer6in6

frqæ tlie e,øat*s.r"i;n6 å,ayer.*

S.# r tr,gï
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a.nð. fÕr: the **rrel"atåsn funotien sf phase;

F*(g*rï!) Ê* ëEïl [- ffi *1*
þr* )*

{5'-Ls}

çhcrye F i.g'& n*TF ñasåa]. ratå.es gåven byl

' ,p x {*âeixã* "* *o**g}å {S',m}

In thase equaåions* the ült a.xåx wht*hn s*th the än

'.:axås¡ l-åee ín tlre ¡rLane of the ba'vefrontn i* slEe

a*,pl*æç*. tc 1.5"e år* .th,.e p1ane {rç*t*fni.ng *he çnvçlror*aÏ

and^ t,he geomagnetå.e fåeld v'aaton¡ * t* the angle

betw*en the,æe twc v.estors,

3he expreðsio*s for Så anð #; have þeerl

deriseå bee'alrse thcy are thc startfng. Peí*è fer m*.n¡r

åÍseussicns of diffrastion ín the íonosphere" fhei¡

d.eråvs-ùåon frora the thå*lc å*reên fcrsruT.atlsn has

not previously been given in the l.iteraturç.

fhe, weak oe'atterirrg sltuaüåsn has becn

consid.ereë bere, Branley (1964) hae shown that phaoe

un*y be åxte,gnateð *Laag the ra¡r when xnuS-tl¡rl-e se'atå*nl"n6

takeE p},at!s. The sanpled. sBeotrun i-e the¡: multiply

s*l.f*eonrslxt.ed. ($'ejer {¿yg¡) ) a*¿ equatåonø {5.7 } asð

i}.g) nuEt be replaced hy noro eomplex otl'Êsr

3.2. '

fha work ta be r''ørtrereð now hes been publ.ishetl

,by Bríggs and Parkin (1163). tnly the møin pointa

an*, thçe.ø nhiÊk epply te the bxper{angnta,tr work to f'o},I;*wn

are sentfoned. here'
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J.â.1 Theçry

$everal- e.uùhors {FIøwleh (rB}¿i* Ëaok*r (f ygA)}

har¡e gíven e.pgiroxínate etcpresnåons for the expeoteð

varíatf-on of the d.epth of amplltud.e soínttllatione as

the ga$"åth ang3.e sf a rad.i.s êãurce changear Fhe

rarulta,siven beLow å,re ilertyeê on tl¡e basùE of a, fuLL

diffraction theory'

.Å suttabl"ø mêeaurrË sf thç ú"eptll of, ønpl'itud"e

fl"uotuaticne 1e the quantlt¡r

(Rä.*, ga (Ï'ra)

where R i.s the total eignaL amplitud.e at the ground

enð the bar (***) Aeneten¡ for brevity, a s¡ratial

stêrager Sy a nethoð outll.ned ån Seoti.oa âr5, js

F.H'.Ja¡nes (private communicatåon) h¿s d.eri-ved an

€ifpfËËal'ca f,or $ f sr the oâËe whene Eeattaring {.s weak

and the euto*correlstton f,unctÍon of phase in the

eurenging wavef,ront *¡as the forr¡n of equatåon {}rfO)*
In terse o,f the qnentåtlos &ef,Íned in the last seetåon¡

$ ls gltøno s.t ¿ d.lstanoe st fron the Eaattørång; Lêy€ü

ån'ühe *d.
J

s'E fËdôl
t\

rep,tåoß of the werfoqornel¡, by¡ I
1, * {aon îfr r&,ûs u6 J*oou[#(un+ ïr¿ , ]I (1.r3¡'

nhero¡ tan IJr * âhgt /ourn and.,tan IlE "¡¡ ã[s rfußu*ro2,

S i-e EbvÈously $roportísnal to the róot+ileå,n-

ã*Es¡rt ¡1hCIø* flue*uatås¡r ..$n. lt* üaper¿dlence on tbe



69"

peråelëtêrs &ät1rrË and. p ls iurportant anð i,s shown

Í.n Fågur* {}"ä) sh*re the functíon F u¡ (g/t'A$o}. rt
plotted ag-atnot \.arlyøE far vaf,åor¡-s valuoe CIf É, ÅF

n funotion ef, the d.lstanc€ uI W ilrcneases approximate,l,y

Lånearl.y fr"om ø6ya a.t *tp ü untåL the poånt .for Fhfoh

},tt/rþt f; 1, fs reaoheð. fhprpaftern Ë' ås approxånately

sonetant an* dlntanû,"e.ånd.epend.ent, Brlgga en$ P-arkån

have oe,lled the two regions d"eti.neated. by the change

ån behanåour of Fr, the *ttear, gþnÈ,* {hF}r1.rsã <*}.) anå

the ttfar ørnet (ttsr,/.ro*,¡,- f.'), 
,

fhe ef,feot qf anisotropy 1n F6 is sêeÐ ln the

behavíour of the çurveø of Figure (3.2) *" the axlaL

::atÍo S åncrsaseg f,ro¡n unlt¡r,. lho cufveE tenð raplüly

ts a lír¡åtång form, the ourvë f,or p s 5 el"oeeJ.y

approklmaÈång that t,oe þ <* co* fhis nhown tliat &g

Êoon as anisotrppy is apBreoiable, the diffraotíon
pro+ess åepend,e naín3"y sn the çnalLer dfnenslpn rq of,

È.r and. is alnost ind"epend.ent of the Larger d.i.nenelon
9

Êrq.

Me¡reåer {l.pøA} baa dorir¡ed ¿n e$preccåon *or
-the {rrå-antåty I rshÍsh ap¡:3:les whøther ,soetùenånS bp o***,,

o,r s*rongr líe fÍnô*, hetr*everr, thaf, ¡shes 'the aoat!erf.nç

ån etre¡*g {Éo ,¡ -,0..? ra.d-lann}n the forn ef the

*epend.eno*, *f, $ o.n øt øhangc* a* Sg Ëhengesr r $inç*

thåE heherråqur åoEs noå pernf,! the ¡rresentgtåes sf 
l
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genera.tr srl¡rqes f or the aenLttrr angle narlatÍ.o¡r of
scj.ntillation d.epth, subsequent dLecussion Ls

restricted. to csses where scatterlng is weak and the

expreesion (3*t17, wÍth its sàrnpLe d.e¡:endence on Éor

i- s vaLid.

?he åuftrnåry of the theory beång eoul:leten

attentLon i-s gÍven to üt*trves showlng the renå*h axg].e

na:råatlons typi-e al of eatelLite soi¡¡tillatåsns.
ln d.enÍ.vång these" geornetrioal exprossíons

are required which reLate the quantity st and the

angles l- and g {of the equatåons {j.g) and (}.fr¡
for $s anð É) tn the zenåth angle of the sate1.J.i.te,

its height and the height otr the scatterfng leyer,
lhese are given by Briggs and Farkin (f g6¡) and. å,re

onitted^ hÊrêr ït Ls poínted. out, howevero that
aSlewance u¡uet be ned,e for the sxrheríeat nature of
the Íncident weve fron the satellíte. lhie ís done

by subÞtitutång fon af Ln. oquat,ånn {}*fg} wtthr

år-:i,:*ir, {¡.aa}
t't + 8¿

tt
mhe:¡re Il ar¡d. gd, *.re thc sllant reïlêes eSoag tba *ay

fros the trayer to the eetelliterand to the observer,

r¡eí*FeøtåvøLg. ?hls, nod,I.flcatåen å.s a rrarf.amt sf ths
mq*trd,nsforsatåsns cf $çati.en ã,$*$3 å*f!.ned. s.s *hat

åbe pLar*e st the neen hælght c':f the, l*per i.c unohanged
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hy th'e $rsnsforäiatåsn. The raðåus r¡ åsn therefor+,

sût ür6ðifåeå {*ee Budd,en {fgdg}}"
3n2.2. leotroni.c ÏrreEularltLes

Ir'årst to be consàd.ered Ls the cese of,

åso.tropåa ímegularities fsc' whish the axì"æL rsfåø

* ef, sm :s unåty, The zeníth angle yå.rlaååon of, the

scLnttllatíon depth S, d.oes not depend ôn the

oråentståeÊ .of tlre g€seasnetåc ftelå and &trlses from*

{f} tha d.epen&ence Õf, üo on the r}ant thíeknese of the

çeætt*rång Sayer¡ whåch ie" f¡¡,or¿ equatåon {3"9}o
.l

Se4 e*eã{r}

(i¿) the variatisn of the effective slant range &l

f,ro¡n the Layer *o the obserr¡er {equation {¡"f¿u) ) o as

Xè ãSË.êÞ:üs tÌìç fr¡nction S çf Figune {3'e}"
Tro sete of eurves showing the varlation of

S with øha^rrge of senåth angle &re g;íven Ln Figure (5.5)r

îhe ourïes Ê,re nornalisecL to unlty at the øenith and.

&rÊ d.rawn f'or 3*yes' heåghte ttt) sf, ïûü 'ku., dheavy .1.{.r¡e*}

and 1.0ü kn, {tfght 1,ånø*}. The satell.åte }leå6ht t**

I,.üûO k*. Brlggs end. Fsrkån 6ive Ene,h sur¡ree fsr
,åi..ffer,e:¡t çalues of Èfrué but in t'Èguro {3.3} tnæ

æu,ne1ength & has þeen ßet åt ?,5 ¡ecù,ryes i¡u0 Uorle) s'na

esl.umns pr:. the rå6hår
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fTre querrÈ5,üy -hlrçÊ dçtermåne$ th* nal¡¡e ef, ø.'

for rhi"cl: th* aonðåtåo*s of üåff,r,el¡t*.cn go fr'çn those

ef ,the ¡*e&r äûne to ,àhooe *f the f,ar ãene* lf Lr/rsa

ås seaS.tn tl¡e sbeer-ser is in the r¡ear &o:rs f;or e,l.I seaåth

aaglean ùhe f,unctlan 3' ís pr*¡lortåsnal ts &'t qn.
1

$ ø E I r. Ë@sF{i }.. slnee bottr #'* and. ees (l } ånoreasÞ

çàth renåtlr a,n€le.r the EsånÈiJ"J.a*i,en d.epth phoss a trar.e

verå*tåon" Shs eürrê for lr.a lSO kn¡ rç l' Êr5 km 
:

å}J.uptrst.es thÍss lf lfr6ã i"s åer$e.¡ the e.pBrop:råate

eon itåons å.re thsse of, the fq.r ãtnê* I' 5.e apBroxi-ruately
1:

eonstantn iì & *eøä{å}r sn'ð the' verlatåsn of $ íe ¡suah

røðuoed. lhe eurve f r h o LÛ0 krnn rs * 0¡5 km' is

typieal.
Attenpte have been æaåe in the past to det'ernlne

the heå6ht of s seetterlng lelrer sn th* aesumptåon that

the e*i.ntåi1.atl'on d.epth varies ria* u'-***å{r}" ?he

4åseusEiçn sb'sua sht¡wl* that typical va,3.ues af ?t anå re

dc nct ne*e*sarÍIy .Lsard. t$ eueh ae&r ss$ê hehaviclun

s"nå thot a fanlly of d,iesì.mll"&r survêË ean be s.P.esøi.ateû,

xitlr a giver: helght* Sí6ura {3,3,1 ahøws esreÍ}ser that

nu h f,amilies <lverla¡l exta:rgåvely¿ meking E deter*å*Aülen

of l*¡rer heåsht llllpcneíble ån àhe abeenee of an sccutr'ete

kr¡o,wledg* of rs iand. ã.) ,r

fhe øur sE, g,t'è, ln fae*" Rsrê uensttlve to

ê¡4e"¡s#ss ln rç than to tbese 1n height, fsr 16, eigt'6rs
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the contro3llng parameter tø n /vo' to the seeond. X)o$¡er

while the d.ist¿nc e at eppears to t,he first. If the

he ight of a l*yer is krrorsn to â reasonable relative
socuracy ç To can be cletermined- to about twice that
eeouregy.

3"2. 3 4nåeolrop-Íg ïrreeglefå!åeå

atre an5-sotropíc, the senj-th angle yariatlon of selntåll*

stion &epth Õepeads nat onl.y on the Sls.rå$øters hrï anð, rç¡

bnt aLso on the åfi, angle of the geornagsetia field, on

-- o--the s,xi-a,I rati.o s of -lf anå o¡r the *Så¡auth of the rsd.åe

:åÕutrge '
?he varåations af most of theee trrarameters rnust

be restrioted. in pï'esenting i.].Lustrative curves,

Fågur* {}.l+} i* d-rawn for obeernet:ions ned.e in th*
nagnetia rserid"ås,¡r at the negnetic latltr¡d.e of Âdelalðe

(aip angle 66û), Â satel-Litê source at trOOO km. hefght

å].Lum.ånates * leyer a* $OO kur" hei.ght on frequencies çf,

tlt Y'af a (ireavy llraee) snd ãû m*,1n {¿igrrt l,l¡:es}* ?}re

curyes, which are normaLísed. to uníty at the seníth, &re

d.rewa fsr vari*us v&1,Ìrçe af tile axås3 ratío ft and the

raåíun f6 -*akea the fixed. Eslue *f ]" kü*

Fsn fi = 1 {isotropÍ.ø lrcegul-*r'åtåee} the

seintillation depttr varies wit.h øeníth aagle Ín åhe

Ba.nner åescrlbed- ån the last seçti.or¡. lfhen e / L
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ad.dåti.cnel v*råaticr:s :â3íee. ï'irstly* the axåal retåo

F of P ø changes (*u * of equation (].lf) cnangee) with
coneequent variation in the function F d.íssussed- in
Seetion 3.2.L. S"e is seen in Figure (j,Z) t¡ris
varÍation cannot exceed. the limit,s set by the curves

f*r $ * I *nd. g "**+i $e*ondly, the lntegraS al-ong the
r-

rê¡rr I "m(onorðt )å8r' çf equatlen {j..7}" ahangee e$ theJ_
rey :þ.ev6É, produeång a varLati.ün ln $"* This takes a

naximum value when the ray d-ireetio;: soincid.es with th¿t
of th* loager d"ånenei.on of p$, that l.s, wåth the åèÕ-

¡nsgr¡etL* field. d.irectlon*

fhe seeond. prrsess is the npre LlriSlortant and.

pradu+ec the peaks ån the qurrree far Ë # I in FLgur,e

{},¿*),

Ëquatån* {}*gl e}ìows that the d^epend.ence of
I

#s û:îr e, hes the f oruÌ {,n/ü}E . In the Ëalor*g the f,åcldr

configuration where the angLe g 1s aero ¡ B is lnd.epend.ent

of q, 'and^ So anü. hence $, ere proportf onel" to *å. This
nin¡rle ¡'eI*t$,s¡r*hiB åø ssnewhat nod.ifåed ln Ff.6aro (¡,¿.)

by th* {a*deperrð.ent} norrna3.åe*ti.on *t the senf.thn but tbo
seneitlvLty of the peaks to changes in a ls obvíous. If
the layer hef.gfrt snå ühe red.ius rþ are known to & reâ.Fsnri,

abf.e eËêureËyr, th,* 3:eale yal"ne <¡beenved. it&long the f,j.eJ,ü*

oan be used" &"s a practåeal measure of the ratlo {r
T{ote must be nade of the behavlour of the Gu.rveg
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ån Fågure '(5.,¡*) at senith angT-s.s reil.Ðved" from thst
correspond.ing to illuninaticn in the rl5.rection of thc

f,lel-ü.. sxe,e¡rt at th.hs øenåth çhere they Í*re norÞalåscd,

to unity, the curves f or å gíven radl-o frequencyo for
a #gi¡ â.re d.epreosed belov¡ that for fi *. I, This is
¡rot s, g4r¡Ê.,rr4rî, reuult btrt $rsur# aÉ magnétåe l"atå*rrdea

et which the peak tal-ong the fj-eldü appr:eciably overlapø

the øeníthn end s*aåùhaf,. *nf.ues of ü,he øci::t.åSJ.a ion
d"epth etrô en?¡anced.r, If , Ln d"eterminlng the &e&&

varl"*tlon sf scLntitrLation depth nåth øenith angtre* a.n

eîrerag€ ås teken rî¡çr $el1y occaslons ¿nd. rver a}f. eølm*rtba

cf the rs,d,åð åotlr'çG¡ the fleld.-,aIigned. peak wilL te$d li$
åi e,Bpear beeau.sæ åt occupåes s r:ele.t,åvely smel.l, area sf
the field. ef, rrie?ù". îhe enlransement of th* senltha}

ve.f"ues i* no,t Lost ín the eïstrüge*ån*eãimuth, and the

$es,n rrarås"Èåonr. Bhen narmaliEÊû to unåty at the øenåth,

takes, elsewhere, values lower than those for isotropÍc
irregularåtle* wf'th tize sâs,6 Ea}ues of nç *¡tð. h* Th*e

ef,fe'e* pr.leÈ, ba taken årito &csôr¿*g wher: an etÈeæpt, Ls

ß!åde to *.eÈerm5-Re 16 f,rsn Èhe funsÉ sf ühe neän varlat,j.ørlo

3.2.t+ fhe Ïì¿tio of $ctntllLatlon Donths on S¡uc Freauencf.eøæ
lc åhls point 5.n the &feor¡ee5.on Ef Eenlth an&Læ

vaviatS-ons it has been tacitly sssumed that the dietråhutåan

st ecsfterång mat,*rå*.3., aqross the oky ås trntform, St*ly¡

ån re*Ï.åty* lotro*¡rh:ür.{"o årreguJ-arit,ies often øsçur 1n



Ëpatcher* and ma3¡' sho"¡ry per:eietent latitud.i¡ra3

vari*tions in thelr:dl"stråbu*åono anå the etraåght

ferwartû application of' the resul.te ginen above l.e no,t

p,os*ib1e5 €t ürêB.sure is reEulred whíah ås ind.epend.enÈ sf
the d.egree of irregularity of, the íonosphere. $uch &

meå.slire is $or¡ d-ieeussed+

fhe tde6r*e r:f irreguleråty$ as l"Í effeets the

depth of seintil].ation s, depends on both the variance

of eleetron d.ensity fluctuatlon in the scsttering J.ayer

,and. the thickneee of the layer, the fectors oft anü t in
the exprÊesåon {}.,9} for #*n. lt ås cLear that 5.f tbe
ee&ttçrång is wea.k:. $8 that $ d.epen,ð.s linearly 6.n É.a,*

the eff ects of' these f ¿etors sancel out in a re,tio of

the s,eåntillet*tl¡y üepê}rs feunå t¡n ts.o freEueneiee st &

gåven ner¡åth aagåo" In fectr ell the quan*åtíeË ut!ûÍr

whÌ.ch úo d.epend.so exceî:t the wavelength },n caneel out.

lhereforer for observationst et wavelengthe h1

6.ad. hâ r, sf ' l"sotropic lrueguJ-erf.tiesn {,i} ¿g botår

observets;ol sre saðe e¡ctine,X,y wåthi-n the far ãrnËo whsre

the funetío& F åE {al¡X¡,rn*3.mate1y} eon*tant enå åy¡d.e,penûe,nt

o,f 'h {flgure {3"e))* the *atåe e,f' eûintf.SLatåon d.epthe

takss the eonstatlt Yatrue,

Êh-"1, = r,,3'(1.r) = èr. ,
s (?os ) À¿ r (xa ) ?*"

far ¿LL aesåth axrglee¡ {S.t¡ i-f the cbs,ê¡pvå.ùåoÞs sr€
.



?6"

entlrely sf.thl.n the near øtne $here l' ì¡r Trø/rsz Ð the

ratio takes tl:e cÕnstant salue ,

ÊJI¿¿ :ã \nFiï'I = êt')" ,$(?,a) r"r{rr) \rrl
fs:r al}. senåth angïeõ* Fo obcerrratlons l-n whLoh thê

conditions nove fro¡n those of one aone to those of the

othero ae the øenå h *ngLe ahangeo" tha traråaË.åsn s:f

the re^tj.ç åløs betseen these two låniting ç*lues+

Figure {}t5} *hnø* t}.re way i* which the *ståe

of, the Esi"u.til].etåen depth at ät Hsls to that at &S ffiüfs

-vsråeð wl"th E*nåth angle when a eatell1te at a heåght

of, L0t0 ke ålI-unir¡ates a layer at j#S ku' the eurvep

are 6i.ven Í'or saríou* yaluea çf, the r*,d.ius ro of. åsotropie

irregularJ-tåeo, t can be seen Èhat in ttree nee,r sðnç

{16 Lar6e} the plotte'û. ratio epproxinate'.s s oonetant

value *f lr-n anã. in th* far süne (r* sq*,3tr)* a v*3ue of 8¡

Èhee+ are thc va}rr*,e *rpeet'eð" f,ol-lowing Èhe d"åse'usCIlsm

abaveo, rr¡hen the f,requelrtã¡ ratåo åe ä11"

She raÈåE of eeåntillatåcu d,epttle in s. f,uneti.on

not enly of rç1 hu,t a}eo otr the heíght' of the sqatteråF#
t- ^ -Layer* ft is foun+L by tråa]" {nt':.ggs arrd. Farkån {:.9e3}}

*hat slrï.ve,B euçh afl thoee cf Få.gure: {5'5} r,r*n ån ttre

tbetween ø<)neÉt region* abaut twice aä sensitåve to

r:eletLve ohanges ln 16 as ts these in height. Shey

&rê besi¡ ueed i.n d.eternånl,n6 rs if the heåght of the
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X*,yer ås knewn feirJ.;g a*curately* å"n cquåvalent

yeelllt w&s found- i¡r Sectíon 3"å.å.

It nag be not,ecl that taking the ratís of

seir:tål.latlon d.epths reråoves fron the queätåty d,o the

fsetore whlch d.epend" on the relative orå*¡¡tati-on of tha

r6y *nd the g,eðßå6netfe fielå; anf*]trçpy of th.c

ecatteríng irreguåaråtÍ.es ean onJ-y effect rurvêa Lllce

tbsee of Fågarc {5*5) ti:rough the s1åght vsri.ståçrn cf
the funetåo.n F wi.åh p (S:"gure {5"4}}* In the use of

such curves the írreguLarj-tlee laay therefore be regard.eû

&s àsotropic.

3.2.J OtIerj,'{easr+res of_ügigtíllgtåon Ðeeth

fhe measure of ecintil-latíon depth S, d.efined"

by equatåo:: {J.'ra) :." euitable for theoretåeq,3 enguåråe.r

but' t*c reXr*ated evsluatian l.n Srrao,tlce requires a

considerable computationa1 effort. ïn satel-J-ite

seinti3.lation stud.ies a record. of s5.gnal araplltud"e is

obtalned. and a nore euitable neasure Ís:
æ*r-r4i*

{ ¡-lF }
xher:*¡ *6ein* ã. å.s *he tsta3. eå&t1å1. aepLåtud.e anð ths

b*n d"çr¡,GteÊ a *pa,tia3" a'rerage oìrçr tll.e re,car'd..r,

It :j[.a d.åffieult to ååsso,?er theçretåoaå]y the

rclatåcn*h.f.p be*ween th*, iã.eegrltrs& S alrd^ Sr {${ercåer

{rp6a} i a,ut ßrås.se enû Parkåx (rg6¡} ehow* br a äeoå of

sü,f"n LåLatåorl üatô *b**ånçð at &*.ql*ååen that they s&3rr



?ð"

fo,r pr*aticeå prårp;6se*¡ be taken t,o be låne*rÌ.y

etrate*t fhis sÊsrrlrl)åíõ¡r ås r*ade.,in ùhe dås.BTrs6åt*rå

of experímental work in later pages and. the results
given above in terms of $, sil} be applleå to the

åe;Råågeååggs* qf ,3,hs*4e* * r, $np,eT ri*n - p{,

*aPllt!44ç FI.uctuqt +e$g

3.3.7 Ðetertrt+atåon of-Lsïer tleisþt

Flew*.Eh {fg¡r) and Bråggs and. Parkf"n {rg6å} hate

d.ee.ar:lbed methcåe wherçby the heågl,rt af a acattering

layor me,y be *.ed,.uç"ed frsn thc speetnin of ano¡rlitude

f1r¡ctuats-c¡re at th.e ð;rr¡çv¡d+ Å trleråant of their setho$.e

ås nCIs¡ åeearlbed. whtch elJ.ows the heighÈ te be d.sterniaçd

f,rem ::eeord.fng* of eæte3}åt* ssåatíL.Latit¡ne sad.e aå &

slngle recelvirrg si.te

Consåðer, for sinp3.Lcit,fr e thln weakly ecatterlng

layer at a heåght h whieh varies in the x-direotion only.

Let a sate]'].Lten .aü a height II vertåee1L¡r aheçe ths

neeøåç1ng slàe¡. å3.ItminaÈe the LaSrer at wst¡elen6th .ll,¡

snd let the power spectrum of phase fLuctuatíone in the

weÌrê e*ergen fron tb¿e laye'r ¡e W{X}" ïhen tbe epatia}

pûscr *pcotrum ot' anBlltuû^a f1ustusäåons at tTae 6round"

varies in the X-dírection on1y, and 1s given bys



T9"

vix) :,, iií{x} ,rrrq {r* ffi xu },,

Sh"e ws*,år*.nsf*rnatåçr¿* *f, $ec*åsn 8.6..ã t¡as beçn q.pplåed

Èo t.he quanåÍtg lr"

I¡e.t the sstellåte hay.e a hor$"sontaå otrreeê B ilr
the x-d.åree*åon. $ros the rçer¡lt çf $ectf-on 2,.6n3,þ

pertaå*ång È motåe¡n of ùhe aaplitude petèer¡t on tl¡e

gr*und* ít fu easity sl¡own that the petterlr lra,e a sg,eeån

in the negatÈve x-d.lreot,ion, given by:

hç 3¡ *3*. ç"
I{-h

fhe pbserrrer obtaíne * temporaI, pswer speetnrn

of anplítud"e fluctr¡etions in which the tempora3- frequenoy

f is releted to the spatíaL frequency X byr

l= f/u= (H-h)t/nv ;

the te*poral speetrun'h&s the form¡
{g*:i+}¡q

tl{t*-nlrrn'j xinâþ / f \?-ii * I l.\rlJ
She posåtåoae¡ on tlre f,rnqueney axåx; of the

*e¡rsg gf the sl¡re*aqua,red. från6e fr¡notlon åre d,ependent

on Èke {pre*uue,bJ-y knew3) euantåÈåec 9I *gô v¡ and- ori t}¿e

heåght. b of åhe scattsråag Layer. A: praetisal dete¡:*

nination of the positíoa of, on€ suah Eero¡ other than thet

at the origin¡ wr¡uLd eneble the height h to be dedueed,"

The relatisnehip between frínge positlon aRd

Ï.ayel hoåg:bt hes been inåfesteð ån preyåeÉË ps,g@6+ fh*



treatnent above princf"pa}.Ly shoroi s that the rrelteåt¡r øÊ

*.h* anplf.tude pattern oter ùhe grou.n! nseå rrst be knswn

expllcitl.y, àn deterninlng the layer he16ht,

\,9,2 fhe fwo-üimensional Power $oectrun
''.+æ-__

llie gerrera1.isation of the preced.ír:g d.åscussion

t,o aþLåque åncid.enoe 1s straåghtforwa,rd"* and. mûre genenal.

d.åreståons of the velocåÊ,y *f the eateLlíte âre easi"3.;r

treated.¡ but the extension ts s, seree¡¡ shio,?r varles ån

two dårectåon* is not sånple3

The record. obtaåned. when an anplitud.e pattern

drlfÈ.s in ti:e x-d"ireetion, say* peat * sårlË1û reeeåver*

ëåll o¡rly pro,v.åd.e a eeÈtío¿n p*{ã*o}o ûf; t}re twr¡*å,*æiins,tønal.

¿ut<¡*e*rr*J.st1ç¡r fr¡nct:io* Ê*(ä,*g), 
. {,& tei¡porsL &uto*

oerrel'atåon function is, in faet, sbåaå.ned.¡ *hls ås takøn,1

fsr th* pre*ente to be equåvatr^ent to the ee tion

d.eseríbed-). Since the Sourier transforn of Pa(ãrr?) it

¡rroportåcnsL to the æalpl.âtud.e 5)ö?rer ep*oÈrun V{Xrg}, the

transform of Pe(€"o) ås proportl-ona1 to iv(xrY)dY. The
J

la$ter funct.åcn* whieh fs the f¡Õwer s$€êÈ.rr:n of tli's

feßê,rd.,eå anp1åtuåe setntåS3.atisnso wiL.l not" in gener&l"

pho$ a. fnlnge struçtnre 3.f.ke ttra,t of l{Xnf}.

ÍIavång :r"egørü. to the consi.d.erable euount of

f"nfcræatåcn æhiüh may be carrieü. hy the f,r{.nge etru*trlru

dsêe $esti.on äo5.7)¡ anê. l"n sieq of the sÍ-upS.ioity of ths

æcthod eut}.i.le*d 1n th* pneoed"S.rl9 se&tåo¡lr. *sa.eld.er,atåerü



ls git"ea to å{:ustlone ån rshi.ch the från$es car¡ be

observed'

tcnsiûer normal llluninatj-on of â. thín phase

*çrçen ** helqht h, by s pla.ne $åre sf lraveå€rtgth h.

T¡et the pççsr $,p€ttrun of pll*se f,luftuatå*¡es ln tbe

emerglng wave i:o:

W'{Xng} F Êãp -,,f Lroe xâ + (Fro )" Yt ] t {5,rø }

ñ
r¡båEh sÐrre,spûnð* to o, pha,ee eonrelatåon f unetion, " þt

of the form of equation (J.lO). lf the seattening ls

wes"k, tbe anpÏ-tt,ud.e Í)ÕsÌer speetrunr at the grelrnð is'l
I

v {g}y}{F aqp{ -na l*ou x*+ {Êro )u r" ]leins Ich]r, (x¿+Yå ] J (¡*rf ). -L J
J'

snd. tþe spøetrum lV{XoY)üY oar: Þe shor{n ts have the fornr
J

€¡cp [-f r*å'xå ]
f*å
\s o

l*'*Frc [*-x* sã +rf {P** }* J

x *o dr,,.l 
"xÊ 

+*t ""- 
t ¡'g}.3**ìlÌ .

L \nþr" )'J J
Itreång ù,hæse fr¡nøttû,ns *ke propertiee of t'he specù.ra saa þ*

eom¡raæed.l 'å6 a. basåe for conpar1.Eos tbe eoçÈien ï{X*S} f

v{xrf) ås plotted. in Figure (3.6) fon the parameter valueel

*;r 35 n*ettlae" b,r 25O krs, årrû. re o ?.5 lc.e"

tsnelûar fåret tirc û*ss ån whåeTr I 'æ L¡ åô'that

W{$*f} re olreutarly cp'nraetrie. fhe frf.nge functfon ls

eireulo,nJ.y Eyna*àr'íe (a'Ë acnæe} Lneåd.erlce) anð s,e" there*

fore," .ls V{Xo,-ï}¡, lå 1ø generateð by roteäåa& the s-u-fis

for Vtïr0) ¿baut 'ûhe g Ë ü *EåÊ', The f,r.r¡r*¡ti-sn
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iUt"rYldtr appropriate to thie cB.se ís given by the cu.lrvÊJ-
{a} of Få,gure {3"6}" fù ås t¡rpic*}. of the spe*trø to
þe feu¡¡* ln !*åi?y situatåcse ef üftore generæ[ geeuetry åe

Èhst åt å.$*s ïlrt stroag}¡r refleet the f,ringed nature' øf,

V{X.rf )* *he fringe ¡rø*åtåc,ns c,çtrlil. rrot be eeeurateåy

rletermåneå by åJ.rest sbsenvatf sn if tl:e speetrun was ct

ln thç sâ.8€ of, *årsu'lar synrcetr¡r èhe f,orp of

Y{Xrt} eaa* in fact, be d.erived from /v{x*X)af¡ the twej
fu¡rotíona &rë relateå hy Fourå.erä3èssêJ. trancf*r$atåen

{nuåa*n i¿gg¡}}¡ but noet often (when p # I cr ühen tþe

*.lSudrlriation is obLåEue), the spectrun W{X"y) and. the

frlnge function have ð"iff erent symmetrícso and lI(Srf ) hae

ï¡$n6 {ap*rt from its besic o.entre*eyænetry}; r¡s ,apecåa}

tra¡:ef*¡rms ùhen ap¡:Iy"

tne case d-oes ari se in which the spectrum of

recorded. soíntilLations o1-osel.y resembleE a section

thlreugh th,e +sü*d.j-m.enei"oÊa3. s¡re*,truø of e,*plitude

f3"ue.t;uatåonE:*. fhi.e søerrrõ when, the speetrun l{ is gçreatly

elpngateå j-n the dårectina çf eståon o.f,'the amplitude

pattern and. is narrçw at ríght anglee to itn and the frånge

functíon is eff,ectively sanpled Í"n that dåreetåon¡ more

expllcitls* W has t¡¡-e foræ of equaÈåon {}*t6} for 3.arg*

9, the pattern notion being ån the ï*direetion, anðt
Í,F
lv(xry)dy å I gf(xn0)å(Y)stnzIzrhil(xa + vu)]¿1=v(X,0),
J 'J



sã"

I¡¡. elâeh & ea;a&* the us's E-f, *he exact ê:rpressíon fsr
!,

J'\¡tXrTlaf wittr åhe sa,s¡Ê pararaeter r¡af.ì.rê,* åå beforeo b,r¡t
J
wåtlr p = ]-#e gírres the curvs {b} ir, Fågure (316}"' fh,p

frånge etruçÈ.nre of V{Xrei i.e Ee€n to be accuraåb}y

repro&uced. in the ð.er5.ved sBeetrun.

It n*"¡r ile ¡¡oteå that the uer.nfiguration Just

eonsÍrlereð ís that in which the oorrelation function of

ara¡llitude fSusùu*tåone¡ P*{ä*ry}n åe eåong*ted at rigåt
angles to tbe uotlon of the anpl'åtud.e pattern¡ åt ls
thst ån sl:àc.h the såtuatåon cs, the ground" íe most elnåLar

te the one aråsing år¡ the one*d.imensåÕtlstr Éûresn d.esêråberô

ån the last se,ctícn.

3,3,1 lþ€- lu.se-frrl$eê-sl of s eg}.{âLl¿iaËe -u qr-o¡,

Tt is clear that ].ittle useful infarnatJ-on

regard.årag the díffractåon pr,rseõs saxr be ebtaåaed frse

the arnBlituåe Í)o?rêli speotru& ¡¡nl.esa et leaat one frÍ*ge

øefr' other ,than ttre or¿e a.t the orLgl"nl eppeårs i"n tt¡*

spectrì*n* fhe cond"åtåone u¡r{er $hlch thi.e oesxttr* are

c+nsååe¡.ed b.rlef,3'y ?,¡ere¡

Ë.eferen€e to the expression {3.W) nhowe that¡
l¡¡ the F*dåreståon, tha ff,rst, fringe fietrr Ðf i.nteree,*

ôrêu,trs at trrhX* r* 1; that i-e* at, Xà * l,fh&^. thc vsLne

ef the ænve],opj.ng funeùåe¡r W{X*Y} et thls poånt ås

ercp(*fl? ro'/bx), and" if it be taken as a, criterion of the
üusefq3,nsssü of tbe sërü th*,t it eEsurs at polnÈs $trere



&4*

W 5.s nût 1eêÉ th,e$, ðe$r, u** {+0.15}* t}re erit€rj.oi¡ ê&t}

be srl,tten¡

-aå {5.,a8¡
d'r**

3he e.ond.åùl.en tlrat th,e fårst s.etrG i"n tho f* {p,s;s{Lon ås

u,se,f,*l å,e* eå,rni.lar}.g Í

hh-- z t-
çf r** å

W}¡en n'a}-ues typlce,l" sf scåntål3atåsn studi.ee srç

i¡iserted (f or exanple, ì, æ O.O15 kn. (AO mc/e) , h :e 5OO ktr. I

r,s ¡s 1kn.¡ ss thn* 
;fr; 

,å o"å-5), È,}¡e f,orner srÍteråo,n

ås found tg be ðetåsf,i.ed. n*rgå*atrLy* Ehe latter qriteråEa

ås not satisfÍed f,or eny P aBpre'eíab1y greater than unity."

lFhe equøtlon {}"17) ref,erred to aboven a¡rplies t,c

plane *åv. ê å],].umårletion¡ åf, eate3Låùe sûurses ar.e "te bp

oonsl.dered, the d.eråved. eriteråa muet þe modåfíed by

sc-transf,ormationn of h a.n* rs d$eetlon Ë*6,*tlr fh*
qans.itLos {}-fg) bs*'emes t

,", h,h***
:

'.-,i:i
ì

Ì.h r oræ-6,
#*on E

,å l*"t$.r. wrr-ên the va3uee H e l,û90 k&r*,

15:-f g)

wher,e & :E,
TT

H*h

h .ra þOü km."¡ f,or üïre ss,tetr.lite and. soatteri.ng la¡rer

heights re,epe.e-t3.vel"¡r¡ ere inser*,eår fhis +riterlon le
Ë'ven nore stringent then that of (5.18).

l* a¡rp,aa:ru¡. then,* that attøm¡rts to observe f:rt u6,e
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sfrusture in *pectr:a of íonospheric scintilLetåon øå11

þe on3"y narginally successfuJ"n eßpêEåe.3Ly rrhan sateLtåte

sortrcçs e,re used.; the i"nformation ln the sp€stru¡å

regarðíng 3.ayer heå6ht anè forn of tayer proflle {Ëeetåon

2.3.7) must remaín l.argely unused.,

lüote l"e $*d.en nevertheless* of the eond.itione

*rr¡ü.êr whl.ch frårrge etru*ture ås urçst låkeJ.y to be seen.

lbe se ere !

{¡-} whe¡a the helght of the øeatteríng }e¡rer åe gre*tes,Èr

ín real'åtyo. er in ef,f,eat {wiren the r.adiaÈåon ås åneååe$t

pbJ.ique,S,y)¡, *,nd. when ti:,e i*aoepber5.e í.rregr;trerities &re

sil aJ-I e st ¡

{¿¿} when the lowest rad.ío fre<¿ueney eompatible with the

weak ecattering aond.itioa ie used¡

:ssrer, rather than

the r*i.der¡ sectåon of thc *npJ-í.tuåe co::reletioh funat,ios

on the ground {u" thaÈ rç¡ rather than Frf, enters the

eppropriate erítåcal measure). Shis oond.itien is the

såme && i;hat for least nfilJ.ing åns of the spectral âeros*

as d.åeeussed. in the last seetion. ïts two*foLd nerit
: ,". ,,

i.s seêrl ån a co'nparleon c¡f cur.y6s (U) ¿nd {*} ef F¿gurÈ

(5.6¡. The details approprlate to ourrre (b) have been

given¡ the speetrum of rur'ne (*) is obtaåaed. froæ s
section thrau6h the anplitude patteri ortfrogonal to that
fro¡n wirich (¡) is derived." rt çan be Ëean t,hat¡ regardtr eos
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Õf trfJ"11ång

in*l.uåe any

åR*, the e¡)ectri.r¡rt (*i f e.11s tco rapídly to

useful f,rånge zêrts¡

:ì, 3,i* F ggåþç r .,{g!S: e. Ëg¡rceq,pxing*s.qgggf"Ê

It was âssumed. eerlier in this dlsoussLon th*t

the temporal auto*coryelatåon funetLon of aæplitud.e

seinåålllatlons, fron which the sej.ntilSation p$ser speetrum

is d^ert¡reå ån practíce, has the €{.me forn as â. section

through the npatlat auto-eorrelation function of the

d.rifting amBLituåe pattern. If' the pattern ehanges a.ê

it &oe€s¡ this aesunption,is not fuJ-ly ye,}id. ¿¿S- tÕmponente

Ê.ptr)eå,r i¡r the tetaporal spectrun in additian to those which

L¡ave been d"escribed. åbove. $uch eff ects år8 not f urt,hçr

Eoneiðered. here, but note is r¿ade of the nark of jloolcs

(fyç5) in re}.*ting the ad"d"itionel Fourier *onponents to

the ehenges rrhi-ch oeeur ån the srcrss-correlation fr¡nction
Ðt ¿ ^' u* r 8.s d.escribe d. ín Seatlon 2.6.2.

In conolusion çf' the present åieeussiont

:,ef erenÕe i.e ïnade to the precticel investigations of

sointlllatlon spectra bJr seïerel aothons' llerslsh {:.15f }'

1¡*ing the eÍg:r*} frori a raû.io Eterr attempted. ts d"etermJ'ne

th* heåght. of a soatteri.¡g Layet by cor*parfng spÊctrål

fringe positions at dífferent r"adio v¡e.vel engths {3.7 enü.

.\Ð.I $rêrreslr Being ur:ab1e to ci.etect signif ie ant

d.f-ff erenceð between the scintil1atån€ .signa].s end t

thereforeo betlveen theår speetra, he essigned. en upper limit
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of ebsut IOO,O km,. te t}¡e 3,eJr.ê,r'.hçi.ghü¡ ç* th.e basis sf,

a oriterion tíke {3.18¡"
; ; *Fu,b,er (tg6,f ) S.erÍv,aå. tr¡-êr*tsetÍ*,all¡r àha

'.r.eta l,on*h{.p &e*$,B,eR the øpe*trs" s,f xæp}.f-tude ond phae.e

ecåntJ.Ll*tåsns of ¿ raååç ste.f,r as obs€¡nreð wåtï¡ a¡r

iriterf eroneter systen. .{e å startíng point Çruber

adopted" the resuSts of Booker, RatclÍffe and shlnn (rg:o)
uhåeh eppXy to rand"omly phased. en6ul*r sBeotr,aç s.n,å

as*uaed" the t¡sr*åtuensåoaal am¡lLåùHüe anü phase apeûtr,a

et the ground. t* hsìre 5,d.ønticaL forms. *hùs aeaumptåon

i* n*t valiû,* S"t the rs#io frøque:rcleÊ ìåeeg h¡¡ Þr:uben.

(¡O ï'lcfs and. ËOû s{c,/s} ttr* i.,erno.*.p}:are d.ses not Brod.uea

ranåoltT.y phased. angular spe*tre {see thapter Ê}r. and. th,e

Þ€rssr s¡reeüra of auplåtud.a and. phas.e f].ucttratåen,g ¡¡,r¡,*ÊK

dlff,erent f'ring'e str.sËtures,, ?he s5.ae*s.quåre:d. a,n¡¡tåtuüe

frånge hae ã u err at the origin and. the complenentary

soslne*squared tphaa'eÞ fringe {nrt prevj-uusÍ.y d.i-s*unEsé.

here) ¿oee not.

lü ne.¡r b,e noted. that the ssíntåS'lrtis¡r ¡rswer

speotra actually obtaåned by Ërruber do not show these

oontr*et,ång frr'ns, øS.tirough !iå.s theæy, when comected¡

and. his suppoeition that the obaer'ìred. patterns wer,ê

drtftf-ng 'eaetwa,rd. sr wesÈ,werd anü. hed" n+rth*south *

elongaåeð e*rrel.atåEn funetåqnsl bo*h, ånôå*at,ø tl¡at
gtc"uqtîÃre aü th:e oæågil.n Ehould not have b,eerl äfj-ål¡*d i.ns*
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ul*,wpwe'mæåè &md fi.*m*s {}"#6ô*.} hmv* çþ,*e,å*"$eg.

HFðr#sÞtr #¡,!#såtre *.*çpæ x"wg$r+ßåwggs,*:# x,m.**å¡å,å**, awp&$*ê'*ê*.

sç.$.'xa,&åååst.ås*a4¡, ***qx*,* *rhery .e #s,fm m,*, *å¡* åqnwe.sü

ffreqwamæ&*'#r, ffih.&#åb, ,**"* sw*k.erp * fr¡råþe*å,* #*,r:***,&p ä*

,*,þø #*rycr s*" &,þ*. .*g$.Wås, *.æ *,ks *æg:**å,æ#*ft##,#mæå ,gmpÞ"åt**dw

*g#sS,www* ffk# åeåk ## * #€F# *,s* s*otr Ë*.#s,&e e# tsþ
q¡.g'& i,E} æg Så6txr* {X,*&},* ænS åm Èhs æ¡p., ry*s *f Ërmä**.e,

gp#g} {*:å*ø* &¡o å,$'*.*.* e,rrËbær*}¡ ls¡d$.est.me *å:,så t:}gs *.*
å*¡.er*,#få*å*wå, **r.gte**ve&* ffår* *€,*å*å*s¡*Í å*6å*+å m*øp

¡:r*beb36r t å"æe fw ibï¡,s f s,*t th*t $*:&¡r*r'a+E e*€ Ë*m*s

'*æå.**å,9# fføg u¡*9" *x**.,*g$,*#å,& å:m *,**åsk *.hø æ¡¿.**,*,

**rw.eå*ååe.g fr,*sçs* .e,*þ rye,# eä"*p****æ.* *w*heg+n*åå¡r t't *b*

'øg-*-å.*,e* ef &*.*, gmsså^å.*,w&* p*ü&.wæxag

*hæ .&Þs'*,tfi'å *€' r,Èstrh r, iå:t*t¡ *må #**p**r.w.sx *&&

#*ism* {p'pg*,} ,Ëfusæ S,øa&,*æ**ftrt¡¡6 æ*.s:¡*&ët*gis* þ*¡ å- , *,&*¡,64r*

&* å,*æs&åf$*e.& sS.&þ. * .##Eræ.*ååç',e .s*.rå*gå*rgg .es tr#$Þ&æ* *pf

*&i**Snw¡*å#f,+S *s .ü,ër,w S,e,**'ær. åu*w pæ*, fu,ffis& ws&**

K,n &k*"e æw**S"*s *h* pr*p*rt,f"** ef *k* c**ryïå.t*#*

g,*rx'd.m&ås.s fas*üå,*m ** tk* S,#' *#*r, k*.*e tr$#,& ewù,},*.ffiæ&

fi,,m s*&* sr*, #*6*#,¡ m;ew wßtr* *å**,cso6 #s#s.æ*&* fhås å* 6*.as

S.** ¡llF,*pery-*üåËä ,fæ.w 3æå*tF *-T*üHss,å*æm *f *qrø,r*;u*&&t,*ä wu'x*ç

*æ& **pb**,s.s å* p3.e**6, r** *ppl",å***ü,sn¡s *s s**pås*å** *&n&s.&&,r
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It is c,onvenåept êt thie stage to expre,es

explisít1y the tenBaral nature of asvenents anå *hanges

1n the corrclatåon function¡ an* to wrå*e the funotf-on e.si

o*(å ,\ rt) -
re(C )c*(t+r ) f/"" t*, " 

* t ) a { x+€ ¡y+rr ; t+r } ¿*dry, (3.eo¡

¡rhere a(xryrt) is. tne devíati.sn sf sign*-l. xr:p.litude from

the rseaa at the tine t¡, at the polnt (*ny) on the ground.n

and. c*ã {t} is th,e vari"ance of thJ-s d.evåation, ?be auto*

,cotrrel.å.tion function of the amp3.ltude pattera at an¡r

i.netant t, ref erred to au Ê*0, (€ntl) ¿* $eç.tion 2,6.î.2 ls

now nritten 9a{gonoû), snd thE cross-ctrrelation funcù3o¡¡

of two pattêrnsr, preríous}y writt*rr 9a.r¿ (Ë,"8), beooaes

e*{€ t4tî} ir oþserva.tåens of the ¡ratterno are separateû

ín tlne by the interval T t

fhe å,uLo -CorreLatí.oF Funo3l"g

It was ehosn ån Seståon 2.613 that, when ecå"tter5-ng

is weako 
p*{ã 

}1rû} }eheves at large ðåetea.eae fro,n the

scatterång sû,ree* 11kc the *shad.ow* cf the three*d.åne¡rsionaf,.

&uto**Ðlireloüåon funstl"o¡x of the mað.luut, PT{" llnd,,er

sondLitÍ.on* typåeal of selntf"1.}"atå,on utud,åesn the ålta6;atJ-on

i* equaùion {a.n) ie very sinålar t,o thaë f,or PB in

equation {5.8¡t inüåcating ùhat tha spatåeL d"ånensi.ons of

the diste$t she,d.ow, ].ltce thoee of pÉ in equation i5.lO¡,
sre related. to the rad.LL at þ $ þy simpLe ray*opti*al"

pro j e ction.
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tloeer to the screea thLs J.s not so end"

corresticns muc,t be app3.iad. ta &írnension,a neasì¡red. at

the grounê befcre âÍ¡ i-ntenpretation ån te'rss of i.ono,spheric

sca1.es ie ¡*aåe. tsowhill {fp6la) aas investÍ-gateð the

matter end. his results &re most easlly applLed- to the

auto-cor¡.elati.on funstion of amplltud.e fluctuatlone ín

the wa¡refr'cnt at th.e gnound.. this function, which ís

written p*{6t 
,4'} e.a,n be approNi.n¿ted ne&r the onigia by

) -.=n [- *, ä** J (3.2r)

Tt ís t'he relatåonship bctween the racl'if. t"t and. Bt*on,

ao ûefined., anð the so'Fre+pünôång r:ailii ro anð Fro of
p*{g're'} in equatlon (l.lo¡, ,¡¡h1eh ås of present lnterest.

In praetlce it suffåçeE to ue,e on,e of tåe epecla.l

seses given by Bowhll-lr that for p '* ooc ÏInd.er thås

cou.d.itian the r.atio of, ninor âxÊ8 r-'lr- hae the varLatj-ono'o
shown ín Figure (3.7) rçhen plotted egainst tbe quauti.ty
-2\.2t.¿ = a::*, ø | being the ååEt&r¡üe a}.ong the ray fron tl¡e

tf,^ 2
o

soatteri.ng ssreen to the ground.¡

and. r I -+ r ae ð..*co,r lhe ratLo of najor &xeßC,o
Stto'/lts takes the value unity for al3. d.

Whenever B ís appreeiabl-y greater than unity the

behaviou¡ i.s effe,etåvel.y that iust flesoribed. If n for

exenpJ.eo p o 3t the ratiÕ "ntfro lnas the vaLua 0.r+6 at

at d. = 0, ro,/ro= J-110.+l)
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d o S¡ the råtiô Ftvr'l|rø i* equaL to O*9 at d. se t

a*å ånsrea.sêE raBå*}.y to unåty as d i^r+ rsaËês+

$ånce ths fsrruatåon b,f a near*.y åe.otrc,pl* phase

ðf-Etrihutåon tF t n¡ i* â r&re event* the behs¡r*.eur

appropriate to this case neecl not be deseribed here.

fhe resì¡lts guoted" obsre âpply fe¡ seak s*at'terlng

of a p3-ane wâvÊr Ëfhen the 'íl-Luninating q,ãvÊ ås aSrherå+al

tso nad"if,is,atLosrs rËust be mad-e t

{¿i t"he çran. t*¡t ø* l*pon w?rlú'b ths param*ter iL depenüa

nnat be red.efineê in terins of the d-istanoes r-r' å.4d. ø2 I n

seasureå along the nay firan the se*Èterån6 Ì.ayer tq t ¿e

gt*+uud.r. e;nå ts the raðåo s*urüe,* nespec,tívely* Equatioa
' be d^efl-nitian.(].fL) gives the approprie'

(fi) the linear rnagnÍf,ioatíon of all spat'i*}' quantities

he ground"- e.s described- in Secti.onsEas,Tlrsdl *t the g,raunô" &s ë.eec.råbed. ln

auet be taksa intc account' fl¡a magnåfåcatå.ar. fe.st'crr

preråot**l,y fou*-d È,4 be #- is nçre euåtabr"y e¡rpr+#sed. ¿s'

åål."*,'Te; rslr-ea ersiseå*eerth geonetry íx t* b* ap¡rJ.å;ed. t+
E,zl

the d.iffraatíon proc,ëËsr

Kheu a&rong eds,ttering tak+s ptraøe* sgaèå.el E€sl*'.s

slÊâs¡rreå at the gaouerä êepend. upc,n the root-aealr-squ&re

å*vlsti,*n øf ph.a*e $o ån the sq'eËt'erå.ng laye'ro lfs preøåac

säry.*.s *re s'ra*.Iaète b¡rt Heså,æh {fgff } ¿.ad. R*t,e}.iffa (fçfe)

ohow, for pla.ne sra,ve ilLuninstionn that when Éo>>ln the



quentåÈ,íÊs Fo a$å 3",e t useå above ar"e related. b¡r

:

Tojs1
a¡

fo 9o

9â"

{3,ee}

$he prcjeetíon of the eIlåpticat çontot¿re ef the

fun(rtion p*(€, 
"î1r)* asf,ined i-n the wavefront at the grøun4.,

ånto, those of 9u,{årt"0}" defi-ned in the grûu$d p3,ane"

preøents a såntrlle geouretrice1 probl'ec" Tt wllL not þe

ð.åseus.sed. hore.

?å q, û e rf qå q.gl gg¿{ p#q.pi} ;o*- å g ; Ë,P.e q e 
" 
Ê'g&;gåEç

?he esæejl*' åon f,engtåon Pa(ë,r'nrr) uray be

epproximated. rleår the origin bY;

p"4€,4,r) 
= exp f *[u(€*vr)"+ 84"+ 2e(6-vt¡n + u"" ]J 'fi'z'1)

L
flrå1 f,o,roulaËåoa ùese'leíbes the r¡a1n shasaeterlcÈioE cf the

functåon, whích are t

(f) the ttcharacteristic eJ.I-ipsÊËr

Àãe + Bn' + â:ü4n !ã I '
" P ñLi- r- ¿'ìupoa wfl,Lçtl a.{,ä*Ar&} ,* 11e." Thíe ås th,e ¡rro.fe,*tíon upon

thø greund. of th:e sårsål,arly ðef:inøå oor¿ùsu¡r of, Ês{€to3}n}"1

{*f } èhç tranel.atåonal" æotåo*¡ af' sp,eea ï {in *rr*

4,år"eetlan çf wþåcir the ä*axie hss been d"efinedL åE 11e)*

&3r tho woric s.f Se$tli.sn €.,6.åo ås rttre eð to t'h'e

ed' U, thue 3eatçLlåtets h*r'år*n*|****i* 
*- {}'ea}

Þråft epeed of tbs åono*pher*.c eeattertr-46 *çdåt* .* mhå'*l¿

are feu¡5ê åo þ* ¿bS¡tt È*o Cr&er* sf *e6nltra&e, sn,s"L:,*r t!¿an
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the orbit¿3 ,sã)e:Êd" of a reå,r:-eêfth ,sate].llte, have been

negleeted. in writing this equatian,

(iii) tire temporal ðecay expressed by the term -Ðre.

tf the changes ín the cross-correlation function ðleouseed

in $ection ã*6*å,r thås lr the first order effe t*
f,årst erd.er åhe'or.¡ro Jaæ.es {fpge) tæs ånreetigeÈ,ed.

åependence on the thickness of & scattering la¡relr

shown that the ratio,

TIsång

Ite
aa# has

1
E

d.ecay time coa sùant sf p[*{Vr}} û, rJ
is givan by

TII' tVc,,ã.--:, (3.25)
- v {n-n)' 2

where IT å tlre satelllte epeeð *nå T, ie the half thiok¡ro:ss

pf, the layer profí]'e ¿s åef,åneè by equatåo:,r {};g}" Th,e

raqrê fågercua treatps¡¡È of ï,{sûJ,ure and" $wenson (e:e+} 1eøS,s

to essentiatr ly the sârße result.

tenpora3-. åae.*¡¡ of ttls eorr,eå,&,t,lou f,uftg.tåCI'n Í,e aleo

¡rrcrd.uced. by ehaflge af the eharåateråstås ehaper oF by

ro*atåon, +f t'he å,ræøgul*ritie* f-.qr the *mp3.itu.ùe p,*tÈern

at the grounå, These eff ecte, whlch are not i:..ntísned"

hy SstLnre aad^ .$¡r'ensêll! o.an. be ëåscus,*eå ia ternñ *f the

fo¡:¡r¡d.atåpns, cf Ëe'çtåon Ê,6,â but the, wo,rkåag XE srt gåys$

here. Host often tt¡e csmçctions ineolved. ere negJ'ígible

but they Ean b€tone important shen the ray path p&ssee e3.ose

te the êåreçtiol *f 'e.},cngatlss sf the åone*phenåe åæegul.ar*

åt*se an& the geuu*t:ry cf pro,ieøtåe.n eheagea rrð!.,3r rapldlåy,r
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fbe ,*gpíå***t*l¡l *tr eq+*atLen {3rAS} ¿* R,ot" tbem, guetÍ.få*4"

*rrü wåth the øhaeg&ô ån thø tnrlr¡rçL¿tåen fq¡¡*t:i,s.

atre*dy nontåened.n these proü.ueað þy rsudl,es notíone ef, the

årr.f€Säå+gå. åes .n *þe å. t1*+,eïlÞr,ss e.re **g}ågåèÏe ar¡& cc€ *olt

be further d.i-açusEed,"

ån terns of ?be paremetere 1{ ead. h are n.atl+ apptåea,ble te
eurved. earèh geonet,ry by naking the eubstitutåonon Er | + E! I

ferySr, s^nd: ãrr for* h¡ &* trås ðE,ap ea¡rIåe¡r 1rr'thås a.ø411çnr

"å.e åt Ic srf.ttea [a çEr¡e.-tås,n {S.,å5}n }?Ð-{ärq*r} has

'åkê *'oãF agæ,¡*ued. før the c.gruø}etåÐn fuã.st$,ê¡â ås the
q.q. peåaÈ¿o* alaadyrf,e øf Sråggre¡ PhåI,l.åpø and. shåan {tg$e}

*o$ Êb 3åâ¡rs *'eê Ëpemeer ttggg)l lh+ applåcaüt,en sf tkLe

*,*a.ãyals üs Esteã;}ít@ ss*-Êti.l-lation resorðãrn aeå tbc p:¡¿bgç-

gtre*ü e;râ"åu¿tåss of varLou.s åonoøpherl,c ¡rar*øe. ,e¡rE bgr t,he

ass s,f the t"k*er¡r or*tååned. aboça¡ erÊ retrlerËeð ån tha¡*'üer 9,.
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cgÀPtER 4,

s,$& J&wÂn#r rffiEqs.

4.1 Intrçdr¡ctåon

fin or¿tllna of the tbeory of the Far*d.ay sffect a.Ed, &Ss

applåaatåon ts the d,etoruånatlûå of ionosphçråc eLçetrron aontent

ås 6åveþ ån thi,s êhel¡têrö &ofarenoe to thi"s clj.scussåon så1,1 bç

f,çuncl ån tbepter lt wþece relevar¡t çlr5* rl.mental finðir\Ss eilÊ

reporËed*

4.2. theom¡' æ
lhe nost oonuionly useð fetuul*tl.on af the Fa¡ps,d.ay effeot

ås that bssød upolx the qu*ef,*longåtud.l.n*1 apprcrlnation the ¿"s-

fraotlva lnd,ss of tþ,e åono*phere, whj,ch l"c*üE to tþe eguation

(ïrowne et aL. (rgyg))t

ns K
Ta

Mït

wh ere

and, r
J"

I* Nd"z.

Eere n ås the total *ngle of rotntf,on +xperienccå by the

pì.ane of polanteatl.on of a ¡¡ave of Srequê&eg f ån pannl.ng, tbnougb

tho j.oncel:horo fron a eatElLf.te to tb6 grûur¡d,' Íbe Eua.ntåty )

Ilooa {g) ¿E the qenponent ef th€ gêsmegnetlç fåe}d. i.n tho d.lree*

tåon of tbe ray anel å is the angle sf the ray to the boriaontal..

ÂIong' the ra¡r th.e prodr¡ct S eos (tþuc{i} var{ea only

slowly througbout the re$iono of greatest eJ.eçtro¡¡ oontøntr anð

a. 016årà naLuç üf ¡å ls ueually need øppropråate to the hef8ht of

h



S"
the ocnü¡e!.d. of the €léttssn d.Êãsåty êtetrlbtttåûar

{f,he qq,antf.ty l¡ the vafu¡e af, wbj"eh ås frctermånedl åa thç

er¡Bly*qf.Ë¡ *e the çoluenä,r êt.êCtlss çsþt6ätt år€tf tås elogtgOn

rl.aarlty s LntegratEsl vertåaaI]y thfot*sh tbe åonsçphere f,ron tbe

grEurd, tÕ ths hotgþt of thç PstellXte h.a. tu the hortssntol' plapo

åte va.lug is assoalateð with the ce'*o¡df'nateg sf t'ho ¡¡stnt et

drlch N is evaluateðr

K ie s baEf"c ooi¡tstant ûf v8.1t¡ê CIrêãgI ln ûrkrs' un!'tsr

Eotb r s$å w sre fr¡¡rstlsns öf eSratÍ,al pÐsltloä (*n¿ tusge*

fçrc funstf.onE tho *&ê Õf, the çther)' Å.s a Plafr# polaråøeð ra&åo

ßçu3ôe Glgssea tha Skyrflch*nges eontlnuouely end,8e bseaI!¡sf¡ an

the ground.¡ rseelvång the signa} on a eX'npl'o dll.pol"e, resords a

tenfisssl traçe ån the fçra øf * reottflød. ôf.t{s Treïér shç d.l,s*

t*ngtf,veQru}lss¡orpoi.atsofã€roalgu,al'¡ånd.åoat6susceønirrê

half rstatLoy¡s of th* plaaø sf ¡¡çLartsøtl.o¡r If tb'e mstl'ðB of

tþe eatslXf*ë le ksow¡ tke d[stcffilrretåtn of apatlal ehanges

of lfle eÈraigfuf,-forward''

Ïå aeçeefatång übeägse |n O stth chärgeêê ås lr ionoepherlo

d.:rf.ft speeðs nay be negleoteð ån oonparLron wlth tbe epeetl of tbê

eate1lf.te.

4r3

Sl.nee the total. ang*o o esn not u8r¡â'11ff bo üete¡nÍ'nsð

ôi.nee*}y¡ foso¡,t ¡üt¡*ù be nad.e ts di.ff,ersatÍa]. nethod's for tht

evs}u*tåçn of, T* ltå.e author b'as Ësê¿ two sueh mstbûðst eech
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ôoatlesentir.¡g Èha other' tbey åf€ n&w dloeari.bed. bråøf,lyl

tf tuç fårøt of, tbs equatl*nø (4.r) te a¿frerontåsted,

wÌ.th roo$sct to &r ths re*alt ts çbtaånetlr,*

eg
d.M =þ{r*ffi1 (+.27

.{, v81Ëâ of T Le obtaånaet 1n't""*" ot** ¡ tbsrefore, tf l.t

esn ba aestr&sd. that $$ Ín aero¡ thet !.s¡ 1f I ðees not ahaagt
d.M

¡across the sky.

Xåny atrtho¡e bavo llsçdl tb.forin netboit. üa,æiott a,åd[

ffçad,onga tfg6slr wor*ing at S4M,cfsconparcû J.ts aosursøy xt*b

tbat of E btøhly aoo*rrete byÞ!'tô nEtlod.c fhey

f,inð thet ån ths Bxêserîss Pf s sf t6tÊ1 6o!¡tsßt 6vsr

theår' *it* ($fr/o ) ths esthüd, overn+ast¿lnates tho

vel.r¡ç of, I Þy N fr*v tke nçanr rpsr¡tts e¡.äo 6hgn a ¡råd.6

eeattêr¡ onIY P,€r* thçtr lyirlf wåthån LA fout theål eøfi,tt

val.ue.

For tha sesond. mçthod, evaLuotla8,'Ir i,a sùteb tbs

tt¿ffss6È?tat. sf o çåth :recpeot reüåo fr'*qaerçy à* ueeê¡ uRvsF

of f,reqaenelen f:,, erlð ft whùoh d.fff,er by a psall ê&ûr¡Rtrs,äo ee-

ployed.. nês sl,¡apltottY thoy I bE asçn¡neð to be tranøn{ttedl

såth tbc aame Bola*[aation a,a4 otvetl on d.åpoleo havtrq: tb.e

semg erþnta,tf.on.

å type of nYs¡nLern I,e u*e{,¡ tbs seoaeaeF rul{ng

b6tng provld.aê by ft¡ *rê.1 tbs pol.nts al.ong the r*y

at çhå+h ths pol,sr{setioa of, the two transÐleæioner stri*h

nstaÈE at d.f,ff,erêrrt ratÇB¡ paraL3"eLåøror Shç tfline¡r msasurt

1s oþtaåacd" a,s folLows {ft$me (*.f}}r f.f¡ at th,e tl.n¡e tb,at a



I

I

I

I

I

l2 cract

þs.'

f¿) f.|

tr¡cc'

l'ìsure (h.1 ). Ill"uetnating
iffi'n-gÏË-or notatlon of the

, rad.i.o Ínequenclës âF€ llðêd"¡

the tfVennlet'lr ¡nethod' of flnd.lng'
plan6 öf Pol.ânleatlon when two
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seoord.Ði!, uuLl oeours et the hågher froquençlr, f; cay¡ tbe plane

of polarisatloa aù frequsns¡rfl ¡ has rststed. tbrou6n an xng3,e ð

(O.l Ol<ø) fron lte preaedÍne null poeftf.on, the angler
o (tr,l)

1

ls the u¡nount by vhlch Or" exosed,a the valuê åt trük at ths ¡.ast

col,asl,denea,

$qtlatåon {+.¡} whl.sh lg d.çråvçð frors tbe relatlonebi,p

n*f,:,'{4.f ¡, lndteatee in part*cuLar that the ooLnciðencøs â.xrê

gÉven byr

n nlT , fr = O, 1, 2, .. r (+.¿*)

^f,

nLz

lfâ
\rT

lâz
I Lzlã?\r I

1

å,s åt staad,e tbe frequor*ly dlfferentåa3. qetbod. tp

*ublgrxeus ae to the value of, the integer n ån equetion (4.4).

lfr howeVern f r e,nd. fa Rrs cb,osen to be se aeally eq$-&I" that a

ohar¡ge of unlty ån n produeçe a 3.øqge shengÊ i.n the riebt hand

slüs sf oçuation (4-4)r the oorreot val.ue of n caa be d"etemf.¿eil

by compard¡rg ühe ¡¡Eseåble va}¡eE of, I wl.th thst obtaiaed frcm

the leethod, û*saråbed, earlåar. {flhE author hae found., ueång f3e-

qtrençf,ss of 4S.Ol, sntt 41.01 }fic/s ferfr r åncl f2¡ that only one

vaLue Sf, n çç¡1 rrøtra!].y be aeceptgd. ae sçaeonabler

ïss Í.nf,orna?j.on åø eval,labl"o regarcl.Í.ng the aoeu¡raäcy of,

the frequeaoy dl,fforentl.a.L methodt stnee åt nskes nð s.sst¡l¡tptåons

¿Þout tha 6raðåent of total orectron content ft wåLL noto on the

aÌ/era.gþr givo a biasssd. reault.
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gftaH[EH. 5.

rNîF0.ppql0l{ q9 ffiP.trtTlffitfI'4å $mDIEq

She pri.noåBel pl¡ryeee af the experi.nental work 3etr¡qrrleå in thl's t*res*'s

Trfi.s to esply to dbservetåoae of selntlllatlons at e. eièôIe latd'tuåe

soutlrern henteSðrere statåou suah Es aåele'åcLg lu, the nore dt¿f,fnåtåvo

nsthgûe sf fnvestigaÈåon whlah har¡e beoone avallebLe fn rseent $êêrsr

The folLsnlag bråef revl"e¡v outLlnes the progr'ess of a¡strelian

str¡üåes sf scints.lla,tåon ùo the tlue of eonmôncment of fire sork re¡xrrted..

åustr|a.Låenr oÞserYatåor¡s of ¡e,ôio-Etar süfJntil'l"atlone rcere fLrst naåe by

Måtts anð lho¡oas {1951) aürortl.y af,ter the g1l'rst d'lsnovery by Bntttah

sçrlcere tbsÈ tbe ssr,åntil"Lad.oãs lroxlo JsI;oeEð by Í.rrcggl'eritLes f'n the

ter.reetx{"aL åooos¡*rere (smrü (tg50)n Llttle and. LoveLr (195CI) ). shsne

obpcrvations, a:rô theee tbat ohort).y follglno& {*oltoa* $}ee ard' $tanLey

(fggf) ) were prlncipally concerneð nitfi esr'rø-LatüonË of soåntÈllald'on

or@rtrsncê wl.t*r that of E anð F !,ayer parmetersrbut Sild an'ð Roberþs (tgE6)

perlforneiL spa.tés'*íêeEf"ver anal¡fsor of ttre drlfting a¡np}itude pette:3"

shese authors foud the rrregura¡{.ties of t.he ¡rattern }rað. ¡råd.tbs of, betrreen

1.þ erreL S 1ø¡ mð that *rey erüråbf.teû anlsotropy, but no epeel'*Lc interpre-

tatåon,,nas naåe ln tffis d &ç effeotlve íonoe¡iher{.c lrregularLti'ee' lfOre

reaent ÂuetralLs.n stuðåee of, nað.fts*rtar scLntåLLatían have åesl.t' EBånr'y

qråth oc***enoe ,!'ûpsrtilos! $1*ç ('196?] *tu¿teê 1he reLettenahiB wlth

gega€net¿o a,atåvlty an&. Snèrd anrå- $1ee {1g66) åetømlneå t'b* seaEoraL anü'

åturne.L varlsttons of tlts phenonmo&, &ð Lts ûepen4er¡ee on sol"er aa8u}ãr

ðiateneE'
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ån e arly stud.y of satslL5;te seinti3-lations in Austrelia was t¡hs.t

of $Lee (tg¡S) ¡rho ertabSishcd. a correLatlon wlth radlo-etar eaintål-Lat3"ons,

end. wlu shoneô that t'he årregularítåes proôueing eoattering nust be

below an altltude of 55CI tgtrr, ttrts bein6 tibe heågfit of ü¡e sate].lLtÆ at

the tfne of obsEffatj"on. SÍn6!.eton and. 1,3mch (lg6Zø) d,åsÉrsseð the

cl.íurnal varf-atlorå of sateLlitç sslntål"lation anð åts relatlonsl¡åp with

E- end. F*¡egÉ.on paranetæs. fhey gave theoretLeal curbeg for the

varLatlon of selntll.Lation ilepth wíttr ser¡åttr ar¡g].e (tfre raftüùy of whåetr

is guestloned by Br.C.ggn and Farld"n (1p63) ), attd frou thm establLsheð

the heleþt of scattsr"lng lrregr¡lårítåes to be betneen 200 and 500 kn.

$lngleton må L3mch (1E6æ) and Singleton, L¡nrch and, fhonas (lygt) showed.

the *ristenee of a peak of scfntilLatlon aettvåty for obeervations ¡narle

in tl¡e ffr'ectlon of the geoma6netlc fieLd and" estå.bl.lahe&r therebyr the

ftel,d aLlgned a¡r{.sotropy of t}re scatteriug fuçegu}arl*fes. Munrç (196:)

fnvestL6atod. the siaee of patches of irregïJ-lerttieð over ðouth*€astenr

Australfa and. ehoneðn by a nnethod. of tråengulatåonn that the irrogul.arltf.es

oeeurre& at hetghtg near iÐü lft"

Thís outLine el,Early shomu that connpanatlve1y few d.Efinitåve inTes*

tåeatåons have been nade in .AustrelLa regardång the heightsn *rapos and.

såses of tlre trregularitiee whlch produee sçintÍllatd.on. Suttable ¡nsthod.s

sf investigatåon are svetLsble and hsve been a¡rp3,Leð at va¡{.ous loeations.

they are nw nornieçeå briafLy.

She near¡ helght of lonoqphorie f.megula.nitfus ås noet slnpþ &eter.

n.tned by eonpar{.son of the velootty of ðrd"ft of a e¿telJLte seåntiLLatt on



pattern orrer ttrç 6roud rråth tfie mloofty of the eetel.låte l.tsslJ. fhe

appropr{"ato thoozy i.s ürat givan ån $eation 2'6,2, and by ¡Tams (lltz¡

andL LJ"u (tggg)r Experd.nental, methods ctlffer in the narrnor of, ¡neasuresent

of the dri.ft velocíty of ùhe pattern at tt¡e grotrnd.

In ttre sf.qrl'est nethoðo trø passage of an abrtpt and obvåous

fttransíti.onrr in scåntlllatåon ð.epth l.s obserr¡-eå at reeeLtsrs whieh trs

spaoed ln the d5-roction of eateLllte eotlon. fhe nethod. was fLret ue6å

at to3.lqe, å3.aska (narttraeary, BaeXen æ¡d, ðeWltt {tgfg), Basler s¡rd itol$Ltt'

{1962.) ) a¡rd Jnd.icateü :LxreguS.aråty helghts fbon 1& to {0tCI }m.

SJ.mål.ar neazurerncnts at Urbana . yå41åed. hetgltts of fmu 520 to I+5t lcn.

(verr, $¡rengon anå Mctl,ure (tg65) ).
When obvåous transítåons of solnti.Ll"atlon d.epth ðs not ooenmr the

notlon of the si€naL f,Luoüratfon* in t*re pttecn at ùhe gnounil nuet be

detenmineð. thls oan be åone by tlntng tùre pasøage of ln&tvf.ûual f,adss

of åistlnëtåv& sh*pe (the t¡ltra rnethoel, see }llitra (fg¿rg) ) or, nore

aocurately, by notlng tt¡e 3.ag ån the tenporreS cr"oss-ærreLatlon flnctlon

of atgual fluctuations e-bs6rveå at spaeecL receiwr*¡ }{any lr.rveatågat*âr*r;

have useð tl¡ese netho s' Meaaurøent*.bytrnlhagen end Trof.ú (tpe 0 an¿ 1961)

at KJel.ler 3.n No::nay l¿dl-cated. heieþts of ånre6uleråtÍes betme*r ,00 ae,å

J+Oo l@. IÍook and.0nsreå (1962j, rcrld.n€ at toÏLe6e, ÂLaska¡ f,oundt årregu'

lsrttåee frcn 1ffi to ?l$ !ø. $eå8btg bet¡reen )5Û anð 5l¡s m' were fsund

by ðe Barbor (lgçÐ et Fenneyltvania and. sea.strü¡Ê€rts neåe at Oorld. $tate

unåvenø1þ (ferulrføoï (19æ) ) yEe¡.¿ea hetgþte be{¡seen 270 ard 590 }ff'

fhe nost ertsnsåve rtuð¡r to åate, ürat of Sle[Lr¡re and ftreneon (1E&) Et
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llrþana lnyoLvlng 150 beleht nêåsu!€nønts, glvee hoighta bet¡røon 250 l@.

s$ð 6@ 1o. for nf.ght-tlne lr:reguLar{"tles andl artundl 10O kn. for

ðay-tf.ne lrrtgulard.tios .

The correLatS.on anal¡rrås whfeh ls uçsil by nort of tlre autåors

aentloneô above ca¡r also Brovidle aeçurate åete¡mlnations Ef t"he sJ.zes

end. nhapeg of the {megular{.tles. Srom aate3-lite obrønratf.oaat

Mcclure anit &renson (tg6l) anil Îz{,hagen andL rroín (1960) bave shorc¡r

{¡he e,balracte¡{.stle raðlå of t?re åmeguLaritlee transvêrs€ to the

goonegnetfe fl"eltt to be of tíl¡e o¡{er sf, I or 2 1@,, in agree¡mnt wåth

resul.ts pf rEð{.s-atar sbserryatl"ons (.Tones (tggo)). Flelô. atigneeL

anisotrcpy 1s obEalred, by Frlhagen andl l¡"s*û (lg6o)r who *inð the

lrregUlard.tLee to have an e¡d.el rat:l.o of about 2. Iregularf.t5-es

¡rhsse ninor radliå are between O'g anû 't'O km, ancl rvhose a¡d.al ratioe

var¡r betweon {.1¡ anå I are forr¡¡il åu t}tø 0aabr{.d6e obeçryatåsns of

ffargaret Ë. Cla:rke (tggl).

lhe appLLoatlons of the oomølatl.on analSeie to apaeeel :reeelver

recorüings naåe at Aåel"ai.d.o are d.åscuaseð f.n Chapter !.
She pEthodts cf Lnvestå.gat!.on whlol¡ have been ð"esorlbett 1n

$ootlon 3.2 øre oapable of yf.e].d.lng ¿eourate ilete¡utna*lonc of

f.meguJ.ard.ty aløe andt shape, flhefr use has not ¡ret been nepor'tsit in

thø lLtorsü¡ro. A dLseugeLon sf tJre appltoatf.on of t¡heEe nethodle 1s

glven in Chapter 8.

In ChaBtør 7 thç oeêu¡xr€nÊe pro¡rentics sf satellåte sclnti.l.l.atåons'

sndL tlre çorrelatlon Ef seåntlXLatLgnc s"1th otbor geopfuraåeal
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¡ihenonena are tilscusãeð. In thi* clra¡rtor, estlnateE sf the helgbts

of tmeguLarf.ties are obtaårßêel f,sr uee in t!¡e tllsor¡ssåon of 0hapter,

8. fheEe estl"B¿tes hane beon usedl, ratiher t}¡an the valuec obtef¡eô

ln Chapte¡r 9, b nake sbvlor¡s the stmplåof.ty of tl¡e tLetaralnatf.ons

of Chapter 8.

Ithe rosults of the anal¡rsås ef, Faraåay fadfng are presenteil

ln Chepter 10. Ehe nal¡n afn sf tblo stuðy nae te lnvesfl6ate a

posoible olue to the nature gf thè sou¡¡oe ef ionos¡iherl"o ilregularS.tåeu.

Tbsre are thæe ù¡rpea of tlleory negardlng tl¡is aourca. Tbê *Lrst

type propoËöË ¿n tregularl,y ionlstng Êouree zuelr aE onergetf.o f.ons

(Peterson et al. (tg¡g)) or protone (Herman (tp66)). ïrregul.arc.tf.or

prnüucodl by euoå a. sourse would. be aeecciateð nåt'h an inEre¿se l.a t'he

nean el,ectron content* lhe seeonð tSrpe of tbeory suggecta 1ùat

sbsEwsd frregu3.ar!.tJ.ee &re &$soê1ated. nåtå¡ turbulent eðdies

(ff¿¿fneÊon (tp&))¡ theee wouLd. not eauss any change ln the near¡

oleetron oontent, The saoe wou3,ô be tnre 1f tt¡e lrregul.arltiea

vere oausød. by any t¡pe of, hydronagnetLe w&Têr the third t¡rye of,

theor¡r prrcposss a atroaø{ng of, noLecular nåtxsgen fnon th,e 3-regj.on

to tlre F-regiqn whers ít procluoeo trnegul.ar rogions of, inereased

eLeetmn rseombinatü.on (ffne anð Roaeh (lpgt)), lt¡e reosnbination

woulcl produoe a clocreasecl nean oontent. In SectLon 1O.1 the

rolati.snshi.p botmeea patohes of salntLlLatlon anð lmeguLa¡{.tles

tn the tçtâI. lonLseê eontent of tù.e åOnor¡ibere lE åayestigateð with

a våew to deci.d,ing bst¡reen tlreEe thEorios.
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In Seqttron 1CIr8 tl¡e rilåu¡sal. andl seasssal varj.atåøns of tetê.t

eLeotrsu oontcnt at .Adtelaf.dl.e a¡oe dt:lscussedl.
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ffi

6.1 Tbe Selellites

Tn er$ørl¡nenta} sþss$sstÍ"ons the etrthçr ma&ç ue* of, tkå

$c"66 let¡çn¡ihene Saason setÊlIåtËs SB-&{64S{P'} häå þffi*ö(t$êe }.

Sef"ng åatet1å*d, f,'or uss nr* ***1*r+rl,*e åunospbs¿*'s oltË#.å**¡ th*sç

sërë placså ån steþåe c*'¡suI'ar orbltt at k'eågþta of absut

Lr#OO *ma¡ abøvo ths majoe Bor**.*n of tha åon*epheråa sSsetpen

sonü*nå snd. thÉ lgc&&igla¡r ¡:6g$o-no *f ggaatoe{ ånterçetç

Ìlh* crbåts çf thee* satE¡.låtçs etr6 f,nsllneü ta the

oquaäox et eegl6s of &ttpru*n) u¡ld- 4LÖ(äB*S) sr¿th th* *çmrtr*

the,t both nêrth*sc¡åtk smd, çast+w*eü Esene g,f t'ho shy a39 ebeesve&

*t a Elil,êI* l"ståüråd.ê statS,*¡l* $oåb s*tçLlåt$s håT/e a,rbåt'a'L pcsåod.e

of, abpgt 1.0û måmf|*tse saå ø tgff.e*l tlpofi¡L 5'ãss las*s ebçnt 15

aånr*tÊs fron :r*.8ç tc ee? at * g:lven obsewf'ng äl[***

&l f'æpsgtfr&t fêetuËÉ *f thg gatel3.åtep* behgyå*r¡r åg 
:

th.n sï.ow lwtsmen* of t"heå3 Ï¡e'ss tfpsE throu6ü. ths tw6l¡t#'*feu¡l

hour S"*y. åS ÀðeXaå&ai glÉstl3'€ af, t*re sr tha$s EI*eççseåfS

eþ*c¡rvaùitons ef, $Ë*S er* s*Pemtçü by a tgelÎrê*hsu'r åmte¡tgalt

Ëhe g¡roulrË Ð€Êråf slåehtly e*E].ler ea*h åa,y to the erüçnt th*t

aft*r g$ üsy* thry bave f.nter*heäSsdl. teæForn} Pueâtås11s vgthi'a

the **¡rr þ&*g ås sþsefved' ÈRring f,our or fivs **ssaçBtåxa passeen

th6 83çÂãp of, pneflç* sf,lrsne*.qg th¡owh t'wnqr'gssr bs&rs ån øbeçt

Sü üayn" Eeçaueê Of tþ.seë Srropørtå*e åt å'g nç*esear¡r to cCImblne

the fesultp of tbr#ê uon*þE Sbps$Yståsne te ¿"çr¡Pæ3' the diurnal

lrevÍ,*.ti"on *f nx¡r Þheüensnon bøåu6: *taåf'oð'*

Sotþ of, the çatsl}"åtan p:rovå-*a pl*n*pcå&rås*&
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*re,nwtse*.såe af 83ü øå1.1.åç*tt'e Pê#sg at frt6$**rre$'eo çf gü'ðüät

4Sl*ï, €rrå 4.1"$1 Mafs. Sånçø thç satsLl.$.Ès* srs s'tabå3å*e4

sg:*ånet tr¡mþlång #ståss*i åt sen be c.*mreed^¡ fE* åhs PuEpss€

of F*rad.ay reto,üå*x *naly*å,e¡ *k*t tfr* å.ni"tåa[ &S.*eçå$'*:¡ *f

pÐl"el1Ë,ö,*,tå#r* ûf Ëþe *rmuffiåsEÌ.sgå f"s ftcd *h*ougfuolrù *,ng en*

ebsçr'tÊl^$ff Pstrlonl*

6*â

6"#*&

ryksçwståsas ef the Eatsl,li"tee were ssd,* et thå fåuf"d.

ststÍon op*rat** by th* grd¡rrereåt'g *f, +d.*leå*É at St¡ triild*

(34o43t$, t38o35rw)¡ nor.th of åd.elaidle¡ Ðouth *¡¡stralåar

ffwo *åståact WelYi"sg ðãrs*ðmç wôFç Ee6år trhç f,S,rsÈ

sf, tbesc ç*s o$çretçå ðaål.y fer *hS sÛ$tån$È3' msls¿åto Åü$ * '::

scåntå1l"atåeå¡ år*d. Í'ora*,*y eff,**te* [ts aeråsle cgnsi-st'sd' of

sl.nB),e ha[#.way,c &[pçleer æeh m*uateå hori.sentally *t e hÈ*&t'

çf O$e {t¡ßÍt r w*ve*3;ea6üb *þev* thç grçrx*ù. $åttsdL såt'k ba}*

ancång andl, mstsbÍ.n# trssipátçxwsrËr thcse fçå r*eaå.veifÊ *¡n ths

n**rby reeoxdån6 stetåon ?rbi"th serc tensd ts tkt êhSÈç ße$s13"åtÊ

rs,üåo freqt*oana*ss mçntåtnê& a'büvËr

gbe s,Ss*m*. u¡r*ånm¡ &Õräslstån$ sf thxss #$!ü'ëS& a$#åel*

and¡-reseive:r *Out*statLonü sottllr-etf'onø, we,s usd. ln ths detatleê

øtußy *f, *h* sm¡¡lt$uüe sg$"ntåLlatl,cn Fä.ttslm, et 4S $Ä*f** ffiaob

*eråeå copt¡rilaeÈ tçç ,orÞ8s8ð foL*så. üåpçåe* Phaaså, f,n ç*ed*r*tnm

sa tþ*,* SB3"y såreul'arn iy puXerleså raååatåon sns te*sånsd; f$sm

thg a*atSk* Ehi"e erseüßlw!åat ff"nË,nf'Eed, ulrsftnåod S'arnðø6 faðir¡gl

ån ths Ë*åriËålå**åarc wsar*s" åf,ter baå*æ*s&l''ås{sr&b*å*n**d'
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trançfermatlOn and. a*tohlnS¡ the sf,Ênal was fgd te a¡å, øecuþu}a-

tos * pew*redl traprf.etoråred. 3eÊeåTrs3' housçù aêeg' åhç eerü.&]. ln

& çsethéqprêofi bulletpü,oðf eanfoter'. X'a,ad.Låne* aaEl:lçð tha

r6û@åîrs!¡ ou*prt CIlgnala t<¡ th.e *sätr&l sê$oÏ{f.n$ õt*tåonü

*hs out*etstLonç w6lftÞ ånåtåaLly aet r¡B es f.nd'åÊftted by

tbo ppinte I¡¡ö¡Wt tn Fteuro {6.f}' *hê åfsteneêB batrysøn the

öut*ãtetione wçre çhoscu to *pBroxi,sate tbe expaotcdl nean d"lnpn*

si.on of lrrøguLarltíor Ln tbs eslqtlllatl,sn pattern at tha grounüf

tbat Lo¡ absut thr
lrbe øperati.en çf the r¡raeetl reeelver eqtrùpnent and. tbe

eubsequent en*tryså* of, the sôLntålletåon patte¡n b*ve for"netl a '\

maJor Bortisn of, Èbs authønrE workr ths pre$eet wao, however¡

severely hs,aslcÉod by ûif,f,åaultåea ån koepåxg ths lau&Llnes çonn*

eettng the synten ln wol*lng oxeler.

&ap**ted. danage to the easte¡n låne ån the viel.nlty of

*, cåqlL sonst11retlon slto äseêßsl,tated. *l"npeonsumångl repalr

wogk ä.Uå evêntr,la}ly fo¡seð the rtåtbðE'ewal of thø weatele$ out-

statåon to tbe X¡oånt ÏÊ. l$bç shortenl$g of the basç Iånê l,',S,'

6Ð Brâûuôeü¡ BösswþeÈ roðuççt thç rêËol'utåoü of, tha systs!È ån

the east'*eEst ði.r6ståon.

¿ *Ofs sorf.çue BmlLemr wa* thç e*ntrcJ. of ånduoedl naånE

frequøney {5Ð o/4.} volta$Es uhl"ch *.¡rpeoreå on the Longmr llnee

{thoçe fros tba Eoutbets a,ed, çeetenî out*stetlons}* Iflhl"E äbtrms

wâ,6 rsmov'sd. mest æf,fsstLv*tyr þut nat ccnplêtgLyf by f,seletlr¡g

rs,oå out*sta*i.on epÊerrbly from tho sarthr errð by roiluoång the

outB$t f.nped,enga of, pfl,eb crrt*¡et*tåon sss6å¡rsr. å s*486 of
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âep1{"fLsetl"on fçll"oweú þ eq*oaûed. buffer {wlttsr *

oårcuûta sas ånel,ud"edl. bstwçon reEoiver a.Hrl Ls,üd.låse.

rouosJ$f'

trt was not pûssåbl* for the a$thsr ts Èwalop o* aaqatre

the rra*êr¡l.atçd. earrlêrä equ5.pnn*nt wblçb çsu3.d, rnost øl,nBfly ctruuu*

rrent tå,e nhuätr ¡rrøÞ}em bw*¡ *n tb,e autbp¡rtE aåvle*ç slrck equipment

lo hei.ng û*voloped. a,t tho ttss sf trr*tf¡rg.

6.2,2. Eoaelverg

Sor tho gre*tør nr.¡nber of satêl,Il"te oboowatLone ä^Ëê wes

nad.e of the lBiod.eL Bn reoelvøre prodrreed, by tho Segnavor 0onpan¡r

of .å¡stsÈssr ghçso trsngL.etsælseü1 *çr.rbla,*eonvers$,on rseelvere¡

wbfah were d.est$r6ð epecLffeally f,or satellltet stud.{oEr ar6

å&or¡.g th¿ upa* seneJ.tfve that san be Brodr,rocd. çi.tbout the uæa sf
phaøø leek or atrtonatl.o fr*qaeüstr 6oetrol. ay*tenø+ $he*,r naf.n

aharaeterl,stLos arêr

$ol.s+ 3'ågu:re 't 3ðb

San6s¿ðth I #,50ü olE

(U¡e tsadwtë*b *øtr ef, eEussÊp cûy&T the .ÞoBplor frequensy ?å,¡*

åatåsn l.n the sÍ.gnet from a sü?lng ratel}åte).
- Åe 4teågnaü o tbo Å.¡S.t. (a;rrtomat!.o gaåa control) aotlon

of thÈ Hod,ol S, Becf,i,ver la snçh thet tho outpul (*,.ü.t.) voltagr

ås Srpo$¡ortLcneL to tbe logaråt&u çf, the f,neone øå6na1 unplfturiLeç

ßeeåðo eetenüång the rengp ef sf6nal" Løyçtrs whiah¡ after receptåonn

ean bs ða,tlsfestçrqLLy reaor4ø&; tbå.ø est$,on *onvøsle*Ètypo&uees

a eharlp*nång öf, the Fasadpgr faåång or¡Ëps Ln t&.e pesordad, traoe¡

but f,or solntå}lståo$ üeåsnrsñxeäte a l,åvrean øystoe l.s Br.eferablor

á" aclntillatlon laoord. oannot be anal¡rsEd. råtb ooneistent acouracy



åf tbe reeordf.ng g-âtur ås not a s¡rumetråca} f,r¡r*çtfsn ** uf"6oJl9'

öeparture fmm tb.e uean slgnal.

Fcr thl,g pöå,selt¡ tb,o oBeratíon of tbe J¡,.Ê'C. wae stopp*d,

at esf.nfå}1atåeïr f,uoqtreael â6 l>f#|s) bY !.aereaxång tbE tl"¡uc çonË

stffi¡* of tbo A*#'t" oårÊr¡åt¡ ï¡e gaÍ"n of Èþ* rê*þlver then besawg

a ft¡aotåsn ef, tbe Ðea¡* stgnd Lorrsl avsstêPfl over sÊrssa3 P*årp

tll"I.atf.on eyeleø. lfhe saxlEtt$ *'e$sptelle çaLua of the modåf,i,od

tise eonetê.nt was tleterulaecL only by tbe requirenant that the

"årõrÇr ehould. aot bt ÊûäÍ'16tê3.Y åf,s*bLgdl st thc Faraü*y f*d$nø

rste t< e**o/e at ã0 Kefe)"

fn thç reeçlv*ra uèçd. for eontL*tretr æni.tøfåsg of sefuû*

tl}lståqn e¡¿dl 3'araêay cf,feots a tåsø oonstsmt çf, S #6üsn*Ê set

anpî"o¡.edL| thsEe useð f,Er *stef.lod. Ealntf.Llation analyole¡ thc

&os.Ït eutslå* roltegoÉ Ef wþf,ch ssrð eonåtorail þ æa o¡rørnaton *kur

i,ng: u*O¡ wsäe $s*lff,sð to have * tinc oonstaÞt pf 1ü 8ê9o$åsr

l&e Ssr..fqllaÊ,ãûas sf, the fÞsêåYoïE after æd,f"fùeatf,on iryere

chetkeü åu two ref,sr lfheË,r' ¡,asllp$Êç* te step inçreaeee |n ånput

utgna3, vËse ¡r€eÞrð6d1, and, fos¡r*. üe eonfstþ nåth s$p€ôÈeð bohavf.ourc

$he eøLattXle.tåçn iLø¡rths ef wsord.ångr n*ito wåtb b€d& th* ned.ifåeù

çcts g,Ëd. A *aEEåVOr* kärovg tO bave a l"lnear fOgBê[Ëê s6l',s es6pes€&r

Sbsy were for¡nd to ôlffer by leas tbaü l0 per o6nt et fadfrg fre-

quenelas elorr¡r to 1.5 e/4.

6,2.3 &eeßùläE

lfbe ¡'seeLfer gnrtBttt reltãdçs rgtss applåEdt ts dåreetl.y-

EsTrBlcd. empllf,åere nblÊh årone¡ ln tun*¡ tha sotot'ç€fl"s of, ehart

ré601{êr Fsäêr gitb *ogardl. te tba roso$tfuig rysfae f.t naed. only



þs nøted. thst tho f,rêquençy seeþeese ef tbs p€n ffirsglansloa ¿li'
to cae bslf s,t 5O efsr

6rÊ'n p,åpffi

lbr thc routiae sbnertrÊtlons of, satol-lite paøsee th.e

ûhãat seca¡d.ånäË wsro narkød, onût I¡6r. nåEutÈr {ffbe pulses cih$,çh

d.Èorö tha saa*s:p BeE ïôrìp d.eaåvEd, froa a sa.{,as 6yüêbr6&f'sed,-41'ook¡

rrone so¡se rel.iable belng arrait abLe. The ti"ree g{,ven by tbiø eLock

wå,6 ohçëkçiL d.ally a6ala*t Etaaetarct ra,èf.o t'fæuesf.reísnu anct çã8

fOr¡nd. tê d.erÈate b¡r lees than tsö såesail,Ë f30ül ïJniversal, Tlner

åXthor¡gþ e ggoetsÞ åeêr¡rêsy ln tf.mårry f,a grr*erally dlaelraþls fn

o*tEL}i.tç sffiåea {ånraÊ¡5on (fpge}}r tU¿s E&s paetlusÊs riã äetrê

theü 8, ouð d.ogreo (nveraso) uncertafnty La, tbe engular posltåon

sf e set*lllta åt ss€& bS aæ ôbs6rT.8ï. It ås¡ ther,efo:re¡ of

l¿ttXô üâIr*êq$ånÊa ån nost *åpêrf"üoâüte¡. $þl$Êr

äow*var¡ ln a ðotaålEd. au¿åYslE gf ths nersnont of tha

någnel fedtng pettçfn ÕYEr' the gmoq$d* a groatar ùlæfmg aôçr¡rÉcy

åe aoodlsðr &¡.rt¡¡g Br¡th öbðßrvatåone tlne çau kêBt by the

oporetor Baee*at *E qù¡ asðar*o$r of $*â soço$d.so

6.2.$ Qtbee 4cu*nÉent

Savsral" tlavLeeç t61iß ûEt*lorsü by Sho author whleb

all.*çsd[ uneäßaåð opera*f,on åf *bs roeefurån6 sæd[ *eesl{lug aquip-

nent" flbeso l.n qXucta ¿ stlusrß rñleh can bo progaã.uøsil to start

chart cçsasd.srs *.t ptedlet*ü setsll.{tÊ rriss tfses &¡1iL to oto¡r

thCþ, a*Bsr a fireeså å.ntg:rsaX.. Å¡notþs! åeVl*e PreåI*oog ê 
"*]'ts.êþ

trlulae traln¡ rhieh¡ whea ilwrj.ttenü qrr & Bolrtng: chart¡ fs e binarT

Íspr*sËntatåsn of surrçnt slssk tlnçr
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åltheugb e¡¡çh equf,pnønt ran tnportanù to- tha aoqui,eåt!.on

of êata¡ åts d,essråptåsn iE not 3Êl6va,üt to tbe ðl"estrssåo* of tbc

resultr¡ s{rð lt J.e l.eft at thås peånt,r

6.3 ë,$npW,FT fsqe,äqmF

It f,E not g¡ropoeeù ts glw åstef.Led. &reI$rêss or listfåSis

of the ocmputer ptóg*ües uaeð by the eu hor Þut1 ån the intsrasts

of eontl.nr¡f,ty antl çonoåsgnpne¡ dl,osor{.ptlons ef, the t"n¡rortant

oporationa fsr rhfqh Ëêeput6e's wêrê treoð. ars eollactêdL hensr

6n3rl
SyEtem

ffhe a,gene¡r ¡rhåoh crganÍ.*edl d,lsstmfa*tf.on of infornatf,on

regar4.ång tha Estellåtee S8 * 3 ä¡ê Þä * e ($attona3, Å,euønsutleal

audL $f¡acø åd'minfstreti,on, X**Eland.¡ ürs'å¡) pcovtd.od two aå,ås to

dhe analy*l,s d tatallf,tE m6tlons. llbosc rrsss¡ få¡rstlyr a l,tstång

of, ths nål$rts.'þ¡n*nånute g*ographi.c BosltÍ,one of the satel"l.åtoe

a'nêr eosÕnðLy¡ * table f¡om ryhåoh vatåous gøametrled.'çnsetitloa¡

d.oSrend.enÊ upûrr the rolatf.ve $oef,tlons ef saåaLlt to antt olserrrer;

soul.d be obtal.noå'

$lnaa thc a¡calysåg Ëe$¡orted J.n later Bågês roqufurud" tþe

4etesninatton of eatelLåte poEf"tf.on at r¡pTr*rÊLs ef, stn*y pol"nta

fo¡r eaeh of, a,þo&t l,$00 Bae*ea¡ St was coasf.ûered. !.nn¡rracttoel tç

r,esv'V out r€peatoå lntsx3lølati,ons of, theee tabLea. tonputer

prçgrø,ËË wsre w$.ttffi Þy the slrthor nhioh *oceep3.åsþail. the

rtesêEËeffi evaLuatlong s¡r¡L thÊ tåbul.atlons weue enl,y t¿ee& for the

chooklng of computoð reeults"

(¿* man¡i. ex¡rerføe*ter.* n¡¡w have &6sass to aompu!!.ng

eqlrlpment¡ f.t would, sçen to be a einple nattor¡ in futurø
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sete1Llt* plt$sôtsl tt provf.d.ß euåtable pro6tâ,El låatångø oe

en eltêrnntåïe-t€ ta,blrlatf.ons. .& røqueet bf tha ar¡thor fçr

er¡oh l,sfsrucatf,s$ $êilt unacknowt"ad.eçd,).

å þ*.eLa set of ånEtruetiong on tbe *es'llåpulatloa of

vçstorã fn tblçe*üånøs,*lansl, lOarÈosLan f,*¿lneË v&8 åüsl,ud.êd, ln

all {epaee g€onstr3rÍ ¡rrogramsn fhi,E enabLeð the eperåtl,fê

¡r*rnte gf, saçþ 1lrogrens üo be vr{.ttan ån o verjr straåght*foru¡ard.

þilåü.&€Í1 f"R terre of a, veeÈsr notatlEnr

$atelllte .Poeitåo+

Sånee betb eatElLÍ.t'os 8t * S anô s& * 6 have htgþ

s*â"b1e or.b{.tsç lt w*,s founû possåble to d.ctesm{aa thcår poslþ

ious to a suffåoåêat sûE!¡r&sy þ tb* use sf fÍ"rst oEdE:r lfestonlan

orùåt theofy. Ör}{tsil El.enønt* a¡rglroprl,at* to fortnLgb*ly

åntersrals $f tf.sô sore çbt*Lned. fnem the eg€ncy Bentåenod,

alorrs aad. çsre ånoluttçd, peræanenf,].f ån the pregrs,mr A satsilltere

pasÍ.tLon (aeor¡rate to lesç then ha3.f a ÈegpËe ¿n l.atåttrð6 or

l.oned.tud,e) aad. v*loaåty wtlr6 sad,e p. atlabts to arrf otbar pltr
gleee e6 #årntlnä&ue ftmctåçnc of tåns.

üEonøtw &e}&tlve to a,n 0bøernrer

Þnogrenæ ç&rê çrl.ttsn wbtêh Ëðlvs tbe spher¿aal easth

gËosåtr¡$ pectaf"¡r:Lug to oþss$tt¿tlsn of e setollåtß thrfi€h *n

J.¡rtesmeål*te layer. $[easures of, slntåeua ímpontnxoo Eueb s's thå

srl¡nntb ard, ç3.çvatton angLee ef thø satelLLter s¡r& the dtåstanses

alon6 the ray fgoru tbe l"ayer to tbe obsenren¡ anå tð thô ø*teLt"åtø¡

s?e evsl.ua.tecl by the p:rogrannr

fbç L$cLt¡eåon of, å ¡)rt€tren fcr tbe úçtsnnånatåon sf
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the $eoaagne?ås f,åe]"d enablEd. the fnttore f"nvolvçrl I,n the

q¡rantity Kr óf equatåon t4'f )r to ba svshrsted" f,or seç å,$

Farad.ay rotatLon an*lysie.

Ít was found. wst useful¡ ln ths lnterpretatl,on of the

reeults sf, thê epaeed r'6sÊùïer anal¡roi.e¡ to have evallable

d.etErüånatåens of,r

(f) the çryeçted. ðl.reetl.oa cf naotlon of, the

sslntill,aticn Be,tts& äçross thê grcunêr

{f,f) the ørpeoteû length* aarel, s$i.rntatf,onE of

the ËehaåelreH on ths ffsst¡sð of unå* vectors

Sying along the geouagnetts f,tel{tr or at

rlebt angSe* të tt la th,ø plaee of tba

wnvef,r'ønt.

fhese eval"rratåofiä $*rs perforue¿ by a speoåalXsed.

dgeoffitryn ptrogren*

6¡3"â Çqrqq.l,Ef$.sn;hnal4e{q

lhe esrrelatlon anaLysl.e åntrodtuood þy Srf6gs¡ 1'hflI1pe

and $b{.nn {195û) antl estend.eð in Ëeope by Fb13,1lpe and, ñFeacer

(ff5:) ha* boen $sed. ext€nslvely ln þoth rsfllec*e4*wa:rs anil.

rad.J.ç*etsr stqû.åçc sf lqno*pheltc årrsgularåttes¡ 1t bas bøçc¡ne

a stand.ar{L teohutqt*e. &ast often tho anal¡rsls !,s ¡rerf,orted. by

grephåael Bethode þut $'oohe {fpgf} has *esertþsd. a conputer

B:rsffrâ¡e 'rbåcb *sbLeTres åln

Wttb the alå of advÍ.eç fron Fookø (prirate comlrnlEatlon)

thê eutbor hes w*lttëü a siäåLar pre#rse. Siaüe ite d.esorf,ptton

sonf,o,rüe exaet}y to tb,pt Ê$.vstt by l'ooko {fSe5¡* only an outJ.fne
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0f lts op€ratLon 1s glvcn berer

l[h.e enelysl$ åssqB€s a fors ].åke tbat of sguatLon t3.43)

for o" ( € fl ,r ) wåt-h tho ad:ùsd fsseüom that the f,unstÍ-osal" fora

need^ umt bs an ånvaraê olrpenentlal¡ but sny rùfchr n@ar the orl#nr

¡leeraa*E eoå#tgnf"eally f,*sm unttg at the ø*åSÊ1¡. the ¡ro]'yno¡n:[¿I

arguruBnt¡ of el}lpsçlûal e¡r'wetrlr *" ( A fl rrj $päGê¡ l's aasmail* i']

ßhe tsnpoual v*ri.atåons of sù5nat mplLttrd,o at thres

spaeêü :r€c6:[Ysrs erç wr¡tt¿a3ly corre]ated to êlf've¡ Ld'ø4L]yt Õ&s

eäts*eox.f,ol,etl,on filnstlsn and. threa Ë&ös;sgrrelattsn funstlonsr

ybeøe fortr f\r¡¡Ettone d,asc3:l,bs tbe þ*hanåoun nf o, tâ tn*r ) alo*6:

the -sJråÉ and. al.on$ tbree CIther Lånean paraït ol. tç¡ ttr antl

eepu,ræåoÈ fros åt tn tþe ( ã rn ) plan* by the veetûr s*paa*etåone

of the rcceåvErEr å knowl.gd.ge of th.e fore sf tht ssts+ûo?rêJ.ation

fi¡¡reti.ça and. the peËåtåÊas ouü vallreE sf the th,¡ee o*s6*ç9rr'ÊÏtr

tLgn sarån¿ f.e säf,fi.cf.ent for eosplete d-etç¡r,nJ.natl"on of the

iløbata,*tell'i,sttsil sl.Lf"pçEid.*t çcntprlr oa shåeh ou(í, *nnr) f,411ø

*ø I f e. {nhs quantttløs d.eteïHined.¡ I,n faetn are ibø rôqr,råredl co*

effi,e4üte Å¡B¡$1SrY *f, ths a$,3'l€¡¡s|Lats poL3'nont"a3''

fhe p*sg*an }ogÉr follews thÛ stê3le of tbE 6&rL1ë r

eraphr.aa,l ptteád,ure. tBbe f,oztn of tbs Epati.al chara.ste¡{[st*.c

o}l!.pee (s** $eetl.on 3*4) ts ffrså obts.f.asil'. An3 napparwnt

relccåtys åe th&n rilete¡månçfl f,r'ao s knsn].edøp of thE $ositlons

of, the ÇfoËs-GorÍ.eLatlon maætrså. Fina].ly¡ the quantåti.Eø T snd'

V¿r are ôestveit fyoæ tb.e ilpppsrent voloel*ynx a}sowause btl¡¡g maile

for f-tr åeï'**[ûeneê ôn tho eba¡re *uð orlextatLon of tbe obaraçte:råetlo

eilíBsa.
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êHåFt[$t, ?*
ffi

T"l
fß wüt$Èä# åh* **t*ållt* reeË*d,åryP t*effi st å#*l,elå*

** * fsm suåèså ffi *kc stad$ sf, s'ç$,nüål'}süåsþ ss&t$rffi*

*þ*,reüls råøt*,*e,1 e *e*Sßt S.s**s *f eeû¡sttltntå.s¡* Èepth* d'aüöxl'n

ef,soi[ þg *yc* ças a*w*,mts; ùç tssh qusrtos-eLeltt å.nt*sæ]. Ef

rroøsg,ñ.&ry 6å,mçr ?.þc'SS å*ruítCI d' s4$,nttå.3,otåoan, n*ftfr* tlswk m*

stroagr üÊ¡s rËesgntsefu e[d' ffa!6 glvstl tbc wølgbt* Ê¡ I 6äÊ

€ wøp*stås*å5rr FfSSw t?-f) ñ&#Bs tlpøE*q&* *f a*åntål,tstloæs

nhåcþ sw trÊ]p$"s*å *f t&* thæ*ç lëtäjl*c trao s*$r$tå!,st1sn ¡[*'p*bs

qf thc Ërsscs (t),' ecå (o), **tolmlnscl soEostt"tne t0 tht üa*[n¿*

tåæt *f, *4rnmtå*n (å.f9¡, aËt rL$ aü& 'Sä X*epü6t$rtåy¡ *.s,*.Ëe,t*&#

tþa* ths as,såæd. w*t&tæ {*s *r*å¿çcð} Sår* sm spPFB,Ë*EefiilE

l-ånsæ* *lts&ãt ef *sP{þ*

*hr åäûüd"ü# ü#,thßd È*eür*b&{L hsç bpsn s*eê fttr ssñruræl

si*tþ"ð*Ë {$oe euê ffitßËûEr (¡'g$g}r f-t,*'Egs {lp6å}} eüå was a**pt*tå

bF a #ffåup of å*¡Etrn3å*n *bsðftry*r& 6f Èb* firn6d *atçx'l*'ûçs w*

tB* eonf*räns* pêpËr*d. bY nrrug# {rps3}-

By tà* r¡sr of t&c satçlli,tç ¡}oæl.t1oa and sÞea€ 8ematæy

pñãg¡.ass d[e*ûfllbþit !n tèc prtwiorre GbePtesrr çaob, çuarter-mlnuts

x**¡ttsg ef seå,stål}atåen *o,p*b rye# #$$#qåstsü Tsf;te xpasü.*t

pasåtåen *gççxtffuatcËf Sh€Ës sùfep, &s w*É *f tkt *I¡SI*"sn*å*w

d|*h*.ç Eþml¡trãr *k* e$6Étrstå¡m wå *såcLttA amglse Ef tb* nät*l"}.É"*n

wså*tåçg üs fþå wþ**xry$.W rtst*,sn"r & unpepn*t f*s!ñ sthsr

!Ëe*'*sÈ$,sa# thsst {tr# *t tfr uh*n6*n6 Eamåth acq$sa Ër ffi*-fr¡å'*



Flsure (7.1). fraclngs of ee1ntl1latlon recond'ings
ãffiîrre sclntlllation indlces o, 1, and' 2.
TiÌê scintlllatlon le superlmposed. upon the elowen
Farad.ay fad,lng. .
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öf tþe uêt¡3oð¡ tþç d,ata whl.ch åpp1i6ð to eondj.tLone uovê3hqad.il

?r6re tbffi sÊ¡.Þtted, ot¿t ën thø baeås that the sJ.øvatåqn englêË

vlth ùårh thay wêg.e û,ssËeåatcù wepe S3êaùør thae 45ð. lt ås

thesË Éoyarùeeê" d.*tu wþieh ers refëIrsdl tp i'n $eett"one fr2¡

?.3* ?.4 snü ?r5r

fþc sesults sIç d"eråvsd. fron oþeenratj.one at 40 fle1s of

3.10þ satellite P&asêEe

1.8,&ågrqaL.ErÈ, ïËPsqa$", 1lÊp¡*tåq¡qp

Ff.gnrrea {?.4} æå (?'3} phory tho d.åusnal an¿ ssa#onal

sar*,ations €f the Eetntål.Latl.en ind.ex aÈ .&tl,etaf,dtr for I'965'.

Ehe resuï.ta are for fOur ttsss,son*tr whåsh ers Oen*sed, apBrorLn-

atçI.s ea the 8qul.uä¡rès sndl ss].Ettoesr ae fol.Lð!c**

$nmner¡ JanuatXr¡ lilovembern Ðeceuber¡ 1.p6!n
anú .Ianuar¡r¡ 1966.

&rtu"Hur FebnrarY - å'Prtlt 1965'

ftl,nterr l{ay - Jt*ltrt t'965'

Sprf.ngr åugust r' $ctobe*¡ 1965'

lHhe e.urri6s îrgaê å.rasa to ssnneç? EuoothLy the tçg-henr:ly

lnseþs of ttfe &Ysra€is heq:rly Ynl,ues of s6ånti'}}*tlon Í'nd'øcc

[bs tEyst of sså$tl}].ation ås at 4,I"1 tlnes ].ow¡ nev*tr

greatly êæse&lm6 the vaLuð ef unåt¡ro

lfihare årS aS å¡¿sùrallef¡ obßêl'tfatå.oaE fOr * ä¡êar çf hl&

*unn¡rct ¡tu¡nþer ryÍ.th çhåeh thq $reeønt reo$Its oan bê conparu&

f.¡t a {atemånçtl-sn ef thg narlatlon of, seåstf,L1ståon ðeptb wf'tþ.

ssLar" aetlvtty. It J.s prqbaþle that the gtne*al.ly ],ow l"eve3" of

scfntLllatf.on ie ûue |n p*rt to sueh a wr!.atlon (tþe n$a¡r

eqnspot numbor !n 1965 was tr'?), for d.esreasçe of both d.ayr antl
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nå&**ti-êa soÍ.ntållståoll d.øptrhs wåth ðeoreaaång *un*pa{, m¡pber

havq beøn found. lür Êelrsx,al authors {enf.ww (fg6g}r Konter

{rgfeh Þrf,&sp (r9$4}r Teh en& scênson {f964'}}. ttu"e aotus}

vaLues of, eçùatll"LatLon ûçptb f,euäü år¡ thø P¡reseþt rtr*d.¡r are

vsr¡r sûsålar te thuse found. st 54 Se/s ån a year of 3os alnapot

nusber 1196Ê) by Teh snil $nçnsEn {3,964}t

&ç 6.lr¿sral v'ar!,atlon of the solnti.l-latl"on ånde¡r *howet

1¡r all sêeÈêrnÉ1 a någb*c'tis* ssxlul¡m vhf'c'b & a charactcristf's

Èâ&sn te sbeema*åonE et hlgber latåtuües (no¿øgp {fg6¿)} atr{

tower* tatftuðe* {xorter {fgfg)i"
Sa;r*tåae s*lntfllattorr eFp€ers S'n al'l' øsasons snd'

øb,ow*¡ to varylr'g: &e8¡reas¡ * gaxl.m¡rr dfçh !,E eesendar.¡r to

tbe nåeþt*,tine fierå&tl&¡ äay-tr1se scllstfLla*åon ås ra're3'y

sbseweû þ erglåeh wçdssrÞ¡ ê#pstf.al].y at a tå.ne of sunspot

mlnÍ.sgü {grggff's (fE6¿)}r .þnt a d.ay*tlae sleråeun was f,our¡d, ån

&rstrralLarr obsscqratloss *t l,ow olevatlon asg¡'s* b¡r Sol'ten¡

StanT.ey anð $lçe (X953)' SoEe $@eüatl¡¡ SËHe¡{ antl^ ö}ee tïggg}t

wcr&f.ng at Syðnegr at a tåne of bt6þ eun*Boü aunbetr (fgf$*pg)

hAvs obsårtreå å p¡'qtlÕunûed. d,*¡t'**'se maxf.sua at PlL elçvatf.o¡l

angl.eor Hun3o (1965h xüE tl.øtermlaøe¡ not tbç levsl of

seL¡rt$.lIatåon¡ bqt tbe fractlonal æor¡¡¡t of, øach s&'teLl"åte

pass wbLeh ehowg ecåntlLX.atlon¡ f,ånås a d,a¡n-'¡1pg bçhavåogr

eårutl.ar *ô that rqrc*tecl" hsrçr say'+tf.¡me weintlllatiçn f'p

reported by Ïeh and Swenson (rg64).

*hô ,seaeonaL yartation of tà.e uf.ghtrtåno eointå}latf.on

Lwel ls slågbt¡ as f,oundt by obaernrers at other latLtud.es
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($ggee {rg6¡$}r leh a¡rd. $ksnson (f964}}* bat êa¡r'*1¿66 s*åntLtla-

*.åor¿ sbosE e qrånt*r ssxåmuer &uars (:gt$) få$de a såmÈIat

behavÍ.orlr nc ûs Tsn ær*d. $wexssn {f.964} f,on whamx however¡ tba

?arü,&*Í,on l* ssa¡ê *¡a¡&d'.

ln sone}ueåen **- tbne seetå*n" epeo*al, e***ñËås$ ls

êraw t* th.e trsrå$r-e$ *talåL*r*,*g bçtuçsn thg prçssn* s¡essl.ts s¡l*,

those eh*aå¡red, trgr fob a¡¡d, Sweason {f964} *t tlrbama¡ åå}i.no$,e,

ü.n a yenr of, Içn Ê$rûspât nn¡¡pbsr¡ tuccd sad. S3*e {fg6d} relsç

th* eusståe$ sf whethet thê !Þe;Éå.üaus ån åa$'*åå'ns sel.ätåïI*tåsn

ob*gwad. by theu¡ *e ch*naetsrf*tlc sf thç s*t¡tþçn* heulepbore

*1"*n*¡ er ef tsnr¡srste latåtuåçe åa þoth bam*e¡*rore*. þç

si"ef.traråttr trêtêd^ eä#ärers the 6ro*tl"ox $.n part {f*s ysese of lss

sr¡r¡epot mnÞer). Hcw€ver, the abgenco ef a ãelk*d d"a3n*ç¿*

pêâk ln the reEulte of leh anü ffirye¡¡sen fon ¡rÞê?ß of l¡lgh sol.ar

aetlvåttr ûsô6 l,nd,*eate a dlff,erenee r{lepend,åag on the heslEphere

of slsesratåonr llh* uat*ç¡r d,*semçs furtber åy¡vsetÍ.9*,ti"onr

?.3

lhe slsoç aas*çå*tåsn þet$esfr rsd.i's.*#tar sci"þtå}].atåfit

ffirdt sprÞsü-F l"s îF413 knsw (æyf* and HE$1en tfgãü)r Bocker

(rg5sl' Er{ggø (:gSA}}* sä¡[ sa?sral rnorlcers (Ksnù 1n959]r Teh

*uå þr¡¡eaeori {195-9}} n*o nsp*stçd. a trågh ensnçLatånn Þstse*ll

s¡lree.å.*S *nð sateX,låts sctntlllatioas. fq åwaetå6et* thg

relatåqnçhåS et åå43*åd.E¡ the eni.ntlltatlon i.nåex (çr É"t* nen¡s

f*r e*rrÞraå 5r*ase*¡ åf ?hoy we:re aveåIable) fer åh* någht*tåsa

boure þetwoer¡ slå,¡nå#*,t ú#rd, CI3ûO has þEen sop¡pÊl,ated. wåtb an

Í,nüex of *¡rread-F asttvåW. Bhs latte¡e åndex was d"øtqnmf.nsdt
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f,Eom the lenopSrherÍ;e äata &ELl,ütåus f,es &aÏ.lsÞr*¡.¡r¡ Ëot¡tb Srustreååar

(sh*sþ ås apt¡Easåuately f,$,vE ul"tas freÌn the slt* of, saÈe}}åtü

observation* ),
ffha egrrer*d-F tnd,es wæ* gÊ,v6n tb.e vslses*

üf if &ü Èprsååång w*,8 obsçr*v*d't

l,r åf ths S.stter S *BPeareû $.n th*
þnL1stånr

âç åf ths ltttors {IF a¡rpea*ë¡ eågnlfy-
lr¡g tbat thç eråti"ç*], fireçreäs¡r ü.ssT.S'

nst þÉ sssd" f,rou tbe f.ot'togra,n þeEanss
gf, *tYsre øBrread.{,n$r

lFs çbåaån a $¡f,fåsåøatl$ trargn nr¡ntþ*l' qf val"ses f,ør

the çsl- ælstipu. of tbe cs¡rreT.stlen eq-ef,ft'såe-ntr reEultæ fos

the slrola sf 1965 wefe u*ed.. It wao çons*ð.çred. *het tba d,f.ffer-

eät s*esûuaå vsrùs,tåe¡re sf *he uStreaü-F Ì.nd,Lços {nread w:i.ntsr

ænxf,utrnn) a¡rd. selm*ål}ståos ån*i.sa {fft*le s+assl¡a}, cAslrgê}

wor¿ldt notç ån açnþlnptåon; pro*uep a çX¡uråoueny bígh oorrolnËåon

eç*effåcåeatf Ëhsy woulå¡ *f sfifthlng¡ low*r åts tte}.uË*

Å cqrrelatåon *o+çff,i"çå*nt of +4'tr wåth a ! ¡rmr oaa*

sågnf,fåa*fr€ô lçYet pf 
'å86¡ w¡w obtsåPsd* O*U¿na'1$.n#: ùh*t s

nsla**.çnshåp &oes exi'st bcËwcæ någbt*tlme ËêåätålÏ'etlÞn ã&dl

Fpreåå".F.

t¡sår46 t&.ås tnf*matåorftr ñirl estÍißai€ may be mad,c cf t.þÊ

þeåg&t of, nieiht*ååmc åsreguLasåti.ss f,o.r uEs trt d.et*ssåm,a*åens

çacslçdl otrt å* S&a¡rÈ+r Sr *br,suebcut ¿965 ths vårtua'l bsågkt

Ef thç någloþtnmE S*,Laryer took va.Lues betseen ä4Û lË*n* nåå â9ü M.

*ksse vmlnes¡ whåch era ffigenåed snls ax grlåd,osr, sr¡#göst hêÉgbtë

f,a:r tbg lrrçgc¿l"ar*tfss sf þa*çeen äffi Iæ+ aedl å0S knn.
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?.4 ËBr¡q+,P,#ft,åf:e fiåth,$,,p,qne*tçtff,

tbE d.i.acsvqrî¡ by,wåIe,*ad. flsbgEts {fp$}r that a etnon#l

eofr*l,atåar-r-*ciste beÈ$eeå epçrañ$,e-Ê E*hEç,E *n{ tke åry*å.f.ne

rsd{ç¡+stê.r sEåfiti.llaticnE obee*trsd, J.n,å*rs$pa}åa¡ sudgê"stø ghet

tbe d,a5r'vtåse øaàs!"lååe coåntå.llatåose çbesfføÈ, et &d.e1a$é* æ3r

orågånets at äçre6åon hø*,6h*nr

Ân attecpt to estel¡l.åsh thLe fact wae inosnclueåve.

Tono6r*aø sad.e at Ë*tr$.eÞu*¡r¡ Ssr¡tb årretre.låef w*rs ¡rot puff,åe*

åent1"y cI.e*r'ly rçsôlvtð to el],ow e d.åae*t æseffiiãs çf the d.egrea

çf *rreëslar{.ty Ðf thg *pcra .{çr"Ð }a¡rnt ts be såts*n*år &l*

øtead,r a lssø neenå*g{i¿l meaql¡çr thp c:rltf,aa3. freçnenoy sf th6

sFøradåe*S tupe*¡ wa* u**d.r anå *itç co*çf,f5,oåont 6f åtß

eorrel"stlon wåth the né*lr eef,ntåll.atåon ånåsx for f,he fs,uE

hou,re *srtåg@d, sr! äs*ä ¡rag oal.Etrl,stçd... A va3.ue sf ae eågnifS*

oâncë {g.tn wåtb a $ pør eËet ef"Sm'åfÍ.se&c* L*vel' øf låå} wa*

sÞtaåa*Å" {BbÍ,e møãr f,nðås€,t* e l,aok of çorselatlqn bçtwaerr

the dç#:rço sf, irrcsr*l.asåty a¡rd. th,s crltåeal. f.requs$6ðf ef, the

#pera.d,{e*8 l*grer}'

So provåile an esti,natç of hoåght for uae in tþ,s

dtetømi,¡rotlol*s of 0b*pter &a *-t wtl} þe assu&çd[, ca thË besås

çf the rseul,*,Ë sf wål& aad. &sþe*t {f956}r ?¡hat ?be træ#lt*tr ¡É'.

tåË6 reEl¡onoåþ}e for cle,y*tåms sci,tltf,.l.l,atåons å.åe ån tha &-regåon

aù e¡,tåtud.os Ëf, abcut lO0 hs. ffbe asøu*a5rtÍ.En å* supportêû ån

pert hy *he ebeorqrat-lonE ef Hc€l.ure a¡niL ssonspn {f964} {rø¡perteit

by Y*h anå ssënæon {Xgg4}} "U* 
fånd. d"ay:tåEo årreg¡l.arttåEn to

oeoìm at thle helghtr
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TuS Fnrnqr,ê;t$p,r¡,,ffñfiþ*S*ffifi.tå,q,åË*fi,tåttr,

$l,nce the occl¡rtssrsü of nf.ght*tfue l.rreguLar*ti.es ås

feçlc$, às çarse!.*t'e $¡oet,tåvsLy w$.tb raagnetåc ae*$"vå{y aü $.gh

Lattåu*** {:-*ttle and, Kawç}[ {]"9ÞÊ}* Hartx {fgf8}r SaEl.es aü¡d.

ü* ff*.tü {fpdg}}r a"nd. negatåve}5r et eqÊetêråel'Letftllå*Ë {gee

ssr& &se {1p&}}* *t aaE ke axçree*çè thst tke norrslatlç.a bé*

twEnm thg'3¡h*np¡csäe lr mu*ll e;rú af, såtke f ct*m at s tçåðg'

Lçåt tnd.ç stats,on+ R9ess61" $lsø (fp6*) hes fat¡ntL * Smelttvo

csfrelattsn botwssn thc pLanøt*qg K-lnd;*s qftå ntÊht-tt¡ne rad't'o¡*

çtar ssåntl,l.latlons obaegved- at ftdlaery.

Ïn ûetemtntng th'e relationshåp betwgën saËr¡etla

aot$.vtty nnd- the nf.gkt*tl.n* sataïlåt,* soåntåll*tl.one ebpo:ruçû

ñ Á*etnlå*' motê *es tshelr of, tbg Yçsrrlt feçmå þy Sltgee {}.965}r

S&s.t ghpAsqs ån übE 4çGrrr*€Êlse of sBXøad'*ï' çehoeg te'äû ts 1ä'g

øn oban6es la the K*tr¡åë:r* 'fks ne$ if.s sbeut Ë ðayø'w,t a tlæ*

of eunøpot månlru¡s.

ffhs ç*-ef,fiolenü çf esüt¡e?.stlon rss tleüç srån'*d. þow6çt¡

th* m+ag øei.atå3.3.4t$.øw tud.gx fo3- tb$ hsr,tps È0OO to 030e sf aû'sh

avaål.able ni.gbt of f969, anû the &6å.n E-f,åEu!ç measureê at

Seolangi'* Yåetsæåa¡ for tb€at s,Í-S&Sl aeü *6r thÉ four ¡rreood"i"ng

så.&*s+ fhq f,åv* 're1uêtr sf tba co¡r*ffåcåçnt es6 sha¡¿n Ëåth Èkß

sÏrÍ¡sspråate legsx t*l d.*ys¡ ån SsbSç f+I'
{il.å&&g ?.1"

$*gåuåarysr & I g 3 4

ëçrsslatOo* 66,*effù€Èn&ürå6 *gþ *$ä. r.I;9 .S&

ËAe $ grer denË a$"gnåfåø &sç IEvEL sf eaoh v*lnfu takoã

åaêapsud1e¡r,t}y i"s .åS6* s* tha salüç f,çr a }ag of 3 åay* l,s
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#êqffi¡r¡ l.s#*tms $ËT $õ *çO.Ë Ë t{,1 $GT!t€T*s.,r.SWTfË U .É1uo ðåtrÞsqõ

Slrq r{gç61} .rs{w tþed$ftre qÊfq g+ cæo"* æ s'f {oruduê8oe$} fieW

#ê q$üçu gq$ s$ dsTôT{.ðË üêT$ËtîT$îxTsg 'stÏîîÐ{.Ës suTs*+W$r ul

Es€ùìrsuï *S*eg Ë ?üT# tfg6tÏ Ttesurn$ ¡ümr fså '({Sg6f} {nøeg

Ët1ÞTts* â+çTIû*€fi *uga¡ ¡{gg*t} 'TB sö Éltft,sry ¡{'6SdT} lrx*5}

t'sr¡s.X+Éï.Ê øtrqdglw.q {*üeîtwtt Te;terrss +B swÊTq"ulïl*Trïsff sSTlTs4'BË

äT pärlûS sT äs€å*eug irBITt4e e pt&'{ot+at#auoe$o09} #ü$g

$¿*qs 6o nÞTrsT+sT ts ÍÐ T{+.:rêT¡ 6E+ 0{. ¡$*T¿?{oe {åâçq¡€TIç*uTûs aË&ã

.rÉsþËtr ¡e eeËas,Ð$T $t #o ETrôTlBoTpuT spT¡l# {f96T} e#ï*g
tÊ$¡[+T+ËT oggdues

*6eË ¡¡w{4 ¿EË*Ëð foï+or¡ssssa$ us eottapuede? € ÊrÀoqg usï{.Ëå'r6#

..q$ tÊ øød.t* g+qg -({ffetl P1sqs$ þus :lüsÀpgr} æXup .rÊPffa@ç

$ssïsðÕ+¡r ¡rT HðÐs sT €süepsedap aFtt+T{""T ð€TlæTg '{(çpgr}

uoåol#xl$ *{eeetl pfs*sg1qg} dsp sq:* S{rFrr¿P PoôfrqsEð eaXge *ue

¿ËsqdeÇureq Éffi*p sq+ El .8Ïu¡se *seSïtS?*eI ;!€Tsd 6* pãTãT;Ëtã$o

sT req{.q e{4 Srts fq+¡ec ðq+ sç âpÏs åeï+**{sïu eqî. îtç edurnlu

cer¡oçSo* T€?Eo+çnþ€ ul s! ôT¡$! ìfrfiwïssüË ;is #äe¿tË ûåÅ.S ürt süT.tê

*4,8TXt *Ï[& Ë]T *prnoaF oq4. +Ë Ë$ô¡ütHqü *ç **ffig*æJaûso s'i'þtrã*üo ¡:ø

îfiÐTlFïrqÏå&ffT$ sTq6süSô€S eq* ðe ðrrfi[Þê$ sÏf8t¡lrnepacd y

9"¿

*Ss* Ã€lTrETF

Ë x{? pðJloåd oq, Áluo ttËÐ *TTtËâ$ +fiêeo.rd sq+ J:6 äsä$âç;p$lu a{*

*€î[* slqsqo*d sç +X 'rîôl{.otmJi rroï*ËTÐrütça{#eÏ. ðqT' uT Ewsd *

Slo $aï*fã sGTüË ç *na{8nûn{* ð{¡oUs*ç*d$ç S*Sesd6fi 6g!t nT âoIÍË0

-ççr#Te ÃlÐq+ p€qãïîqË+ss r+3reïaTã¡.Jt*}te* î¡sî+.åÏs.rseê etlETtffilE ðB

s#rîËll ð?îTrÆîË päuT€+qo oqa .(6g6î) e$Strg '1æaç,¡lu$gs -dloauq
.22 I VUI
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ln l.¿vaetlgatf.ng the latåfiråo Ìre,rlatåon of n$'gþt*tt*ae

*@ååt*.lLfr,ttsnå at åûeleLðe¡ th* dçpw*sacð sf t&* ccåntÈ1ts*Í.o*¡

Àed.sx on tkç asåcåth of, ths eeågåÏ.åt* #eä fåcst d.*tes{efi,nað*

Flgure {f**} ßþeffs tble êopanûsao* f4r bstb ç#ttc f eþd æ$ffiss

Eþsstrç*åorrsr 1Fhs dsta, llsüê w*rå th&çg e$lsæ$råatç ts øa*ååk

e.ngå+* bøtwç** $ps *m* $.0È, s.& tþ*çø .es.Þ $øt $tr*etï'Y ånfårræp*å

b¡r tha çff,s*tç of ald'pstss¡rgr" {*ae Ptgmr* tl.¿}}.
&s üT¡we of F*gt*ro {t.¿) fos wlntes #hsw# ä& ê*.gnf,f,¿-

çu;*å v*på.*t{,ø¡nç å*ålE*t$¡ng t&et thscqa le n6 ep$sþ,si,aþt6 *spenfi',

B*&q çf scf.ståLtratf,sn *stt-såt$ an I*üåêu** i.n wåntør.

ffh Or¡Crye fÈr ST*H¡Elqg shgws * æs*ùm¡m tOwsld.e tb* *Orrüh

{wU¿eA bahavloær¡ *t ruæg Þ* nato*.¡ ;[* eÍipsç.çd, ta Ëh*t ü#þt6*ôd.

fufi eulsstsÞp$ af &* sos*terå!ü$ $.ma6.'u$aråtå**)" Whs,ä ths

Ëseä eEt¡thsr.ll trÉnÈ of thÍ.* errlryç ås p]çt*s* agalnst th.e

latË.tu#* €f, tþt sffsetlvs trw*6tü.*e-åtås* {ü,**î*eeå tP bs at a

beåeüt sf, 3tt ks.)r Ffgurs tt.5) æsul"ter tble ehews thê

l*tttuûs varf.etåon of tho nlgSt¡*tine øalntiLlation lsvel ¿n

#Hffiêrif a sltgfu* {nsþôas* sf Ébe 3e?Ë[ tswaåd* th.e so1¡th osËrÀ¡le

*g rs*l$ {*ppraxåøate}yaa.Fð 8$6ee,ggð*Í.s} *

ffþs gme*ømË rosults ma6r b* compaæa* wtth the*e øf

&äsç {lppp} wb€ S$rlxg 8ùl$h***åffs sçåtltå}}at*d$ ts Lf"e ru**nty

to tbe no¡rlh in wlnter¡ and' to ths ßoutb f.n #utl&sr¡
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7.7 Thp. Forr.aogtp.t" Ð4etf{þrqt}oq otJfqpsËåqr4lre,p

It haa been forurd by savereJ. euttrors tlmt f.rregulCIritåes oöüur

ån l,arge patcheÊ w'iti¡ ðlnensions of frrcn several hund.red., up to one

thoueandn liC.lonetros. (Cu.tvæt snd cshen {1961)r Be¡naon a.rd. .3oneu (lp6¡+)"

Munr"o (tg63), Ksster (l,g63j ). rhe bouaða4¡ of a ¡ratotr ås reoognLaedt

in a roeordfuig of seåntillatlons as a translsüionfncn oond.ltåons of wBak

soåntination to s tnongn or vl.oe ïêrstr

$ucb trar,rsltfona ooaurreit rareJ"y at A4elatôe anð' on1.y aSpeareð

ån about # øf tho nooord.ings mäd.e' (tetr anO' $wenson (f96b) rcprt a

elp"tlar restrlt f,or 196?). SIre Beöt uËua.L oonilf"tåon was f,ounð to be one

of aont:i¡ruous wea.k scintillation throughout a whole påssr

.& rough est:i.natlon of ttp sLue of patohøs wtrieh proðuceð dte+¡r

so1ntlïlå.tton yåel.ð.edl a value ån exoess of 50O b.o ånd.e¡rend.et¡t of tra

d,lrectl-on of nstlon of the satel"låte.

In the present casrestlon, Roto nay be nade of the aaä.vtties of

e gt€u$ of Australlan observers wåth whlah the a¡tfior was assoaåatedl.

Shrougbout 1965 ebservatlons sf the S'66 sâfellLtes were ma&e st

fo1|nsnåJle¡ Erisbane, $¡riLney, Cand.enn ïAelbournen ÏIobart, AileS.eåðen lfooae?a

sr¡d Ferüh. fhe reauLtE have not yet beeu *¡13y PoLl.ated' but &e

posrlblJ.ltf.eE of *re nrrgey are llT.ustrated by tJre prelfniuary anaS-yså-ø.

Stgpre (?.6) shç¡rc tre iltraokañ on tl¡e åor¡osphers (at a helslt of 3OO lm'.)

of tha rey paths eonneøting tho cs,tel-llte to obserrrång statåen$ at

Såelaldle, Molborpne¡ Hobart omå Canðen. fhe qusrtçr-¡dnute seåntllletåon

{¡ðåæs ðetarml¡reû s,t the gtatlon¡ sre narkeit on the ql¡rropråate traçks.
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frsenvlng statlone and' aeeoclateô
1ónosBhello tnacke, Ttl+tþ- eclntlllatlon
inãtõäs¡ fon a paeâ at-2o04'--Adle3'a1*9--
timãr oá 2oth gãpt, '19-6?. No sci'ntlll'a-
tlon wae obEerved' at Selþournb.
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oH.å.l)TER 8.

ffi4Elr Ågg,Ë,ffi{Hg!ä

S.L Sffeots Averasa in .A,øLwuth

ffhen the 4O So/s eslntÍLlatlon tnd.f.ces elcccr{.beå in

thø prevtoue ehapter are averaged, ln aøåur¿th s¡$i!' ptsttødl, a€å¿ast

the Eenitb aagtre of the satsllj.t+t tbe elåagr*ns of F'isurea (S.f ]
an*. {8rg} r'esult. thø o*pasation åato esa*ona¡ whåeh tras em-

ployed, prevlouoLy, lr a,gt*ån useð¡ anil a d,åstånction þetwsen

nfght {g'fðsrô {8.f )} auc a*y {ffgure- {E,e}) rasults ls naðe¡

$åeUt and. tl,ay bave been take¡l to be þouné.edl. by 0600 houre and.

180ü hsunsn loeal ttmes,r

ïn f,Í.ttångi the experisenta]. Bolnts with snootb ouwee¡

d,i"nå$åsbe . wef,êht b.*s becn gLven to potnto at the extremes s.f

øenlth angle siäoe re].atl.vel.y fw.cbeortr*tl"ong yere avaåIabJ.e

to deflns theee¡ lfLe ouwse herre bess extrmpola*erl¡ regald.

þeJ.nS given to the trands of tbe d"ata Boínts asd tho eryeeted.

fo:m of, thç cur"ses.

åaeerd.ln#: to the elf"seueeåEn of Seetlon 3.p,?.¡ estf-rnatçø

of, :lmegularåty øÍ.*e nn¡r bç obtafned. fron tbeee euyves åf

reaeonab].y eeeurato vaLues for tbÈ bêlgbts of tþe {rreguLaråtlee

êre *åveålaþle' ,Ìf,hø sínplegt sethod, j.e as followe

t¿)" fnon eseh eulre ths ü*enåth anglo rntlon¡

the ratio of sointållstlon døptb et *he

horj.son to that at the øcnith¡ åe founi!",

(i¿). if the irre6ularitLes are known to be

anlsotmpfc¡ the qffecte çf onharrçement



Autumn

aa

l'0

0'5
,a
a,
T's
c
.90
¿Þ
¡l' .,'

=E
It

1n t0

0
0

Zenith angte.,
30 60 90

0 30 60
degrees

(8.1 ) the zenith angle variations of night-time seintitlation
ind,ices for four seasons

a



Spri ng

a

o

oo

Autumn

a

o
a

aa

l'0

0'5
x
a,
îtc
co
rt

.,
tt
at,

0 -0 30 60.

anEte, degrees

va.r:iâtions of day-time seintillation
seasons!

90
0 30 60

Zenith

F isure fB.z) the zenith angle
indices for four



127.

of, solntlllatfon et tbe a¡nftb atr

rcsovçd. by utrLtlplloetlon of thc ratio

fn (f) by a suitabl.e faotor¡ tbr oorreo-

tlon baa b¡cn ðlaousaed. ln Scotlon 3.2.3.

llbc mrltlp3.ylag faato¡ oonpcalatclr ln

tbr aslnutb-avcratcr for th¡ dcX¡¡cseion

of tb,¡ ra¡rl¡ott¡optot ¡olntlllatlon tlcptb

at thc horison brl,ov thc Élaotro¡rloo

valur. (roc Ftgurc (3'4)). lhc factor'

to þr ugcd, 1e d.ctorulnrd.¡ tbcreforc¡þ

oalEulatlngl tbe c¡tont of thc dcp¡oesion

f,or e typloal slttretlon of lLh¡nlnatlon

fron thr hort¡on. In .û'ôolaletr, rhcrc

tb. dltp a,rnglc 1r blgù (66o), tbls altu¿-

tl.on ls tbc onr Ln shloh tbc raY 1r

(appro¡!"¡oatoly) ¡rcr¡rrfflleuLar to tb,r

f,fot.il ôirsotlon. U¡1n8 thtl faotr anð

notlng that thc crtc¿t of dcproeoLon 1g

llttlo affootcd by oharUp of a¡laL ratl.o¡

(so tbat an 1nflnltc rat!,o aay bc assuned')

tbs oorrEotlon f,aotcric ¡astly cvaluatrð.

It¡ vetuc !,r onLy wca,tsly dlcpend.cnt on tbe

paranetars of lrrcgulartty bclgb anô rls¡

rbloh ar¡ ualð ln tbc oalouLatloa¡ anð tbcso

nccü bc kaorn only approrlnately. (wote, for

crenpll¡ at tbe south,art horison ln Figure (:r4)r
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that the faetor only changes from 1.21

to 1.3 aB tb6 radlo frtquêncy fu changedl

fron 40 Mc/a to 20 mo/e).

(fff). the aenlth angle ratlo¡ oorreoted lf necces-

arfr Le comparsal with theoretloal valucg

for lgottoplo trregularltlee at the eetin-

atetl helght. $uoh valuðs &:te avallabLe ln

Fl6¡re (¡.¡). t'he three steps Just ctesorlbed'

are nor appLied, to the d.ata of FIgt¡ree (S.f )

and- (B.a) r

,.['ABLE (8.11.

Sr¡nmor. Autunnr llnter¡ Sprlng.

Zenith englc ratlo
Correctecl ra.tio
Rad^l.us lor kÐ.

1.7
2.2
zlq

2

2.-6

L

1..6

2.1

3/4

2.2

2.8
I

fbe ¡enlt¡ anglc ratl.os obtalneû from the curr¡ee of

Figr¡rå (g.f ) for ntght-tl.mc solntlllatlonc ara gLven ln tba flrst

llne of {Iablc (8.f ). It !s founit (Seotlon 8.3.1) tUat night-tlm

f,rrcgularlties cxhlblt anLsotnopy so these ratLoe muet be

seppgsttûr Thc correctlon factor appropriate to the erpertnental'

oor,d.Ltlons ls 1.29 (eee alove), andl. mtrLtlpltoatlon by lt l¡roduoee

tbe :ratloe ln the ecoond tlne of the table. If the hetghtof

nlght-tfuno Lrregularlttce La taken to be 3OO kn. (ece Seotlon ?.3

Flguro (¡.¡) (vbtoh ls dravn fo:r a satolIlte at 1OOO kn¡ beightl
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l'ransnttting at 49 na/e) shows the ap¡rropriate velue¡ of thc
i

ohatactðrtstlo rað:[u¡ ro to be thoee in tbo tbfrd lins of

rabte (8.r)). ,

fbc ecouracy of the netËod. ls not eo hf.gb. that the
i

varlatlon of racllu¡ secn in'Iablc (8.1) oan be aocepteð aa a
¡

ecaeonal onç¡ the four velues sÍrould be regar.ded. es inctepcndontr
i

c¡tinatos of thc rad.Lue.

TATI,S (8.e).

Sttñm¡¡1. a Âutumnr lltnter. Sprlng.

Santth argle ratto
Co¡rrooted, ratio

2.2.
;

2,9;,

2.4

3.1

l.?
2tZ

1.5

2

Thc scnlth anglc ratlpe of the oulrree for d,ay-tlmc

solntlllatlon (Ftgurc (B.e)) *to gÍ.ven ln tb,e flrst llne of,

llabl¡ (8.2). Å oorrcotlon faotor of 1*3¡ uhloh la app¡ppriats
l

for frreguLarttie¡g of O,! ka¡ raclfu¡ at a belght of 100 km., bas
i

been aB¡:lLed. to tbc ratl.os tq give the values ln tbe scoond lino

of thc tab1c.

Nor¡ reøuLts reporteê 1n Seotlon p.3.1 lnd.lcate that
,

da¡r-tluo trregulatltið¡ are ònly woakly anlsotropio¡ and, lt 1¡

dlfftouLt to ðeold.o whloh of tbc ratioç ln lfabLe (8'Z) arc

apptloablc. llhc natter Ls not of great f.mportanoo howcvc:r,

bcoauso rcference to tho oufrog of Flgur.e (¡.¡) fo:r a belgbt of

lrrcgularåtlcs of 100 kmr (see Scatlon ?'4)r sbowe the ratlos to

be typloal of rf,ar soncF oonctltlong. l'helr values are ¡o Lor
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that d.etertLnatlons of lrregu}arlty slse cannot reasonabl'y bc

mad.ê. It ean or:}y be s;l"d that the radlus ro Ls of vaLue 0.þ lm.

or l.ene.

8,2 fhe Ratlo of Sclntillatlon Depth.E on
Tro FreducaoLâã

Thc uethod ðeecrlbett ln SectLon 3.2.4 bas been applled

to tho tLeterølnation of lrregularlty ¡lzc'

Short lengtbs of ?O |tafa and 40 Hofs slgnal traoea whicb

corr6ãpond,ed. in tine wcrs analyred'¡ anct theJ'r saLntlllatlon
tl

cleBtha S , and. * 
4O 

*"neotively, wore d.eterqlnetJ accorldlng

to tho d.oflnltlo¡r of equatl.on (¡.f5). the ratLoo of solnt|}la¡'

il.on d.cptbs¡ of the fo* (st ,ro/*t4')r ners than plottetl ae

funstlons of the ¡enlth anglr of thc satelllte to glve Flgulee

(g.3) an¿ (8.4). Flguro (8.3) is derlved from nlght-tlmc pêËsêc

obserr¡ecl betw¡en 21OO houre and' 0300 houre Looal tlnct Ffgure

(8.4) re¡rresentr da¡¡-tlnc obsefiratlone betrceen 09O0 hours anð

15OO hours Looal tXne.

It wae not uaually feeef.ble tO d.ete:slnE the oornp3.ete

zcnl.th angle varistton of thê ratfo of solntlll'atlon tteBths

fæn a 61ng16 recordlng of a satcLltte p&gso Seve¡aL nshal-nstf

of polntÊ, tbl.ob are ehoçn !n F1g¡¡ç (8.3)l u'ere obt¡lneil from

ind!,vfuLualobeenratLonsbut¡nostoften¡theacourateevaluatlon

of sointtllatlon ûeptb was halopered. by the aignel varlatlone

erlelng fron¡ the Faraclay effeot¡ eepecf.a]Ly at 80 wefq the

points at çhlcb evaluatlons eêr'ê pade coult not b€ choËen at

rill. Saoauge of tbls¡ and to Lnofease (relatlvefy) tne number

of pointe assocíateð wlth gmal"l øenltb angles (whioh polntß w6re
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found. to be tbe nost seneltLve lndlaatore of t:tregularity eløe),

d.eterminatlo¿s of sclntillatLon deptb were obtaLnecl from nan¡r

rllfferent ¡ecorrler

flthin tb.e eoattsr of the points f.n tbe d'lagransr no

slgnlfloant scaEonal va:llatl.on wag found.¡ and, pof'nts approprl.ete

to al.L ßcaaonß bave bEen Blotted.¡

flbe lnd.laatlons of the netboôr ln teme of lrreguJ.arlty

efae¡ are slnLlar to those of the prevl,oue eectLon. Îhe curT¡e

d.rawn to follow tb€ nea.n trend of tbe pofnte ln Flgure (8.3)

takes a value eltghtly 1n excess of 2.5 at ths zcnith. Refe:r-

ence to Flgurc (3.5)r whloh ls ùrarn for ap¡rmprlate oonilltions

of eatoLltte hetght anð racllo fraquenoy¡ and' an isregulartty

belght of 300 ktûr sbows thls val.ue to oorrespond. to a radlus

:r of I km. If tbe belgbt of thE Lrregularitles lE taken to
o

be 2!O kn.¡ the theor¡r of Sectlon 3.2 sbows the zcnttbal valuc

of tba tatto of Eolntll.latlon d.epths to bc 2,2J îat ror O.?5 kn.

and. 2.62 for ro= L kn' A vaLus of ru lytne between 0.?5 h.

and r kn. is thercfore lndloated for nJ.ght-tine lrregularltleet

lndepend"ent of whatevcr (reasonabte) letght Le assLgnêdt to tbenr

llhe pointe for day-11t" ùregutartties tn $tgure (8.4)

agafn shOg a tenclenOy tOwar.rlS ttfar gono tt OondltipÌls¡ A Cunrç

appro¡:rlate to lrregularltlos at 10O kn. helgtrt¡ for wh'Loh ro

hae the valuo ,/+5knr hae been d.rawa (tt ta*os a vaLue af 2.15

at the gedth), and. it appears to flt tbe erperLmental poi.ntar

It nust be remembered., howover, that tha cur,t¡€s for all snaLle¡

lmegtrLarltles lle between the ourre a.nd the theorett oal lor'¡er
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llmtt öf Z.As Eo an aocurate ostlnatê of lrregularlty slzc

oannot be obtalacd. ån upper Lj.mtt of about Or! i<tr. oan bo

asslgned to the Éro¡ tbe scnltbal. val.ue of tbe letlo of

sclnttllatlon d.eplhc for ¡.o I 016 kn. 1¡ 2.1 a¡¡ö. thts valuc

l¡ at tbe upper linlt of varlatlon of thc orperlnsntal valuesr

Ib¡ Effootr of Anlsotroov oÊ thglrrceularltls¡
0cnspal Proçc¡tlcl

$o strongl.y narkcd cffests çhloh oouLd be attr!.buted

to anieotæpy of the eoatterlng lrregg}arXtfcs vere for¡ncl ln

a.n eraúLnatl.on of the golntLllatlou lnd.loÇt app¡oprlato to

fLlu¡ninatlon 1n tba dfrootlon of the geomagaetf'c field'. Suoh

cffects st aû¡ cleecrlbcð beLow wcre probably naskoal by a,v€¡ag-

Lng proossees rhl.ch were applLed. to the f.adlccc.

A dtstinctlvc property ças founðr howeverr nhen a

seleotl,on was Es,d.c of recorrûlnge of thoae passga ln wblch tbc

ray pa6sôd wtthln tea clegreog of tht ft6Ld dll¡Ectlon. &sBec-

lally ¡¡¿rkeð exanplee ale ãhorr¡ 1n Plate (f )r a eud'¿en lnorease

of ¡èÅnttl.latloa deBth aadr Eolnê.tlmËß, of scJ'ntlllatlon rate

oclrurs, the.event betng ÊJrmnot¡'loa!.ly etlaBogoÈ about thc tlnc

of, oloseet approach of the ray ôlreot1on to tbat of the floli[

lfbat thc effeot ls aesooLated çlth the fleld!' L¡ lndtoated' by

thla e¡rmnetr¡¡r, by an obeernred tlopentlencc of thc lntcnelty of

the effeot on the olosenees of approach,¡ and by tbe alnost

compl.etc absEaoe of suoh ttburetsn of ecintlllstlon ln any

other part of thc ak¡rr

rfhs behavlour eeen I'n auEh reoordingsae thoee of

Ï'Iate (f ) Uas not prevlolåy becn reported ln tbe l'ltaratu:¡er
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Sl¡rgl.eton, Lynah anil llhomas (196r) antl Singh (prlvate oonrm.¡,nl.oa-

tlon) bavs founö a 8eneral lnorsase of eclntlllatlon clepth n6eÌ

the tllreotlon of tho gtonagnetlo flelcl. but do not report thc

appêaranoe of oonplstE frfLeld-aroôslngil evente ln slngle reootd-

Lnga. Stngtaton and. L¡moh, wbo do not epeolf! the radLo frE-

quoncy at whloh thqlr obsentattons lr6re nade¡ found no lnoroasê

of ss!.ntll.latlon rate ae the d"lreotton of tho fleld. ses approaohed,

.ê. otuðy of 11) recorctinge (releoted. for pasËagÊ of thc

ray wlthln ten degreee of thc f1elil cl!.rectlon) ;boweel a diurnal

variatf.on 1n the oocurrênce of ilfleltl-crosslngil cffects. It

le ellfflauLt to glve a quantl,tat!'ve ncesurs of this result

bcoaueE neny of tbe events¡ partloular3-y thosc of tbe day-tr1t",

oonel.eteel of no ¡nore than a brl,cf appeâranoc of ahallow ;o1nt11]a-

tlon, at tbe ttnc of olose approaoh to the flald.¡ ln an otb.ep

wÍsc non-Êcintiilatlng traoa¡ but¡ cuch events bclng talcan ae

real¡ tbe folloçlng tosuÏs ce¡e fout¡d,t ol 44 ntght-tluo recotrû-

fnes (tåkcn betwecn 1800 and. O60O hourt, looal ttne)l onLy 9 Ehowsr

no lrflelð-orossingt cffeot, antt of J1 d.ay-tfnc olsorvatlona¡ 46

ahowecl no cffeot.

[be relatlve lack of an effaot durf.ng the åay oannot

be aseoeLated slth tbc gcnera|ly lower leve1 of elay-tr1¡nc soln-

tl.llation clepth for¡ ae record. ( a ) of FLate (t) suowo, a

rstrongn event can ocour l,n a non-scC.ntlllattng (nXght-t1no)

trace. I{orr as oonel,cleratl,on of Seotlon 3.?.3 lnctloates¡ o€IB

the l.ack be attrl.buted. to a change ln tbe êi36try of thc

dLff,raotlon prooese. It must be taken tbat; wbile fleLd'-ælented'
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aril,sot¡opy lF the nor:¡nal oonclXtÍon for nLght-tlne (3' - regton)

lrregul.aritlesr da¡ntlne (ti: - reg{.on) irregutr ar!.tles are only

very weakly fleld aItgned.

Ån fnsufflolEnt nunber of eultable day-tlne reoord.inga

sas aval.lable for detalled øtud.y of the effeote of er¡lsotroF¡r.

Reeul{a obtalned. fnom nlght-tl¡nc obecrfüatlons ar€ €;Lvcn ln tbe

followlng seotl,oner

8.3.2 Dpcluotlone fmn tþe Vartatlon of Soint{llatton Deoth

In d.eterufning the forr¡ of the varlatlon of night-tlne

scintlltation deBth for d.lrections noar to that of the g€ota6b

netlc fleld. Lt v¡as not usually pos*lbLer because of the path

takEn by thc satelLiter to normalLse results wftb acnlthal

values of eointl.Llatlon êepth. tbe values usod. for norsal.Laatfon

ïare, however¡ for ray ðLreotlons wíthin about 3Oo of the zenlth

and- renoved by at lcast 30o fmu the fleld dtreotLon. lio erxtrß

arløing from aa f.noomect obol.oc of d,tr.ectlon for no¡nnallsatlo¡r

are not greater tban about 10 Ber oent (see Flgures (3.4) an¿

(8.r ) ).
Largor e¡xrors oocurrsd ln the evFlustion of the

soj.ntlltatlon cLepth ueed, for noraaLlsation. thc scintillatton

rae often vex?' shallow and. tt¡ d.epth had. to bE d.eternl'necl by

eye rathor tben by oaloulatåon. In d"oultfi¡l oaoes tbe dEpth

was oonsotously ovepestl.natetl eo th,at alr und.e¡-estinatsal va]ue

of normalf.sed. sctntlllatton d.epth for the near-fleLê dlroctlon

:resulted. Euch a value does not affeot the flnaL fin(llngs.

[ho norøall.eeð valuoe¡ whiob çere obtalned. from
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obsewatl.ons at 4A bc/s, are plottêd ageinet angular ðevtation

of thc ray ûron the ftcld d.lrectlon, ln Flgure (8.¡). lieverel

ñobalnst of polnts ware obtalned. from eÍng1e obeornratlors

rblob¡ liko reoor¿ ( ¡ ) of r'lat. (f )r had. boen reoord.cd, at a

eultabS.y hlgb ahart rate¡ eaoh of tb,e other polnts vas obtalncrl

from a ôlf,ferêtrt Baßão

Coroparlron of Ffegre (S'¡) wlth the 4O fflc.la curtres of

Figura (3.4) shows that thr axf.al ratios of thc trregularf.tlee

under obeorn¡atl.on are ncqy lerge¡ a reeuLt rhloh l,s lnnedlately

obvLous !.n such an obeerlt¡atú.on ås tbat of reoord (a ) (fo

Flate (f ))r uh,cre the no¡ølaLf.ssd. ec{.nttll.atlon rlopth Ëalong

the fleldn fs cffootlvely lnflnlte. The soatter af tb,e polnts

ln the ftgure does not aLlos an aocuratc estlnate to bc mads

of a¡la1. retto (otb.er than¡ that ft exoeed¡ 2g)r but the polnt

"'df ohLef Lntorest lc tbat ths vaLuee lnd.leated are gt¡atly tn

€rsGsts of thoeo found. by e¡*ced. recetver nEtbocls (aer Chapter !|.
The d.lsor€Banoy lmptlee that lt is not F - reglon

Lrregularltlee whlch arç obseflred, ln a trfLeLdl-atossLngtf €v6txt

but anothe:n typer posslblv the flelð-allg¡stl Fd,ucts6 wbish a¡e

obecnroil sfth ütop-s1¿a{ satollLte sou¡d.er¡ (],ockroocl. and, ltretrh

(rg6¡)). lJxlstlng at hLgher altLtude¡ th.an the F - reglon anð

belng lnbedd"ed 1n a regdon of lowcr eleotron conoentratlon¡ tbeec

t¡ould. not oontribute to ecintillatlon effsote for most ray dLr-

sctlonsf but vlewed. along thelr tlirsction of elongatLonr thcy

uray wcIl produce effeote whloh nswampn those due to lrregularl-

ties at 1ov¡er levelsr
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In vtcn of the romerhst uner¡reotcü aatu¡e of ths ¡eaults

obtalned.¡ lt Ls sugeosteô tbat tb,e notb.od. of tbås aactloa be ueod

la fr¡rtber ålvestlgatlonco On tbo baals of preaent erperienoc¡

It can be rsson¡nenôed. thatl

(f), n8!.e1ð-o¡ossÍngr evonts ¡hould. bc pro-

dioted., anð reoording d'sr¡loc¡ should.

be n¡a at hXgh epced.a ôunLng: a.a evc¡tt.

(ff ¡. tho a¡&rl,ar poeltlon of the aatølllto

and. tbç o$.entatlon of the gconagsetLo

fleltl, at lonoapber{.c h81gùtð should bo

deteruLneû to a¡û accuraay of bctto¡ than

balf a d.egree. llbe peak tn tho varlatlon

of saLntlllatlon ¡leptù nalong the fl'elðrl

bas a v6rîf hlgÈ el,opa¡ and' l,f sselstenoc

la ostf.uattng 'tho hel'gbt of tbe peek ls

to be Satnc¿ by oxtlapolatton f¡ou 1ower

poLnte¡ these pointa q¡et be knoçn to a

htgh arroureoy. lÍhe eimplest way of

. detertlnlr¡g the e¡sot orLeatatlon oú tho

goonegnetle ftel'rl nay ba to averags tb'a

posLtlons lnd'f.aat6ð W a nunber of Ëflol'd.-

oloasLngtr evontso

8r3.5

a 6thod. of Lnvastlgatl.on le now brLeflLy ðÕaorl.boð vhlch¡

althou& lt has not besn applleð successfully¡ pævld.cø aa |nter-

eetirg eltttaåtlve to tbe nethoct of, thc ptooêt[lng sectlonr
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1bs, d.laoussLon of SectLon 3.4 shows tbatr rben thô

lrnrrgi Bhasè d.evl,atJ.on d,,o 1s lose tban u¡ltyr tbe spatlel

elLnenrl.ons of rlgnal fluotuatlons at the g¡ounel are egual

(to a reasonable approxXnatlon) to thosE d the sbaûore of

the scatter4ng Lrregulasiftolr If¡ on the otb,er band.¡ S6 oþ

oeed.s rrnltÍr spattal illaens1ons at the ground. are epp:loxlnately

I /óo ttnaa the qorraßpotrdlng sba,ðow ctlnonelone (equatton (1.22)).

Fros tbi.s lt fol.lovs¡ sinoe tmporal f,aðl.ng cf, a satelllte elgnal

1r produced. nainly by ths ilrlft of, a apatf.ally irregular pattem

that tbe rate of, faiLtng ls proportl.onal to Ø o ¡ lf þ o f.a greater

tban unlty.

A ttrorlcocl s¡a,r¡¡leil of tbe applloatlon of tbla 1o6{.c to

tbe tfleld-orossf.ngrt evênt of record (¡) rn Plate (1) fotl0ss.

Eþ rateo of fadtng (tbe nr¡nbers of fadlng ua¡lna or

ninl.na per seoond.) of both the 2O W/a aail. 4O l{,0/e eågnale alo

f,ound for eaoh seoond, of time ln the nelgbbourhood. of tb,e tl.no

of cLosc approacb, to thE fiEldl*" lfheso rates, 8u o anet &¿or are

plotted., after snoothlngrln Ftgure (8.6).

* Us{r'g the reeÌrl.ts of Boçh1lt (rg5?), the author

haE correeted obseflred, fad.lne rates for ths effeote

of the 5O ø/s out-cdff actlon of, tho pen reoorcH,ng

eystem. The oorrectl,onr whLsh Ls aJi effootf,veLy

Linear funotfon of obeesod. rate¡ a,nounts ta + 2ç/s

at an obsatlveô rate of ga/a.
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Thæugbotrt the evant, tbe rate R.¿o laoreased. llttlc,

lnd.laatl,r¡g that tho phase d.evlatLon at 4O Xa/ø, dao ¡ pnobably

d.ld. aot e¡osed. unlty. û¡¡ the other band¡ the rate 866 !.noreaseal

nar.ksüly¡ frou a valuo equal to &¿o to abart tw!.ae that valua¡

ehowl.rg that the pbeso d.ovf.at!.on at 20 W/\ Éao¡ ð1r1. s¡coeÈ

unf.ty. tlst¡Xg the tbeoqr er¡rreaeed. above, Rao¡ oan bc noruaLtseô

egaLnet g€onetrl,cal ohangos tn dehadown slze by dlvlston þy

8¿q I the resultir¡g rat{o le 6o s,að lt le pLotted. 1n Flgure

(S.6). (stnco the phasc d.eviatfon 1s proBortfonal to wavc-

laagûh (equatlon (g.9))l and. einoe $2s attaLned tb,e valuo 2¡

lt foLlows tbat É¿ottid. atteln unLty, tbe vaLue obtalned for

þao ls¡ th.erefo:ro¡ aü uåd.ø¡-ostLnate).

!(be peakedl varlatl.o¡¡ of the phaee ðevlatLon l¡ of

lntcrest becauøer ae wl.th tbe peak lt produooe in ourves låke

those of Pfeuro (3.4) knouledgr of lte fo¡m allors &n evaLua-

tton d thc e¡i,¿L ratto of tbe soattertng l.rre6ularltfes. Suoh

an eveluatton l.¡ made d.tfflcult¡ however, by the faot that tbo

phaso d.evtatLon eannot bg knorn for ttLrectLone ¡enovecl f¡on

tbat of tbo f,f,olil.¡ fol rhieb Lts vaLue lE }ese than unlty¡

the noruallsed. helght of the ptah oaar¡ot be known¡ bt¡t tbc

shapo of, thc poak caRr ia prinalple¡ bc doterntneû aad, the

axfal ratio ôetemlnaû f,¡on tblar

Attcnpte to d,lseovo:c tbo shape of the poak kave¡ Ln

fact¡ aøt w!.tb ll.ttls flroooðer Flgure (8.7)r ln çhloh tbc

ouwc for þzoLa replottod agal.aat angular ðevlatlon of the

ray fron tbe fletd.¡ !.lluetratos tho ¡rroblea. The elope of
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Ëå838-2.
DE1IÁIL']D AI'IÂLHES 0F SCIIWILLArI0N PÅTfff$S

9.1 Pneparatton ,S Dqta,

fhe ilata uËedl i.n dotatled spocþal æd. eorra].atlon anel¡rsar of the

anpS.ttudo pattern at tbe groud. se¡e dtæi.vedl aLno¡t sfio.l.usively fron

reærùtngs of üe ¡+O lllE ailæ.al rsoElYoð by the spaaed. receiver' ryeten

dtsser{bedl l¡ Seet{on 6.2.'t. Because of üelr iolroularly po3.ar{.ceðn

propor.by, tåo aerd.a.l.s of thts e¡rsten pr"ottueed only ohalllør Farrad.ay facLing,

arr¿ tt nao ¡narlble, ln nalcing reeortll¡gs, to l"narease ttre gain of the

Irôn r6ær,cter æpllflars rurttL the f,luotrratlons (sùûÅntt1.tattons) of ttre

$.gnaL tmce a.11 but fLlteê tåe evau¿ble reærd{ng t¡raek rrldttå (4O n.a.).

Yhgnr t¡hf.s was iloue¡ the ¡oean d.æal leveL ra¡ nbaEked-offt' w.tth u cteaôy

roltage provlitecL by a dl.r¡r oo3l. Raeor{ln6õ tcrø n¿da at e h1$ chart

tpedr urnrally 25 w/æc.

In rduol.n6 the obaervatlonE to nr¡nonloal values, ¡þs anFJ.ftude

fluaü¡atimg of the glgna.l talaoe rere read, to an agcunaoy of Oo25 n.n.

lths ratc of ranpüng naa alra¡ne abosen to bE úout 1O ütnea tlre failJ.ng rato

o'f tihg ro@rlilr

I¡ong pododt tr.e¡rdle Ln the data (ôue to ttre sha,Llow FarnÂay fadi.!g)

nors r"eoøv€d by urbtrectlon of thE rr¡sring r€8rrr [hl.s aean r&s dtote¡mlneô

by eontolvfrcg tbÊ ðata nåttr a rrnnLug rreotanguLar npulsøi fìrnctlør tàe

(tæporaL) f.*Stå of uùtoh ras ohoeæ to be frron 5 to 10 ä¡og tåe fadlne

pcrlort of thc ¡d"nttLl,e€ng trsee. llbe p¡¡Bsênee of a trendl haÂ obvLoust
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mrl rud.eslrable offosts on &e aha¡n of thc aomeLatlon ffrnoti.on of

rel.ntilllation¡ snå lte rsmvaL røs ettabllshøô by stab!.lLty of the

ahape agalnat :lnsreaees ln tt¡e f*gü, of tt¡e oonrmlvlng trpuLsort.

9.2 Speoùr*l frna].:rses

.{11 attcra¡rt¡ to cl3.sævæ firtngo str.r¡où¡:¡e Ln tlre lrürer rpeotnrrn of

¡ot!.ntt llatLon neoordlngsn anil f¡on tàls to gain tnfornetf.on about tl¡e

dtlffraorè1on pæoeãs (seotlon 5.3.1)¡ EBI"E unsuooeas r]..

Oocaaf"ons nhen tåe veloclty of drllft of tho anpLLtt¡ds petüern nar

¡nmllel to the nl¡or a¡Cs of tbe chsreoüe¡*stlo so¡rrelatl.on el.lfpro

rere {teùsuLneit usl"ag t}¡e progra,ns il,eseclbort fn Seoül.on 6.r.1, and ¡nrtiona

of reeo¡dùngE sgproprl"ate to tbes6 oooaeLons ncne soLeotecl (cee Seotlons

3.5.2 and 5,5.J). The records mre rerôr ad 3.on6 ¡nrlocl, treniLs rcre

rlonoveð, ¿s itesorlbed. úova. fhe teqnral auto-oorrelatlon fbnetLon

rar cLeter¡fne<l, uoralJ.y to å. na¡ctm¡In nehlft'r of 1OO tLneg the iLata

sanpU.ng lntorraL (tnat ts, of, abq¡t 1o tlnss tbe fað'ng Por{od)r tod

the fl¡nehion wa,ft For¡ri.er transf,omed. (ooclne traasforu) to gtve tfre

po$sr spectnrm.

tr{ort of t}re rerults ç916 obtatnsd. fnom reoordinga of ateht-t1¡oc

¡ol¡ttllatlons at lro l,tq/e. Ff.guro (g.t) ùo¡vE a t¡p1oal, Epeotnrn.

Near tt¡e or{.gin the speotreL lprer ls 1ar beoause of the tclc.trenðlagt

prse€rs applleð to the dlata. the dleæease of pffer rrltt¡ tlcæeast¡g

freqr:enroy, seån et frequemolee greatæ t"han Org eþ, ta cbaraotsrlstlE

of f,lre or"il.6{na1 dl¿ta anit ils êÉæa:[atôð wtt]t t]tô frfn6e lero et t]¡ø

or{.gf"n roferncil to 1n Seation 3.5.5.
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l{othing a}¡araoterc.stlo of a seoond. fringe sero Le to be seen

ln t}¡e spectntm. Ilsing vaLues approprlate to the obgenratlon J.eaêlng

to Ffgure(g.t)r ar¡ð asaurnlag a belgtrt of trraegularl.tler of 5@ lm.,

caLsuLatlon showe that the seoonð aerro shoulil oaeur at zrt+o/s. The

poror tn ths spectnrn at tt¡l.s fnequøcy 1s obrioueLy too J.on to all,ow

the frtnge nlnLnr¡n to be ÊcBtr¡

I{o spectra a¡ryropr{.ats to cLay-tfne concl,ltlong rênE obtat¡ecL.

CaLcuLatton Lncl,leatss that tbs frd.ngE stn¡oture woul<l sot be seen 1n

cl.a¡r-tLne obsetTatLons ¿ù l+A Me/s lf the tmguled.tLes arc of radllus

O.5 kE, anrl l.le at a hef.ght of 100 lm.

Attenpts to dleteruine the speotra of 20 l[o/s sotntlllatlons net

rLtb ¿o Br¡oöogar âlthough a specLall.y oonatnrotEô rçårouJ.arly

polar{.aerl" aðrLaL wag used for reoeptf.on, tha dtata rac uamed. by

resfdual Far"adl.ay fading at a rate olose to ttre rate of sofatlllatlon
fatlf.ng.

9.3 Corrylatfon'ång,1ysþ- Detq¡qtqaglon o{ tfstqht. Shape. qn*.

SLse of Imsgu].a'rltles

In thls ssctlon the ¡re;ultg obtaLnarL f,ron the obEer¡rati.ons on

three spaoed. rsoef.vers rrll.t be ctceor{beeL. The arra,agenent of, the

r.eceLvors audl ag¡oclatsit eguf.¡ment ras cteeor{beeL ln Seotfon 6.2.1.

lbe rcoorltf.ngr of sLgnel fluotuations on t& Mals nade çlth the

thnee reoeLverg r€nr pneparecl f,or ana]yaf.a ln tbe nÂEnsr cla¡ordbedt 1n

sEstlon 9.1. Íhe ctata, riür trong ps¡aocl tre¡il¡ nenoyed., r;re then

rubJeetecl to oorclatlon aaal¡rala ustng the conputcr prograu
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ilesodbed. l¡ ssotion 6,J"2. fhe output f¡on tJre pnogran gale ttre

auto- a¡rd. ercs;- aorrelatlon f\¡notlonr, tbe ooeflLoleats of ths

oharacterc.atíc elllpasr ths napparentn andl tn¡e vel.ooÍtiec, anil the

guanttty V" (Footca UgAù). fhe aorr¡eL¿tlon fimotLona, tlre

el¡araoterd.stf.o ol.llpue, aact the vcloof.ties, r,ere aLeo plottect cllr.ectly

by the naohlne. Flguru (g.¿) f.a a t¡ryloaL exanpl"e of theee plots.

It shor¡ tÌ¡e nEan of the th¡¡ee auto-corzrelatlon fturatfons of tlre ttrnec

rteords, andl. the th¡ee onost-ootr€LatLon f,unctions d.erlved by tatdng

the thnee rocor{g in pelru. fhe spatial oharacter{.stlo ellipse fa

shown, ancl the shor'üor andL Longe¡l lLne¡ at ttre oentne of, tù¡e ðtagrran

shor the clJ.neotlons (Uut not tbe nagnLtudter) of ttre apBanent anil tn¡e

veLocltlec of ilrc.ft res¡notÍve1y.

FLgune (9.Ð chow¡ ths oharacterdetfa elllpseo sbtaineil. fron

guooeasfva sootLons of a rgeozrl nad.e botrccn û11¿r and 01jlr l.ocal tj.ne

on 10th. Febnraq¡r '196. The Loaal tluee appropr{.ate to eeah seotlon

are lnclioatedl. tho rctstlon ancl ehnnge of ahape of the ellfpsc rh{.oh

ocsura a¡ ths aatelllto uovct oan be ceca olearþ¡ tJ¡s¡e ere analogouo

to tha notlon sf tbe sbado¡r of tbe gpoog¡r sf a sr¡nclLal a¡ tbe sun tsor€Br

lbe cLLlpse mtatea throttgh ar¡ ¿Bl,¡rìoofablo eng16 f.n 6 aeoondla,

ancl thls pmnptc sore Gor¡sld.eratLEa of the J,ongost length of ¡'ee¿rd'

rhloh aan bc anal.yscd ríth tùe ascunptLon that lt la rtatlstf.cally

atatl"oaarXr. lIhLE naxl-rut¡ lEngfh !.s of tJ¡e ordor of, 6 seconcl.s, but

suah a recortl oontaine onJ.y about {O failtrg cyoloa for tyBtoal oondtltf.onr

of, so:lntl.Llatlon. Large orrors çi.LI ooour Ln t]rc comelatLon fi¡¡rotlons
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for reæ¡ds as Ehorb as thls (eee tr'ooks andt Jones (t961), and

$ectLsn 2.2.2 ). lbe crrorc fnvoLvecl rars str¡dtloð by oonpard.ng the

throe a¡¡to-@rnelstlon f\¡nottoas for a glven sootilon of record (lðeaLty

these rouli[ be ldlentLoÊl). T¡rptoaL stanilard, d.eviatlons of tl¡e

oorr¡elati.en valuea nøre 516. lhe errcrs in the o!¡ose-oor:roLrtåon

f\rnotlons rLl1 be of thE aanc ord.er, The Ermr 1n tlre nean auto-

oorrrelatLon fr¡r¡otLon nLlt be of the o¡d.er of 1/d3 of tbe ermr of a

sLngle auts-corElatLon fr¡noti.on. Àt the endl of ,the oornputatlon,

theae t¡Éoal erno¡ß nay be expeotedl to proiluoe error! of the ord.er of

5fi Ln the length of the n{nor axl"s of the alllpse, Þut t}ro crrorE l¡
the naJor arC.a nay be oonsl<lerably larger, ospoolally when the axla],

ratLo fs J.argc.

.0' ftrtt¡er oheok on tåe overall aoour¿êy of, the oaloul.atlous rê!

obtalnsil. by oougar"lng the d.Lneetlon of the naJor a¡cla rltlr that

¡rrertloterl fæn tb.e Eatolltto Boaftd.on (see Sestlon 6.J.1) alounlag

th¿t tåe lonor¡ùerC,o J,rngularttle¡ rere allgneil al..ong thc ea¡"tbfs

nagnetf.a fJ.elil. llhs mean va¡tatlon fron thc predfoted dlÍ.reoti.oa rar

about 50.

lhe {letcmf¡ratLon of the ap¡raæat veloelty of ths dl,lf,fnaettoa

pet'tcnr hes a rechlndlanoy rhtoh anabloa aosurûte raluet to bo obtafnedl

by the uae of a Lea¡t rquarût fLtüas ncthodt (roob (tge¡)). Itrorerer,

ttre dter{,vatLo¡ of tt¡e tnre voloolty f,ron the e¡rparent velooltSr

Lnvolves the o¡{.entatLon, r¡d.al ratlo a¡r¿ sLzc of the clJ,lpae¡ ancl. tha

orrcr f¡ tha tn¡e v¡loolþ tenils thareforc to be largar¡ srroru of tho
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order of 1ffi nens esti¡atedL for thle quantlty. It ts th!.s erúor Ln

the tnre veloolty rhi.ob tLnaü.y ûetsrrlnes thc orror fn the hotght of

tÀe 1¡regul,arltLes as dl.etonüLno{l fnu equetLon (l.W) of $eotlon 5rlr.

The lengùtrs of the naJor a¡iL nfno¡r axes of the elllpro rene

ooæoctcd. for pnoJeotlon effects by oonpa:rtsou rrLth aal'Eulateð l.engthc

of proJeotoð untt veetors aloag andl acroEs ùhe nagnetla f,lelð (see

SectLon 6.1.1), they rerc ¿Lao sorreatetl for låe rl.*flfraetf.on affEots

ctesor{bed Ln Seotiíæ }.4. lf,ter these ooæsoti.ons hadl beea app}letl,

the values ehou]'d gfvø neasures of, tbe sfses of ths lonou¡iberlo

trre6uJ.arLtl.es thengel.Yes,

.ân attcnpt rao n¿d.s to dl,¡duoo tl¡o thloloesg of ttc la¡rer of

tnneeular{tler frrcn the vaLuo of Vc ualng eguat!.on (l.Zù of SeotLon

5.1+. It beoana e¡paræt, horavcn, tlt¿t tbe sotlroel lu Euestloa

lnvolvec a ceoond or"rter effeot anô tt tr doubtf,trl çhether tbe valuee

of Yo sbtalaecl aro lt¡fffoÍ.ently acouratc to Juatify tåe nethoô.

ryÉesl valuea of La¡¡er th!.oln¡ess çcrr of tbe sane onler ag tùe botgbt

of tl¡e layer itself. I[hlle tüj.¡ t¡cgult la tntar.eotlng, aadt çorrJ'cl

Juatl{y further sùrcly, 1t !.s aons:!.¿laradl that the aotr¡el values of

la¡nr thlol¡¡cEs are ur¡rclLable, anê tho ðetellcû ruaults rrf"1.1. not be

gtYen hert.

Ðtpct¡çctqF of Re.¡l+ltn

llhe r"esults obtofneil f,or the haigþt of tha !.zregular layar (h)

andt f,or the ninor arfa (ro) aadt the axLa1 rati.o (o) of the trreguLsrd.tles

are gåren l¡ T.abLe (g.t), Moct of the sva!.Labts rccults ¿re for rLght.



ïABLE 9.'l

Ð¡tc

1Ð.2.66

12,.2,t66

I 3r ?166

'l l+.2.66

1 9. A.66

2t.âr66

I ür6 r66

t ü.¿:.66

I 9rü.66

go, s.66

SLnt h (ks. : r (rn. ) a.

0lÊlr9
0f ?2. o
ol 2â. I
tt2,2.6

045 3,2

25h1,1

ül â9.1r
S'l3t.7
01 5'l -,
OOI I$, 5
ûo.f ?.o

25î7"6

2,15n,,9
?.156 "22196'-7
2.157 .'
0)2{.8
Q5î.Ê,ct'
Q32t.1

Êû)5.0
2gâ9.6
Pä5O. O

2232.7

A{¡+7.9
gt ¿þ$.8
? j¡þr.S

12,6
506
500
,0?

t.57
Ð. r$6
o.L8
0.¡l0

o.so

o,?8

O.5l¡
t.6t
o.5]
0116
o.&5

O.¡Þ5

o.50
c"7ê
0. gt
o- 78

o.65
CI.66
OrrS

o.6a
o.5!
o.55
O.5?

t.6{
a.77
O,92

9.3

5.7

{ 5,5
2,8

26.2,

1.8
5.6
316
9.8

T ]r6
15"?
lû.7
'fO.J

2. år

ã.O
E,o5

1'l .6
6rT

t0r 9

2,.7
5"8
6.8

f?Çl

7*S
7,8

{ 9,8

1s9

?,97

275
?98
2lr5

ä78
2,99

,s7

?tl0
e{j3
äfo
,lg6

J},\"
ã&.e
Íao

997
,t*,
5t+5
2,95

289
2lr"&
5lþO

åt#,9.66 1t2r,6 2A6 I rO'f 3*5

* Iü åht.s l¿Þlsn ro ts dlaflnaü a¡ thl dtlctanot *t rhlth

tho esnrotatton baa falltn tÐ 1/t.
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Duri.ng tbe cla¡ soLntll.latlons ¡rere usually too ¡hallow to poratt

eocunate resulta to be obt¿lnedl. fron the tr{.anglê of r¡ccofvers, oring

to resi.dlusl noi¡c on thg lanð }lnes.

It rrtll be ¡Eo¡r f,rcn tbe tabl.e that the hetghta obtalnert aro

ln the rango 2æ Iu. to ,OO lo., f¡û fair agncsscnt rlfå thc v¿luot

23ß lm. to 5OO h. obtal¡eil l¡ Chapter 7. [ba vaXues for the lægth

of, tbe nLnor artc of, tbe l¡rsgsta¡{.tlss arû gonsral.ly rather s¿llcr
tbsn tbe value¡ O.75 b. to 1.O b. obt¡lned La Chapter 8. llbe

$oaËon for {¡hl.¡ dlÍffcrøoa 1¡ not kaorn" fhe arra-l rat"Íog are

geuerally Ln tbe rÉ¡¡96 ? to 15 ¡rlth oosadonal nuoh larger valuet.

fho tro setp of dlay-tj.no reEul.ts glveu tn Table(9.1) biltoate

ho!.6bts ¡ear 2@ lcn., atrcl not 100 kn. as ¡f$t hava besn e:rpeotedl

frcn the dllsous¡fon of, d,ay-¡1¡6 solatf.l¡stLonr gÍ.vm Ln Chaptor J.

IÍo¡rever the aan¡rle ls obvl.ourly too mal.l for an¡r ooaelucLons to bo

dlrarn. h¡rther wofk on Aay-tånÊ scLntLlLatú.ons i.s aeededl, andl Ìûouldl

bc ¡nsslblo f.f tahe noi¡o levs} ou tlrs l,l.nc¡ oould" bc ¡¡¡iluseð,.



cH.u-trER, lo. ' 14?'

pqppcrron,F r&q¡4 ,qtu¡{H$ oq qEn F'¿q*p,{,Y rms'qc.F

LOrL .{pg}ïers, q{ tt'e Ðeqg

lbc alaalysLe of Faraday fatting data was oarrled' out

usla6 a compute¡ end. oloeely f,ollowed. tbe stepe outllnett' ån

0hapter 4o

Serb feùrng nuLl of a 4S Xc/e recordingn a,nd' one faùiry

nuLl. of tbe assoclatecl 4L Ãa/a reoorråfngr wer€ repreeentcd tn

tbs basto ùata by tbelr tlnes of oçeurreaotr th'cee 'v6re usually

r"êad to e rslattvc accr¡:racy of Oo5,'*åoondg. By thc uge of t'he

oonputer progpacs êescrf.bocl Ln ScotJ.on 6.3.1¡ oaeh nu11 saø

assoolateel çlth a valuo of tbe quantlty X of equetíon (4.f),

thc valuo botng oaloulatecl. for a hct&t of 35$kn' 8wo ty¡ros

of aaaLyef,¡ çere thtn earrlccl out.

In ths fl.ret¡ fsr eacb pâlr of suqeeestvc n¡rLlÉ et

4O Uo/sr thc guantlty ffi "t" appro¡d.natcd.¡ utlng tbe fact t'b'at

çbfLo U ¿ncroasee þ d$ f¡on ono au1l to tb,e aort¡ O ånereaEes

by n racLls,ns¡ Uslng tbe aesunptlçae d'essribeð ån oonncOtl.on

wl.tb eEur,,tlon (+rg) a valr¡s of t¡bc total el.ostron sontont I

ras calor¡l'ated' and' pt'otted by tho oonputer for a t!û3 nlûray

betraen tho tf,see of tbs êppr.opr{ate rnrlLs. Ia thl's way aa

rf, * ¡lenlvativen ourrâ for I las obtaJ.ned'o

In tht eEsonð t¡pc of aaaþs!.s, thc ilYeÍralsrË sÊaeurt-

napt elçsc11lbcå f¡¡ $eot!,on 4r2 ras nad.c¡ the qngglâir ¡r'oß!t{on

of thc *f ËE1c null. cltb ¡Fôsl)€ot to the tvo çlosest 4O ttc/e null'r

bcln6 d.oterglnød lvt li,soar lstcrpolatton of tbolr esÊooået€d'

valuoe of ü' Sour va}uee of n rere d.otcmlned'r ooæsgpondjqg
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to the valÞôËn= Or¡,r?r3 in cquatfon (4.4)¡ From thesc¡ four

values of fl were ev¿l.uatrð for eacb ¡$O go/s nu13.¡ by ad.el.ltton

of ;r¡uTtiÞlies- øf tr rad.laaa¡ anet al.¡. were cohvertsd. to noasutres

of total eleatrou oontsat I by the uee of cquo,tion (4.1). $our

ilfrøquency - d.erivsttveã cuffes üors thus obtalxed,.

}ûoEt oftø onc of the üfreguency - d.enLvatlvcn ou!ryGß

ol,oeeLy approrl.matecl the W-d,ertvatl.vsþ ouffe f,or Barte of tbe

satelllta pass rh!.ch nere hiêb 1n the e¡y (for vhlch tho

approrLnatatlons Leaêln6 to o$¡etl.on (4.1) atre nost reoarly

valtit)¡ and. this 6nc sa6 taken to bs thc E¡¡pmpr{,atc ou.rrye fæ

r.
lOr?

In order to dliacsvet lf, arell-sogls tæeeu1ar{.tl,eg

ta tbc fonoapbere s$t assooLeted, rlth f.norsaEed, or d,eoreaeed.

valuee of aLestro¡ tloaalty¡ a os¡rolatfon taÊ eought betwegl¡

aÞn¡pt changee of solatlllatlon tXcBth anil LrregsLarltLoe ln

th.e ounre for total sloot¡o-t¡ oonteat. tbc eürily ras hanl¡crocl

by tha l,aak of, e sufftoltstlf lergp ar¡nbor of tlLstl,natLvs

eb,angta of seiatl.tlatl.on ôepth (see $oetton ?.Tlr eo thc

sr{.gllf,r,cencc of tho reeulte nay bo quastloneQ but ta about

foËùt sases rhlgh rorq e¡aalncûr no oorrolatlon Ìtes fot¡nd,

botween thE oocurlp{cncs of a rpatcbn of eolntlllatlon and. s

Local naxl,mum or uLnLsun of total slect¡on ooatontr Botb

phenonma oocurreü togÊther¡ but 1¡depeadcntly¡ la oonc xreßsçð

End ettbos wag f,ouað to oeeu¡c tn the aboosee of the othor Ln

otb6r patssego Unlcss the fLuotuatLous of eLeotron content
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sought rsre too saaLl to be dLecovered {quaal*slnt¡,aoiðel

f.rrsggïarltJ.os of amp}ltucte 0"Ol r 10-16 eleot¡onar/5guarË

setèr oollrlgn wêrê ol6s31y rêßolvod)¡ tbe ftrûLng er¡ggests

that snall seaLc lrregUla¡f.tl,ea arise lu tu¡buleat ptoessÊes

çh.l.oh clo not !.nvol.vc tho sddLtlsn or subtraotLon of êloct¡one

frou tbo lEoal ossa eleotsoä contsatr

fiotc nay bc ned,e of a tead,ensy, seen, ån sono obss3va-

tl,ons, f,or a ¡ratoh of salntilletlons to oeour¡ not at e na4imrn

or ninf.m¡nr but at e grarlient tn tb€ total eoatent. Ftgl¡¡rçt

(to.r) anrx (ro.alr çhlch slva eranpl.es of thl"p bahevùour¡

shon the (tonporsX) varåatl,on of, total sl.êot¡on Gontent ae tb6

aatclLttô @voof togeth.er ultb aa 1nêteetLon sf ths 4O W/s

seintlllation ôepgh. lfhe ùepth lntllcatecl' tn Fi$rr€ (fOif )

aael to tbe tcft ln figuro (fg.a) oo*rsÊpÖeôc rsrlehl¡' to the

sainttl.Iatlon tndt¡ 1 ttoflnsdln Chaptor J.

$bø eolntl,llatlon Ls seça to bc aseselat€¿ çåth 8!Êd"ioats

ln tbe olretron oontont¡ tbol¡Sb alL grad.lents are not aseociatsô

wnth õolatltlatton (f1gl!I'e (fO.f )). åa ùcolatd. burst of

Ëlæs*l.fksr f,ailtüs (ïerwf* (fg6¿)) on tbo ¡lgÈt of Stgure (fO.e)

ls Brobably to þe related te tbe v€rîr ü.l€b gra,illent of cLeot¡oa

oontcnt (a *1radSpn) rffi.oh ooêt¡ls at tbs ssüg tLnçr bt¡t r¡o

er$l.snatlon çan be glvon for tbe otber asescf'atLotlþ sê6Ée

tCI.3
-@?¡sL

IaoLdental to tbc atu{y ùeecri.bed ln the ¡rrorf.oue

aeotlon¡ values of tbc tOtal eleotlon content ove]| ldsl.al(le
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rerç obtaf3sð fron tho a,aal.ysla of îara.èa¡r fad.fä8. Ehc valt¡ss

TÍ€ró teket f,rom the sfrequcnsSn([6¡¿oatl.ïsü oll,¡lrta et tlneø

sppeprlate ts tb,c eatsll,ltcr¡ osogsfüg of thc latlt¡rilo of,

Åd,e}al,ðrr ã¡¡ð Trerß pXEttett sgaÍast thc aoan 8oX8¡r tr.Ðt of,

tb,s potnt of lntorstotf.on of thc ray wi"th tUa 35O læç' Iercl

at that tlner

&É æeaa itlutuat outqos for tbc four"Eaa*onr'of 1965

defl,noil in sectlon !.? erê ðhorn tn F!,gure (f0'.31" h all,

stesons tb¡ d.tu¡sal v¿rtat!,on Erh!.blts a aãr¿tî'ÛR os6ì¡ÍrlE8"

eborü.ï aftg¡,' n!,dt-ðay; eE f,ound by other autbo$ã (gooA,saa (fgselr

îuon ar¡dl Ro.elof.s (fføe¡]l oo na¡tcøð oooond'ary nl'ght-ttus

nexÍnr¡n (æenat et al (f965)) le found'.

llho geason ilcpenûonco of thr asplltuitrc of tha day-tl'ro

pesk Ls oonet stsnt tn iXtlestl,on rLtå thc pred.LEtíons of tbc

Chaprnap theo¡y of glestroa ¡rrod.uotlon. flo nri.ntør a,aonalyÈ

osoarr€å f¡ tht total coatent¡ aa i,¡¡l.ced'r tt ôt¡l 3ot |¡ tb,t

soffsspoft¿lttg noan val.ues Of S-reglon crlttloal focEnenøy at

tlooth
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S¡$firyU.
TOUCIlIgICIH$

îbr rriå nslül r!-11 ær Þr mrtd Srnûrr þ rbryùær d
ß¡r nG¡rrtlmr rrüf br r¡Àr *þr *ltnrl ;o¡t.

&pqffi,S¡, In {¡htr erytff r rrAr mr 6ûm Étr tür bldr tårory

sf r*tbrln¡ fE l¡l¡nnfs Ltfu. It nr ûgn türt rrl ür rrmltr
lmæml.u; rrü rrrtbin3 rc br iilr¡fud f,mn r drpfû sgrcrürdrel"

mtr¿ *1,ü h¡r rærtdlard¡t l¡tnltl.tr r¡¡rrX, *m ænrr¡a rlt¡h &
h{Cbl!' rr&nrtû¡*l trlrtlmt Snn ln otbæ fo*æ!,¡tü,ø¡. lfh¡

llrylllrút¡r cùtrtlrü by rortd¡C 1¡ Fanrtæ tmdoln æür n¡ rt*r¡tÄ.
It Ë¡lÅ þr t¡bnrtfn; to ¡æ rä¡thæ drl,l¡r tilrr¡ Çffi¡A br appltr¿

to tüt nn dll,f:ftslt problm ef É$0ü6 rerttrrilr6 frol a thlrk lryrr
oü tl¡lqpf¡¡r ;¡ül¡n.
qHì¡t$r¡r t. xlir &lptrr nr rttll rcnr¡d rttth rerttrrla6 nil
üütfnrËs {fuiy, tmt rntå r a¡ï früùnæ.f ñIùÊtl,tr thr o}lrlt rrr
to åffi br obmrrttær of rglllnff rrtattïlrttmr rt m sr nñt

¡¡etntr ðs tü. ¡ræü rffi¡,û br m.å to sbtrf¡ urrful l¡t¡¡rrtü,e toüt
tår pmfr¡¡'tfur of iùr fnrfnfr¡*tør fB tt tôraüË.ür. XB prntllrlrr

tå¡ m¡årttær rttb rüttt üt[rr ttr fnrrtú,rÈil.l'ü of cbtr|lrtue ttmû¡l

f.nfotrat!.m fïou {thr p6? qlrrtcun cf apXtü*l rrfu$ffrüsûrr nð tbr

ûrân¡S'*r úå* ls ùr ü¡L fb r¡nrrù oÞr+rrùln¡ nn lmrldrrrû.

It rrr rb* ftrt thr ¡:lrr, &üÐ, d hff6bt str thc irrrrrggl¡stËu

mü,ð br ilrt*rf¡rð¡ ofÞn ly rmrr.rf |.'ublmäel¡t trtù&tr. &rrrLlyt

ttr ¡o¡t ûmru¡lådt l¡ t¡btr ûryùÒr r¡lpüsr 
"r¡y 

ceryrtrb; d 1t ta

âif,ft*tt to lnún br ry û¡rtecr !¡ftn¡nattø sts¡¿ tr ¡*tl¡ûrû f:eor
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obrmat!.oat of æpltùxilô åffilr llffiactr, tb nrk la ¡erÍn t|üfþ[

t0 tùË cã'r of ü.åk roattcrång¡ *nû lt çor¡liL bc lrtorçsùtns üc knoÜ

tpr tb rsurlt¡ üü¡rå ba ¡øiltf,ldl tf tåe ;mtto!'ås6 bosaqa Ûtrett

It oætatnly dtoal beeø¡¡e strra6 s üs oss¡rüloæ¡'

th¿u3rF &r fbll a,laptæ oontalns{|, s arrrry oú) trlre Ütåadn¡'A theoqy

d {ùo erdry ctfætr

enllg*fu Sbùr dhr¡rtr ür.Ü nrlllg r rçrlrç of rodsùll6 *ryer{oonùrl

¡r{þifs lnû ren¡lt*r Åt tål æd' of tht e]hnpt¡r 'lùr tu¡nrtæoo of

itrüord.uåag úetùßt tbst 1l æy rr.laü-on*ip bøül3¡ar Üoú'nttllrtúsn

pat&ø nil væ{¿tü.sl l.n e !6tal clcstron ooafut ç¡ lüroagr[r flhíl

ofirlll pmrtite ¡ cr{.tcr{oa fer tîfcotúg ¡ru rt lâ*ttt af lh¿ 8ü¡r

tbo¡d.rs of, tnlogu1t¡dty ftrm¡¡Èloa'

ohrÊtcr 6" rn tblc õhåp&r ü?rc cqd.purt urad! ts rtþ tlÐ ús*ïatl"æl

*r¡ ilo¡or{.bodt¡ fho lnDo¡'tsao¡ of ¡¡¿}úEg rce tqrrotæonta ç!r!'oh !rü¡f'[

clt¡ntnate nsltc ædl Fbmo sn tho U"acr rl¡ rryhart'r¡'tr 1tø çm¡nrtlr

pro6r.6ü uçrð tn {ùc t¡rcstlgrtlon Ërç üÜo }rÉ'of,ty dla¡s¡{btû fn tàtt

Ê-lrl¡Êcne

It n¡r br *or*h potntåag æt h*¡o ü*t ihe aæ tr!'anglt of

st|rrlrg aûtra es¡tô be $tcat to ebmrrrr q ¡at*llltc of ttrc ';t*tÅoaüt'

þlpc. Frø nrsh obç¡rctlonr t&ç d!¡Éft mleOlty sf tt¡s losp¡lùrrúo

f¡"rrüt¡lü{ttrr oc¡¡l.il bt ê¡ùsul¡rilr If ¡tlsb ob¡*r¡tlms æulÍl br

nrûs or¡ bo{¡b o¡bltfne a4 rtrtisaery crÊollltcr¡ ¡nr:bapc tn rrptü

ü|oørd.oqorbttbrtttll'rinltmrary'l¡ftlîrorylßtÊåg¡orlpsn¡r
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of thc l¡núüsk¡.|.ü'æ d. tùtçþ wtLs ræld, bc olt*lncdLr

ffii[,W¡. .Iq. tlbr ocs¡mræer ù¡rccùrr{rúûol af rcûnttltrttm¡ ;cn
ìbËärtb.ô ta &tr otrytcrr fb 8¡ûtn*Lly rrrE oùrmstæ of thr

rd.ntü,lleùlpar mr msrlbcll t$ tür f** tùrt tb oþ¡rm¡ülpnr nm mth

trårr xanr¡nt utd,m¡nr fh æ¡t t¡tüeltütt rÜa¡l,'t of {hl,l ohl¡$æ

!.r lhr obræTrûfþll {ù¡t ¡dati,f"låtrffis r¡ç not ooa,fifsrð, ts thr n{üþl¡-tt*r

.a, otoür r¡rodrtlos nr elnærtr¡ttd, b&rrn !t6ht*t1sü rdnttllrt[su
ail rgñ3þF¡ Ho co¡n¡rl*tfon ürr tûrutl brtmæ llryF-tür. ldnttüsttoüt

rail rpor.adår¡-S ooctrræno*. 0n$r rltght tardotbn¡ d"th fltfhd¡ rrr¡
obald.

Cbü${g 8,r lla¡"!.attos¡ of rd'nttlk¡tl.æ iltpth d'th ¡Rtth xrgl.c rau

uE¡û ln ü!,1 obe¡rtcr to Croç th¡t üç inragularltlos oau¡ln6 rotlti.Ilr-

ttour it nl6ht baw r d,nor a*fr (r.) ðf ih6 ar{æ of 1 }ø, 1n cs¡unl

egruenent rtth rfth* cbçwer¿. Far dtaJ¡¡ùiro tdnttllattonln rll, ärt
æutdt bç nt{l. ru th¡t tùü rr¡.rlr d t, t¡ mtl.l*r (prùrbly lc¡u tùn
g¡5 h)r $t'pfl¡r re¡ultü ruro obteln¡it f,rou purlræenta of &a rrtf.o

of tïra Noil:$ttlrtton itrpùh cn tro frcçræof.ür

R¡oorû{n6a rÉ tt¡ge rrtúLttt tltüútü 14 rÈl,o}r the qr prsmdl,

rttùtn tcn {t¡aerffir of tbe Eagnctto flolil sf,tæ übomil s vËsy tntrruriú.n¡

rlf!ñroûr *1 n¡¡låæ i¡¡n*¡r of rolnü.x"l¡Ëlon ûrpùh a,niL murüfnar alra ¿f

roû¡ttilt¡ùlon ratc raa f,qd,r lhr ryçnt Þçfs6 1lørtrtoaüg dt$otçil

e}ron¡t tùr t¿æ of ele*ctt qrgro*ch to thc f,l'rX¡l llt¡rsttraa. llhlt úÌftort

os&¡rr$. Ðtf'lXt at a!.ghtr It 1¡ ri.d,t¡r to tüo vard.etloa prtillcttå by

¡rrak roatürrtn6 thæü'¡r' for fl.r!.i!.rff6iliX frz.üe$fæfttrcr but ñ.ç| ¡pp



l**

¡numr¿ thm rryrctrd.r 8ûrËttror ¡o r¡rnr*Lr rür$f¡rbfm
offitlnrû æ * ltm¡nt mqtt rx1¡ abar þ tål.l rflüil¿ ¡plntir fbr

æuslnd,e¡ mr ru¡bd lùlt lt tr må f*mti* flryn¡¡¡*tårr lÈtü r¡l
ab¡wrü L¡ ttrro mrutr bnt ¡wttm Þr ¡*mt}Ig rrod¡t*t dtt iþr

fïrlåp*I{ærð ihtt}tË ôrmriü t.n üË qætr F-rü[çr anü, ¡runctpfrùærr

Xn rürl ¡f ùhr 6ßDr#tüû ¡rtnn cf tbl* r¡¡lùr tt ir rwmilrt
ünt tLrlå oærd.u3 lrntt &lt Þü prrtfctd on ih* þrd.r d oürbtt¡X

ûrtq ldl rroor{lg .snü,pgt tMf¡[ ]r nra rt lql$t¡ r¡nif |ß o¡{æ t
&td.ß fmif rrærür tn dd¡ &r roilnttttåtüôü ¡ù¡sr,6udl}f,s r¡r
mæn&l** Å tÍÈuu66-;aX¡r¡'l.ugt &rcy r¿If !E!'*úty tc rdtü if
rrrú\¡f ilô&tûoar t¡ü b br niì¡ f,rìñ ttrr ¡?ttrr
üüffitfiË,9, .åtttptr to ttreorm Ffï!.n6or rt¡uffi'r lr tùt pürr

r¡nûü¡Ð ¡f thr rylftrd* flsstürütfif rær s¡mrrdþL Où**rtttl*ar

lrdr oB æüaü rracirrn gsr rrtncr ftr thr br|,tþtr d,,ar trin, d
dôl ntlo rf thr n¡"rfnlmi,túmr Itr Ë¡,tËr ttdldt fl¡l *d,nt*:ltrr,*

tlslu ùarn:rrå rt ¡tebt r¡ct itû úcþ¡|¡. tlFlüüû¡t rLt& thor obtrlnrû

b¡r tffi ne¡r* It iil rryg*ütlil th*t ftrthæ *mrtlsü t¡;dr
þ¡r ary ln o¡ürr to år&n rMårb & nrfu¡r of t*r l,ryulæ{,tfur

suntru ¿rf¡*¿r rd¡tqi"llrttømr

frrytrt 1{" I¡ {M.r 0bF &r rm,ltr *t*r¡oð Þy iàr Füü d fåt

tl'ldry lrûåe¿ ;ru iLrasrd}rdl¡ ils ¡rtrttm w f,W þrtilæ pltebm

af rrÏl*mlr f.mCnfs¿üm d rlldttü,w f$ taüril ]frffiñtn ostrnùr

Íttr #rrçrttâ lñite *mæt te {üoü tùrstrr frûû *tB|hùr ür



qf,ttrr rr rm ffit rr .dilt ütri'qmlan *qfifür fts

lJfæ lmüFilr *s ¡üflrF @¡*¡ fi* æ *nümt nnn#rlr t]ùrË[ tq

*o ilü#lürtn îmnt üü] JFo fi¡*afifi;rltÐ *llm

¡rñ ümq¡q5¡l *liprf tnf¡!iln il q¡¡l qnt ¡¡* rf ffi lü ¡*fr

bmrsmry lr¡|:fr .ç .Ë 'rüËûr$r' 
I ñ¡ rç*frtÑu¡T qtl fi,il

*ff¡
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*rr,sr?¡{ 4

lfbs Rsfleçtl¡*¡e $ahsr¡

Ëat gr bt tbc r*rs aor¡¡al of plarö lratr

åLluu:laetd"on r&f,oh La rçc*k]y *oattereð þr ssü* rüååus¡

*¡ad. Lat X þ6 ths çavs ¡sæal, *f * tg¡¡f.çal oon¡ma*nt af
ùhs cúretterod, *peotr*x* thc r**¡ùcrp hsre la¡$ûh* gË.voa

Þyc

lg*l . fgl * tll.
åÊ g r*rl.es thg r*ctoï' tg*gn ) Ëonora:bs* ths ütafLectång

S¡rhereñ, of rad.iue 1Ê., ssntred at îtr f.n Fourl,er

tr¿nefarrc &p&Gêr

.*n *xproeaåoa I.e requlrtit fsr tb* S*¡.ø¡pêpeËt

cf, the ïsetor {p**r } nhcn lts ã enit Í G.o¡np€*Èûts arr
gåren aad tþe *Llrectlon csåf.nsa of, g* grç kns¡rt* ?ht

geoneÈr1r of the ELtuatLon !.s Ehosn Ln Figuro (e.S¡

of Cba¡rtor g.

Fa*

**gr * [x"î*eJ + [ororal ,
;ð

î;Ü r *.* + SrcS* ,r [XrfroJr + &r'[Xnf*çJ
* *nfu,r + [snx"o]1"

$n rcsr*b'¡rtåttrtåu6 f,ar * ts th* Ls.¡* tæan

gl * *[x*T;"üf * â*r.[lrtrtJ * &*"{c*o*rJ"
If gr h¡s dtår't*tts* coatn*c &"ü.,tÈ" thf.* b*sc*arr
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a'+ff2+(r3*o***#)=o,
rhance

z = -i : * [t - _i: 
(F+ îr) - 3 (ax + "r)J 

t.

la soat Ea¡gæ ¿¿f ls?eragt aaü parêícuå*rþ *hçs

fone*BharLc *eEttcråäS Ls osn*åü,ered" tbe apatLal

fnaE*raroÍ.çc [xrg] of l*¡rort&sês are nuoh ¡a*1"1çr th*¡r

llïr" *h* b,f.¡onltl oxpe**åau of the aguâfo ro*t ooeurrtng

*berc ls thoæfora taklra enl.y to th* søtsa{, çr'dler lp I
aað L tÞa as*r¡nt*d, *t*tuùi*.¡¡ {rbt*h 61v*c lal * Zftì

f.s l6noreå, ¿¡¡d.

r = - |te* + nr) * t * t(r'+ f ) " I (gx * ¡Et)Ë].
a

thåa J.e tbe rtquLreê o*prercl,*æ.

ÅFSSHUTX I¡
flüätffi

rha Yal{ðr.ts ofr låg(¿}1" * P*'({}

La* a r.&ve fåa].it of laçt].tngÈh I b¿ç* *u engular

apeotnrr S{Sr ) *t a hetgbù tt.f} ¿bEra a +r¡l*åf.É*¡erl.on*L

grouuü,. ttt r*41 tlåsteaEE +?çr tht gre.uaÈ Ès øo¿r¡¡rgü

by (*.'t), fha par'anætsr $r Ls tbt sJ.ne of ùhe angtra

bst*s*¡r thc rr*vs sornal of a typl*al oon¡*an*aÈ sf, tê*

apa*true aaã. ths dosaryardl. ltornal. te ths $rænil,¡ Cr lç
ühc Esrro*gcaü,ång soeår¡t* (&r $¡* $* ¿nü. 0rr ttr $¡

*rs ¡1s!.1*r GorysõForÉlåns qu*eùt tf'er rhl,eh *ust bc

ålatlagr¡f.uhcrit f.r tbe *ul.tå¡r3* "fatcgr*lr çhf.ah fuÏ.Iar)'
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Sha sste fLeåð at thc greund. La gitvsn by

t(*) * /S(sn, 
*4* *d,(rår + hsn )Jasr,

*uü åhe llrt**aLty¡ a,r tq*r.r*S au¡rll'ttrll*n by

¡' {x}* ffnt*- }n*{sn }
f'

" **L -Aaf [x{S**$* }"r t{e ç-S* } } las*¿sn,
)

fb* ea¿ginbly*svøragad,r tt¡r*l¡dlrÉaX.t asê *tttÊ-

sorrol.aåtos¡ fuaoti.*:* ef, 5(x) :Le¡

fs{a} '- Jtrjnu:rw:
x ""rþa* þ{ s r -Ër }+å (s r -o, )-ãsn IJas, dt s¡ d.r-

fa$;gr*tts¡s sçar x 3***s te th* ,ilttrt* f*a*tåext

ã{Ar-q }* rhåsh* üF*n íaü*gr*ti.oll cçar Sr cff,oeùs Èhc

r*Þ;titutle¡r¡
Sn*$*

*l¡i[ Ë¡ a 8r.

*gtël å* tlrrraf,cre høf,6:ht*fpdlclrç¡*1c*t aæå Í¡ 6*trn by

#{a} * g{sr }g {sr } ürlf ãrt€$r €t$ri l
J

?h* *qtard uedulu,c of f,,$ å*r

lff{s¡|. " ff
r( ** [-*etJ *s*co

**d[ tI¡+ Fs*af.æ Ë*a**fsru ef, ühås åç

r r(s) * IÐf, I
g{sr }g s* )B {sr+s}g tsq¡a}ds¡ ,
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On the variation of ratlio star antl satellite scintillations with zenith angle

B. H. Bnrees and f. A. P¡nr<nt
Department of Physics, Ifniversity of Adelaide

(Recei,aeil, 2I Decemb er L9 62)

Abstract-'Ihe theory of the variation of the depth of amplitude scintillations with the zenith
angle of tho source is considered, for radio waves received from a sl,ar or a satellite. It is assumed
that, irregular phase fluctuations are impressed on the wavo in travelling through the ionosphere,
and that the amplitude flucúuations develop by a diffraction process as the wavo propagates in
the free space beneath the ionosphore. Two effects are produced by an increase in the zenith
angle ofthe sourco. The magnitude ofthe phase perturbations increases, because the thickness
of tho ionosphere along the line of sight increases, and the geomotry of tho diffraction procoss
changes. Thooretical results are given, both for isotropic irregularities and for irregularitios
elongated along the direction of tho earth's magnetic field. The advantages of observing simul-
taneously on two wavolongths are süressed. Some comparisons wiúh available experirnental data
are mado, and suggestions are made for future oxperirnents. frregularities at difforent distances
from the observer are not, equally effective in producing amplitudo scintillations, and some
examples of tho "weighting function" which determines their effectiveness are given. Various
moasures of "scintillation depth" are discussed and related to each other,

l. INrno¡ucrroN

Mucn attention has recently been given to the fluctuations of ra,dio lilaves from
stars and satellites imposed by their passage through irregularities in the iono-
sphere. These effects depend. on the position ofthe source relative to the observer.
When the source is at a large zenith angle, the fluctuations are increased as com-
pared. with observations made at the zenith under similar conditions. fn this
pa,per the theory of the varia,tion with zenith angle is considered, and the deduc-
tions which can be made from experimental observations of this variation &re
discussed.

Only amplitude fluctuations will be considered because these are much easier
to observe than phase fluctuations, a,nd many experimental observations are
available for comparison with the theory. For brevity, the amplitude fl.uctuations
will be called "scintillations". A precise mea,sure of the a,mount of fluctuation will
be given in Section 4, and this will be called the "scintillation depth".

fn considering the fluctuations imposed on a, w¿ùve in its passage through an
irregular medium there are two possible approaches. In the diffraction method
the medium is considered to be equivalent t'o a certain thin diffracting screen.
Because the absorption in the ionosphere is negligible for the frequencies normally
used. for the observation of scintillations, this screen will produce ecross the
emerging wavefront variations of phase only, with no variations of amplitude.
As the wa,ve propâgates beyond the screen, fluctuations of amplitude begin to
develop, and. this part of the problem is essentially a matter of diffraction theory.
In the alternative approach, which may be called the scattering method, the wave
at the observing point is considered to be the sum of the unscattered wave and
wa,ves scattered by the irregularities in the medium. This type of theory has been

339
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used by Wsnnr,olr (19õ9); it is reasonably simple so long as the scattering is weak,
but becomes complicated when the scattering is strong. Both methods are equaily
valid and give identical results, as has been shown for a simple case by Booxnn
( r e58).

fn the present pa,pe the diffraction method will be used. This is particularly
suitable for the consideration of the zenith angle variation because the problem
can be divid.ed into two parts which are independent and which can be considered
separately. The first part of the problem concerns the way in which the phase
variations across the emerging wavefront vary with the angle of incidence of the
w¿ùve on the irregularities. The second part involves the way in which the geom-
etry of the diffraction process changes with the zenit'Ìr. angle of the source, due to
the change in the distance from the irregularities to the observer and, for waves
received from a satellite, the change in the distance from the source to the irregu-
larities.

The irregularities in the ionosphere which produce the fluctuations are believed
to be mainly in the -ú'-region, at heights near 300 km, and are closely connected
with the phenomenon observed in ionospheric sounding known as spread-/ echoes
(e.g. Rvr,r and H¡wrsn, 1950; Hlnrz, 1955; 'Wnrenr, Kosrnn and Sxrrrnn,
1956; Bnrecs, 1958; LawnnNcn, JnsrnnsoN and Llrrn, 1961). When the source
is at large zenith angles, approaching 90o, it is possible that irregularities in the
E-region, at heights near I00 km, become important (Wrr,n and. R,oennrs, 1956;

Cnrvnns and Devrns, 1962).
In order to illustrate the theory as it is developed, we shall need. typical values

for the size and shape of the irregularities in t'he ionosphere. It was fi.rst shown
by Srnncnn (1955) that the irregularities in the -l'-region are elongated along the
direction of the earth's magnetic field. More extensive observations by Jonns
(1960) gave in more detail the sizes of the irregularities, measured in terms of the
separation at which the correlation function of the medium has fallen to one-half.
Typicat values for these distances are 5 km along the magnet'ic field, and I km
transverse to the field, with considerable variations on different occasions. The
same obselvations also show that, to a good approximation, the form of the cor-
relation function is Gaussian. These results were all obtained from observations
of the radio star Cassiopeia A made at Cambridge (52"N). There a,re no similar
detailed observations of the irregularities in the -E-region. General considerations
suggest that they are probably not elongated, and. that they may be smaller than
the irregularities in the .F'-region.

The general plan of the paper is as follows. Some geometrical results which
are needed in the theory are first obtained in Section 2. Then in Seotion 3 tho
phase pattern on the emerging wavefront is related to the properties of the irregu-
lar medium. In Section 4 the diffraction aspects of the problem are discussed.

The actual results are given in Sections 5 and. 6. Section 5 contains the results
which epply to observations of warres from a radio star, and Section 6 contains
the corresponding results whioh hold when the source is a satellite. In both cases

an approximation is first considered. in which the irregularities are assumed iso-
tropic, and afterwards the effects of elongation along the magnetic field are d.is-

cussed. The ratio of the scintillation depth on two wavelengths is calculated, and.
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the advantages of observing simultaneously on two wavelengths a,re stressed. In
Section 7 the "weighing function" which determines the effectiveness of irregu-
larities at different distances from the observer is considered. This is important
in conneotion with the determination of the heights of the irregularities by various
methods. X'inally, in Section 8 we consider va,rious mea,sures of the scintillation
depth which have been used, and the way they are related to the quantity oalcu-
lated in the theory.

2. Tnr Gnomnrnrr ox' rHE Pnosr,ntlt

n'igure I illustrates the geometry of the problem, for observations of signals
from a satellite. (X'or observations of a radio star the source is, of course, at
inflnity, but otherwise the diagram is the same). It is assumed that the orbit of

----
s"l".llt-rg

l¿

I rregulo.¡
?¡es

H

,ì

Fig, L The goometry of the problom,when the sourco is a satellite.
X'or a radio star, If a,nd z, are furfinite.

the satellite is such that the height H m.ay be taken as constant for the range of
zenith angles 0 involved. The irregularities a,re &ssumed to be confined to a layer
at a height h, and the thickness of the layer Lh is assumed to be small compared
with the height. The angle of incid.enoe of the waves on the layer is d, and z, and z,
are the distances of the irregularities from the observer and the source respectively.
Then tl, z¡, ãîd zz a;re related to the zenith angle 0 by the following expressions

i : sin-1 {ßo sin ïl(Ro + lù)} (t)

zr: (Rsz cosz 0 * zHolù + hz)uz - -Eo cos 0 (2)

z2:(Roz cos20 f 2RoH I Hz¡rrz - (Ao'cos20 f 2Èoh +lù2)t/2, (3)

where .Bo is the radius of the earth.
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For rvaves received from a radio star, equations (f ) and (2) still epply, but Il
and z, are infinite.

It should be noted that effects due to refraction by the regular ionized layers
are neglected. At the frequencies normally used. these effects are likely to be very
small, except possibly for zenith angles which approach g0o.

3. Tnn Rnr,¡rrox ox' THE Pnasn P¡.rrnnn rN rHE Emnncrne W¿.vnnnoxr
To rEE Pnopnnrrns oF THE Inn¡eur,¡.nrrrns rN rrrn Mntrurvr

3.L. The d,i,strí,buti,on of electron d,ensi,ty

fn ord.er to d.evelop the theory it is necessary to make some assumptions about
the form of the t'hree dimensional correlation function of the electron density in
the ionosphere.

The simplest mathematical representation which fits the observations is the
assumption that surfaces of equal correlation have the form of ellipsoids of revo-
lution with their long axes along the direction of the magnetic field and that the
variation of the correlation function along any radius is Gaussian. The correlation
function of electron density N is therefore taken to be

t
where r and. s are a pair of cylindrical coordinates such that s is measured along
the ma,gnetic field. and r perpendicular to the field. The quantity ro measures the
distance at which the correlation falls to lfe in a direction transverse to the field,
and uro the corresponding distance along the field. The "axial ratio" is cr.

An irregular medium of this type can be thought of as built up by the super-
position of electron clouds or "blobs" in a rand-om arra,ngement (RErcr,rr,nn, 1956).
The correlation function of each blob will be the same as that for the medium as
a whole. Since the aonvolution of a Gaussian function with itself is another
Gaussian function, but of width t/Zti^., that of the original, it follows that an
individual blob must have an excess electron density given by

piv(r, s) : exp

A-ð/(r, s) : ArYo exp

ro' (oro)'

r o'12 (or o

(4)

(5)

where A.ð/o is the excess electron density at the centre. If a large number of blobs
of this type are assembled. in random positions the correlation function of the
resulting irregular medium will have the form of equation (4).

In experimental observations it is common to measure the distance at which
the corrclation falls to lle (or sometimes to one-half) and to quote this as the
"size" of a typical irregularity in the medium. This ignores the factor of t/Z
mentioned. above. Ilowever this is largely a matter of definition and in order to
follow the practice which has become accepted we will not make this distinction
in the present paper. Thus the phrase "size of a single irregularity" is taken to
mean "distance at which the correlation falls to Lle".
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3.2. Propagation of a, waae tlurough the med''í'urn

Scintillation observations are most often made on short wavelengths for which
the refractive index ¡z deviates only slightly from unity. X'or this cese we can write

¡t - r* -ry, (6)

where i is the wavelength of the radiation ùîd rø is the classical radius of the
electron. The d.eviation of p, from the mean is tl en

Lp: -!? or, (7)
zar

where A.l/ is the deviation of y'y' from the me&n'
The phase change in trave ling a distance I in the medium, relative to the phase

change in travelling the same distance in a uniform medium with the same mean

electron density, is

ó
q-

), I o'o'

,"¡ l' nw ¿t. (8)" Jo

As the refractive ind.ex differs only slightly from unity deviation of the rays
will be very small and it is sufficient, in a determination of the phase pattern in
the emerging wavefront, to perform the integration of equation (8) along straight
lines in the medium. In a sense the three-dimensional medium is "projected"' on
to a plane normal to the direction of wave propagation'

Fig. 2. This illustrates a single "blob", elongated along the rnagnetic fi.eld Ho'
The cylindrical co-ordinates 1., s ale such that Os is in the direction of the field.
The Cartosian co-ordinates fr, U, z aro such that the wavo advances in t'ho

nogative z direction, and IIo is in the (y, z) planø at an angle tp to Oz.

90"-v

z
Wove

I
s

I

t
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In older to carry out the integration of phase for incidence in an arbitrary
direction rve use the coordinate system sho'lvn in Fig. 2. Here a Cartesian system
of axes (O,r,!/, a) is shown in addition to the cylindr.ical sIstem (O,r.,s). The
Cartesian axes are such that the'wave advances in the negative z-direction. The
(O, y, 

") 
plane contains the magnetic fleld vector Ho which is in the (O, s) direction

at an angle t¡t to (O, z).
Erementary geometry 

:ïi,i.llïîj,llJ r,,
12 : n2 * (y cos lp - z sin g)z (9)

between the coordinates of the two systems of axes.

3.3. The correlo,tion function of phøse

To derive the correlation function of phase in the emerging wavefront we
consider the wave travelling towards O to be incident on the typical blob described
by ÄN(r, s) of equation (5), centred at O. Substituting equations (9) into
equation (5) gives the distribution 41y'(ø, y, z) and from equation (8) we find

ó(r,y) : -r)"'N,".0 [ - # -,#(*,,, *r.t"")]

" J-*""r lffiþ -i,) (.l,r' ,p l- | "o.' ,)l *
.þ

sltl 1, cos
^, 2loI o lo

A suitable change of variable and an integration of the type J-
l; . aNnar,*l)rJ'ffiexnatxô(

T2

ro2(ø2 sinz g I cosz tp

e-" dt gives

!/'
,o'12 (rn2f2)(a2sin2g I cos2g

the variation in the phase pattern over the (r, t¡) plane is given by the expo-
nential terms in this expression. If now a numbel of such phase patterns are
superimposed in random positions in the (r, y) plane (corresponding to random
occurrence of blobs throughout the medium), the correlation function of the
resulting pattern is the same as that for one alone. The latter has the same form
as the distribution ó(", y) apart, from the factors /Z discussed. previously. Thus
the correlation function pa\, y¡) of the phase is given by

|-E2
th r --,-- I I

Pö\Ç>'rl ) : uÅP I - ". z-. L 1.o

_"*nI à' rl"
( t0)ro2 (þro

where þ : ("' sinz g * cosz y))7/2. (l I )
These results sholv that the phase pattern is anisotropic, the contours of equal

correlation being ellipses with an axial ratio of B which is related to the axial
ratio of the blobs by equa,tion (11). The smaller dimension of the phase irregu-
larities (i.e. the distance at which correlation falls to l/e measured along the minor
axes of the ellipses) is re, the same as that for the three dimensional correlation
function of the medium.
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3.4. The root nnecrn squa,re fl,uctuøt'ion of phøse
'We now proceed to a calculation of the root mean square deviation of phase

produced by an extended irregular medium.
Cnnnr.rov (1960) has shown that

6o':n 'g#t ".I**p,(o,o,Od,t, Q2)

where {o is the root mean square deviation of phase produced in a wave which
travels a distance Z through the medium in the z-direction, and pu(O, O, O is
the correlation function of refractive index p in the z-direction.

In the present problem we consider a wa,ve incident at an angle 'í, on a layer
of irregularities of thickness Añ, (see X'ig. t). The length of its path through tho
layer is then

L : Lh sec i,.

X'rom the simple relationship between p and.ðtr (equation (6)) it is clear that
the three-dimensional correlation function of refractive index, pr(r, s), has exactly
the same form as that for electron density, p"(r, s)(equation (a)). Employing
again the equations (9) to give pu(E,q,L) in lhe (O,t,U,z) frame, we have, on
equating Ë, r¡ to zero

f t2/ | \l
pu(O, O, () : exP L- "rr1*t"t, 

l- - cos'z9/1.

Substituting the values of p*(O,O,() and L int'o equation (12), and. using the
expression

74- 2

(Lp), :ffi tmr
derived from equation (7) ,we have

Óo : rL/ar"),
(LNz Lh ar o sec i)7/2

(r3)
(a2 sinz V i cosz y¡tra'

In applying this result, the only factors which will vary with zenith angle are
i, and y. Since the irregularities are assumed to have similar statistical properties
everywhere, the factors 41y'2, Lh, a, and ro will all be independent of zenith angle,
and in considering relative zenith. angle variations these constants may be omitted.
n'or observations on a single wavelength the factor ,[ could also be omitted.. Since,
however, we shall sometimes wish to consider the ratio of scintillation depth on
two different wavelengths it is necessary to retain this ,1 in the expression. The
simplified expression which is actually used in the calculations is therefore the
following

{o oc ,l(sec d)t/2(e2 sinzg * cos'.1,)-'/n. (14)

It may be noted that for the special case of isotropic irregularities, this reduoes
to

{n oc ,l(sec i)1/2. (15)
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The expressions (10) and (fB) are generalizations to the case ofan anisotropic
medium of expressions given by Bnerrr,nv (195a) and R¡.rcr,rFF,E (1956) for an
isotropic medium.

4. Trrn Drnnn¡.crroN TrrnoRrr

The way in which amplitude fluctuations appear, and- increase as the wave
travels beyond the irregularities, has been consid.ered by Hnwrsn (1952), Wasxnn
(1962b) and. Mnncrnn (1962). The work of Hntvrs¡r and W¿cnnn applies to a
"one dimensional" phase screen in which variations exist, only in one direction.
This is unrealistic when applied. to the aatual ionosphere, and we shall use the
results of Mnncrnn, who considered. a two-dimensional phase screen. In Mnncrnn's
theory the irregular phase variations a,re assumed to be isotropic, and to have
a Gaussian correlation function. Thus the correlation function of phase is of the
form

poE, rt) : exp {-(f' + ,t')lrr'\, (16)

which is a special case of equation (f 0). The source of radiation is assumed. to be
at infinity, and so the results apply directly to the case of a radio star. 'We shall
later show how they can be modified to apply to waves from a satellite. For the
present, it should be noted. that' z, as used by Mnncrnn, is to be taken as equal
to z, (see Section 2), i.e. it is the distance from the screen to the observer.

The quantity calculated as a mea,sure of the scintillation d.epth is

s,:t=9)' .@r ' (r7)

where ,B is the amplitude of the wave. fn his Fig.. l, Mnncrnn shows how ¡S2 varies
with t/-ùzlro. \M" prefer to plotB as a function 1zlro2, since the curves then have
a linear portion near the origin, which shows that B is proportional to z in this
region. The quantity B 'will be adopted. as a precise measure of the scintillation
depth throughout the present pa,per. (The relation of S to other possible measures
of the scintillation depth is discussed. in Section 8.) The replotted curves are
shown in X'ig. 3. The different curves correspond to different values of {0, the
root-mean-squa,re phase deviation.

We shall refer to the region near the origin, where S oc a, as the ":nea,!: zorre".
X'urther from the screen the curves reach a limiting value, so that B no longer
increases as +,he sr¿1rs f¡svsls further. \4¡e shall refer to this region, .vhere ¡S is
ind.ependent of z, as the "fùî zone". The change over from the near zone to the
far zone occurs wl:ren lzlroz æ L Mrncrnn has shown that the limiting value of
rS, far from the screen, is given by

B : {1 - exp (-Z$oz¡trrz. (18)

The curves of X'ig. I were obtained by computation using an electronic com-
puter, and there is, in general, no simple analytical expression for them. If,
however, {o is small there is a useful analytical approximation as follows

- / +droa1-t,r. (19)S:\/zd.(r.,41rzrl
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The limiting value of B far from the screen is, according to this approximation,

equal to {, ór.
In X'ig. 3 the fbrm of the approximate expression (I9) is shown by tle dotted'

curves. It will be seen that thå äpproximation is very good for values of {o up to

0.5 rad and reasonably good. up tã-o.zr rad. To this approximation, s is propor-

tional to {o and this leads to a great' simp

with zeniih angle is then independent of
will be used, and not the exact curves of
lating zenith angle variations by the 

-use
ã"p"i¿ upon the"value of {o as"sumed, so that no general result's can be given'

t?.

o

o8

06

o'4

o.z

s

20 +oo
Àz/roz

Fig. 3. The scintillation depth rS, as a function of )'zlroz for an isotropic phase

screen. The dotted ",,".rui 
ropresent the approximation of equation (I9)'

The theory of Mnncrnn applies only to isotropic irregularit'ies. In general the

phase pattern over the *'rrr"?r-orrt wili be anisotropic and will have a correlation

function of the form of equation (10) rather than (16). For this oa,se P. w' J'tuns

(private communication)ïas shown that,equation (19) must be replaced by

S : t/2Ór{ I - (cos ¿¿1cos %r)r/'cosl(u, i ur)\r/'' (20)

where tan u, - 2),zlnrs2, and tan uz:2Àzlnþzro2'
This function d.epeïds only on two pátu,-ðt"rs, the quantity ),zlro2, and þ,

the axial ratio of the phase pat'tern' Thus we may write

s : t/z6or(^\,u). (2r)

In Fig. 4 the quantfty n : 6l\/tóo) is plotted as a function of Àzlroz' for

differentîalues of p' Thä curve ror þ :'t has' of course' the same shape as tho

curves of x,ig. 3 when {o is small. As p increases, there is a progressiv-e ch^ange in

the curves, Ëut they quickty tend to a timiting form, and the curve for p : 5 is

:l rod
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..ery nearly the sarne a,s the limiting curve for þ * *. This limit correspondsto diffraction by a "one-dimensional' screen, in .which the phase varies i., orr"
soon ¿ùs the anisotropy is appreciable,
the smaller dimension ro ofth" phase
larger dimension pro.
ce at infinity. It can easily be shown,
carried out for a, source at infinity can
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X'ig.4.'Ihe function,F:Sl¡/tóo)as a function of lzlroz for an anisotropic
phase screen. Tho curves a"e lo" different values of trie axiar ratio p.

be extended to applSz to a source at a finite distance by redefining z asfoilows

)z /r,2

llt
I

t,o4
L -Z

(22)

where z, and' 22 aîe the distances of the observer from the screen and the sourcefrom the screen respectively. X'or this result to hold, the angles of diffractionmust be small' This condition is well satisfied, as thá angles of diffraction are

for the calculation of the zenit]r angle variation of the scintillation depth, bothfor radio stars and satellites. It shãuld be noted that because the approximate
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equa,tions (f 9) and (20) are used, the results will apply only when the scintillation
effects a,re not too severe (i.e. do { 0.7 rad). The shorter the wavelength, the
more likely it will be that this condition will hold.

5. Trrn Znr.TrrH Ancr,n Vanr¡rrox x'on, RaDro Sran,
ScrNrrr-l¡.rroNs

5.I. I sotropi,c,í,rregulørities

It is useful to consid.er isotropic irregularities first in order to iilustrate the
general nature of the results. The difficulty in dealing with anisotropic field-aligned
irregularities is that the geometry of the earth's magnetic field is different for each
observing station and each radio star, so that only special cases can be worked.
out. n'or isotropic irregularities, however, general curves for the variation with
zenilln angle can be given. For irregularities in the ,ú'-region, the assumption of
isotropy is a serious oversimpliflcation, as will be shown later. It may be a, rea,son-
able assumption, however, for irregularities in the E-region.

In order to calculate the variation of the scintillation depth B with zenith
angle, equations (f 5) and (19) are combined to give

I -2- 4\-rtz
Boc,tr(secilnlt * 1',lo^l Q3)\ 4À2zr2l

Thevariationof d andz, with zenith angle 0 is given by equations (1) and (2).
The family of curves shown in X'ig. 5 illustrates the results. These curves epply
to irregularities at a height of 300 km, and ea,ch curve is for a different value of
the parameter )"lro2. The value of this quantity determines the distance at which
the near zone goes over into t}re far zone. If )"lroz is very small, the observer is
situated in the near zone for all zenith angles. Equation (23) shows that S is then
proportional to zr(sec d)1/2. Since a, and sec i both increase with zenith angle,
t'here is a large increase in scintillation depth as the zenith angle increases. If
)"froz is larger, observations are made entirely in the far zorre, S is independent of
?1, ùrrd only the (sec ø)u2 factor remains. The zenith angle variation is therefore
much red.uced. X'or intermediate values of ),froz there is a change over from neer
zone conditions to far zone conditions as the zenilln angle increases.

ft has sometimes been suggested that the form of the zenittr angle variation
might be used to determine the height of the irregularities. The present results
show that in general this is not possible, because the curves d.epend. so much on
the value of the parameter )"lro2. This has not been realized previously, because
the assumption has usually been made that the observer is situated in the near
zone, so that the zenith angle variation is given by ar(sec i)t/t. This depends only
on the height of the irregularities (from (l) and (2)) ancl is independent of )" and r o.
However, the assumption that observations are made in the îea"r zorre is not
justified for the wavelengths normally used. The diffraction process is governed
mainly by the smaller dimension of the irregularities (Seotion 4), and & reason-
able estimate of. ro would be 1km, for irregularities in the .F-region. Thus 1f )" :
8 m, we have lzlroz : I for z : 125 km. Thus, if the irregularities are at heights
near 300 km, it is more nearly true to say that observations are made entirely in
the far zone. ft is only for very short wavelengths (of the order of 0.3 m for this
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example) that observations will be made in the near zone for all zenith angles.
At these short wavelengths, scintillation effects will probably be too small to
mea,sure except a!, zenitt' angles approaching 90o, and here the .Ð-region is likely
to take over from the -F-region. It seems unlikely, therefore, that the height of
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Fig. 5. The scintillation depth S (normalized to unity at, the zenith) as a function
of zonith a,nglo, for radio star scintillations. frregularities at a height of 300 km.

The curves aro for difforent values of tho pa,ra,meter Alroz (krn-t).

the irregularities in the -F -region oan be determined from observations of the
zenith angle va,riation. AÌso the effects due to anisotropy are important, and this
introd.uces yet another va,riable.

The only p evious work on the zenith angle va,ria,tion in which the transition
to far zone conditions is included appears to be that of W¡cNnn (I962u),
which applies to a "one-dimensional" system of irregularities, such that the elec-
tron density varies in one direction only. Howeyer, the importance of the size of
the irregularities (4o in 'W¡ennn's notation) was not emphasized. X'igs. 3, 4, 6
and 9 of W.teNnn's paper must ha,ve been calculated for some paúicular value of
6e and some particular wavelength; the va,lues used are not stated. The curves
would be greatly changed by small variations of fo, and it is impossible to deter-
mine the height of the irregularities by this method.

o
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It is of interest to consider some ïecent results obtained by Cnrvnns and D¡.vrps
(1962) on 1390 Mc/s (,1 :0.22 m). They observed the variation of the scintillation
depth over the ra,nge of zenith angles 50o to 86" for the radio sources in Cygnus
and Cassiopeia. The observed variation wa,s compared with theoretical curves

based on the assumption that observations were made in the rreùr: zorre, and the
conclusion was reached that the irregularities were at a height of 100 km. Now
with ro : I km their assumption is justified for this short wavelength. However,
there is some uncertainty about the value of ro which should. be used at' the level
of the E-region, and so it is of interest, to examine the results in more detail, in
order to see whether the appropriate value of r0 can be determined. It should
first be noted that the height cannot be very different from 100 km. Any greater
height will not give a sufficiently large variation with zenit'ln angle for any value
of ro. It is true that the irregularities could, in principle, be lower than 100 km,
and the value of ro could be adjusted. to fit the observations. However, it is ex-

tremely unlikely that there would be sufficient, ionization belo.w about, 90 km to
produce any effects. 'Ihus the renge of possible heights is extremely limited, anrl

must be close to 100 km. We therefore accept this height, and ask what limitations
can be placed on the value of ro. n'igure 6 shows curves of the zenit'll, angle vari-
ation calculated" from equation (23), with h : I00 km and 

^ 
:0'22 m, fot various

values of ro. These cuïrres have been normalized. to pass through t'he same point

^tr 
g:70". The experimental points, similarly normalized, are also shown. It

will be seen that ro cannot be less than 0'3 km.

5.2. Anisotr opic'i'rr egulq'rit'í'es

In general the anisotropy of the irregularities is important,, and must be include<l
in the calculation. The scintillation d.epth then depends on the angle between
the line of sight and the magnetic field., so that it is not a function of zenith angle
alone, but depends also on the azimuth angle of the source. As the earth rotates
the zenith angle and the azimuth angle of a radio star are continually changing'
Since there is a unique relation between the two angles, the scintillation depth
may be regard.ed as a function of either angle. The variation c&n be worked out
for any particular souïce from the results already given, if the geometry of the
magnetic field is known.

In ord.er to simplify the discussion, we shall consider only a, source which is

circumpolar, and instead of working out complete zenitlt a,ngle curves we shall
consider only the ratio of the scintillation depth at lower transit to the scintillation
depth at, upper transit. The main effects of anisotropy are illustrated by con-

sidering this ratio, and since it is a single number, the effects of changing the
various parameters can be illustrated without the need. to reproduce a very large
number of complete curves.

In order to calculate this "zenith angle ratio" for any particular source, the
values of the following quantities must first be decided: the height of the irregu-
larities, the value of ro, and the value of the axial ratio ø. The first step is to
determine the angle g between the line of sight and the magnetic field. at upper
and lower transit. The field. is that in the vicinity of the irregularities, and may
be obtained from one of the standard approximations to the earth's field. Then
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the axial rutio B of the phase pattern can be determined. for upper and lower
transit from equation (rl). The two values of z, are found. from equation (2).

6
o

o.4

4

c
q
oÞ
a
.9
o

.E

o
.¿
-9o
TE

3

o.3 É
:<

o-2.2

.o

o

54 sB 62 t?.n¡hlIqr., 
'oo"n 'u az 86 so

Fig. 6. ZerrilÌn angle curves Cr¡vons and D¡vrns' obser-
vations on 1390 Mc/s. The rities is taken as 100 km, and

the cur alues ofro.

The zenith angle ratio is then found from equation (2r) which gives

{ _ óo'FQ'zt'lro', þ')
¡S $oTQ,zrfroz, B)'

(24)

where the values B, do, þ, zrrefer to upper transit and the values 5,, ö0,, þ,, zt,
to lower transit. The ratio óo' löo is found. from equation (r4). rn numeriä"i *o"L
the curves of Fig. 4 -.ay be used to find. the varues of the- f'nction -F.

As a large amount' of data is available for the source Cassiopeia A observed at
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Cambrid.ge (52"N) on a frequency of 38 Mc/s, the results will be illustrated by
considering this example. The source is circumpolar, and the zenith angle has
values of 6" and 70" at upper and lower transit. In X'ig. 7 the calculated zenith
angle ratio is plotted. as a function of ro. X'our curves are shown. The dotted
curves are for isotropic irregularities (ø : þ : l), and for heights of 200 km and
400 km. The solid curves are for anisotropic irregularities with an axial ratio of
5 and for the same two heights. The effect of the anisotropy is seen to be very
important. n'or example, if the irregularities are at a height of 200 km, the zenit}_

4

o¡?34
ro' Km'

Fig. 7. Tho ratio of scintillation depth at, lower t¡ansit to scintillation depth at
upper transit for the sourco Cassiopeia A observod at Cambridge on 38 Mc/s.
The solid curves are for anisotropic irregularities with an axial ratio of 5, and

the dotted curves for isotropic irregularities.

angle ratio is 4'0 for isotropic irregularities, but only 2.65 for anisotropic irregu-
Iarities with a : 5. The rea,son for this is easy to see when the partioular geometry
for this source is consid-ered in relation to the direction of the maghetic field. At
loruer transit the line of sight to the source is approximately transverse to the
field in the .F-region, so tha,t the irregularities are viewed "broadside-on". At
upper transit, the irregularities are viewed more nearly "end-on" and so the phase
deviation is increased (equation (I4)). This effect produces a variation in the
opposite sense to the usual zenith a,ngle variation, and. so red-uces the zenith angle
ratio. This effect has been discussed by Lrrrln, Rnrl, Srrr,rnnn and Mnnnrrr
(1962), in connection with observations of the s¿ùme source made in Alaska. There
the irregularities are viewed almost exactly "end-on" at upper transit, and the
zenith angle variation is almost completely removed.

Experimental values of the zenith angle ratio have been determined from tho
Cambridge observations, and. may be compared with the theoretical results shown
in X'ig. 7. It is necess&ry to use a whole year's data to determine the zenith angle
variation, in order to remoie the solar time variation. The procedure adopted
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'was to obtain monthly mean curves of the d.iurnal variation, and to avera,ge these
in sidereal time by displacing each curve two hours relative to the preceding one.
From the resulting variation with sidereal time, the variation with zenith angle
can be found-, since the zenith angle is a function of sidereal time. Values of the
zenith angle ratio determined in this way a,re shown in Table l. There is some
evidence for a systematic variation with the solar cycle.

Tat¡le I

Year 1950 1953 Lg54 1955 1956 1957 1958 1959 1960 196r

Zenil]r
angle ratio 3.8 2.6 2-3 2.7 2.1 2.3 2.t 2.8 3.3 3.5

n'igure 7 shows that for the most probable values ro : f l<m and ø : 5, the
calculated zenith angle ratio is only of the crder of I'25, which is much less than
the values observed. It seems unlikely that these values of ro and c{ can be grea ly
in error since they were determined. by other experiments made at Cambridge,
using the same source and- the same frequency. It therefore seems that the dis-
crepancy is real, and that the observed- zenith angle variation is influenced by some
other effect. The most probable explanation is that the degree of irregularity of
the -F-region increases with latitude. For large zenith angles, the line of sight
intersects the /-region well north of Cambridge, so that the zenith angle ratio
would be increased by such an effect. A similar latitude variation has been suggested
for different reasons by Cnwnns (1960) who observed the same source at Jodrell
Bank.

A point which should be mentioned here is that the Cassiopeia A source has
an appreciable angular diamctcr, and this ho,s thc cffcot of rcducing tho eointil
Iation depth (Bnrees, 1961). This reduction is largest when the irregularities are
far from the observer, and- so the effect tends to reduee the normal zenith angle
variation. An approximate correction for this effect was made in evaluating the
ratios given in Table I.

õ.3. The røti,o of the sci,nti,l,Lation d,epths for two wøuelengths
\ÃI^ L^*^ ^l^^..,- +l^^+ ^ .li-^^+ ^^*-.-;.^- ^f +I"^ +I.^n¡.' '-i+h ^l-õôr.¡o+;^nc icrr v ¡røvu Ð¡ruvvrr vrlùu ü utrvvu vuuy4r¡úvrr

difÊcult. To obtain a zenith angle variation, the source must be observed. for a
yea,r, so that solar time and irregular variations can be eliminated. Also, the effect
of latitude variations is uneertain. All these difÊculties arise from variations of
the degree of irregularity of the ionosphere, and. hence of {0, with time and spa,ce.

Now the ratio of the scintillation depths on two wavelengths is independent
of fo, provided it does not exceed about 0'7 rad. This suggests that many of the
difficulties would be removed if we used this ratio rather than the value on a single
wavelength. This ratio will still vary'with zenith angle, but this variation is due
solely to the changing geometry of the diffraction process. X'rom the observational
point of view, the use of this ratio would eppear to have great advantages. Since
it, would be no longer necessa,ry to average large amounts of data, the scintillation
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depthB could be evaluated accurately from its definition (17), thus avoiding the
use of a semi-empirical "scintillation index" (seo Section 8). A zenil}a angle curve
could be obtained in 12 hr. The condition that {o is small could always be met
by observing on sufÊciently short wavelengths.

The use of this ratio also eliminates the main effect of anisotropy of the irregu-
larities. As explained in Section 5.2, this arises from the fact that the irregularities
are viewed in different aspects at different zenil}n angles, thus changing the phase
deviation {0. This effect is therefore removed by using the ratio on two wave-
lengths. Some effect of anisotropy remains due to the difference bet'ween the
various curves of n'ig. 4, since these control the subsequent diffracbion process.
However the differences between these curves are not large, and so, to quite a

good approximation, we can take the irregularities to be isotropic.
Let the scintillation depth be B(,tr) for a wavelength .1, and B(,1r) for a, wave-

length ir. Then from (23) we have

åB:1,þ*#:*)-"'('+m|'. (25)

The variation of this ratio with zenith angle is shown in n'ig. 8 for irregularities
at a height of 300 km, and for wavelengths 1, : 7'5 m, 1z : 3'75 m (40 Mc/s and
S0 Mc/s). Each curve is for a different value of ro, and it will be seen that the
variation is very sensitive t'o t'he value of this parameter. If ro is very small,
observations are made entirely in the far zone, and for this limiting cese (25) gives

s(ir) Ar
(far zone).s(ir) 12

If ro is very large observations are made entirely in the rtea,î zorre, and for this
case

ffi:(u9' (near zone).

In the present example the curves tend to a limit of 2 when ro is small, and 4 when
ro is large. For intermediate values of ro there is a change over from the near zone
to the far zone as the zenith angle increases, and the curves cross over from one
limit to the other.

The detailed shapes of the curves depend on both the value of ro and on the
height of the irregularities. This was investigated. by calculating curves for other
values of the height, but these are not reproduced here. It, was found that vari-
ations of /z produced a family of curves rather similar in form to the family of
X'ig. 8, so that it is not possible to determine both ro and ñ. However, variations
of ro produce much larger changes in the curves than variations in h. Eor example,
a variation of h from 200 km to 400 km procluces about the same effect as a change
of ro by f 15 per cent. The method, therefore appears to offer a simple meens
for determining ro. Since the irregularities almost certainly lie in the range 200-
400 km, aI' any rate for zenith angles less than 70o, the curves of n'ig. 8 can be
used, and the resulting error in ro will not be more than ¡f l5 per cent. X'or tho
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collection of statistical data on variations of r0 this is quite adequate, in view of
the ìarge variations which may be expected from one occasion to another.

It should be emphasized t'hat the curves of X'ig. 8 appty strictly to isotropic

4.O

3'5

-lasls 3.oølØ

2'5

2,O
o to 20 30 40 50 60 70 80 90

Zenilh ongle, deg.

X'ig. 8. The ratio of the scintillation dopth on 40 Mc/s to the scintillation depth
on 80 Mc/s as a fi¡¡rction of zenith angle. Tho curves apply to observations of a

radio star, and for irregularities at a hoight of 300 km,

irregularities, but will be a, close approximation even if the irregularities a,re an-
isotropic. In the latter cese, the value of ro which is determined is, of course, the
smaller dimension. Also the curves of x'ig. 8 will apply, to a olose approximation,
for any radio star observed a,l a"ny latitude.

ro=O.5 km

lto,

h¡
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6. Trrn Zprrrrrr ANçr,n V¡nrarrorq wHEN TrrE SorIRcE rs a
S¡.rnr,r,rrn

6.I. I sotrogtic irregulo,rities

Again it is useful to consider isotropic irregularities first for purposes of illus-
tration, though the results cannot be expected to be more than a rough approxi-
mation when the irregularit'ies are in the /-region.

For isotropic irregularities, the scintillation d.epth is a function of the zenith
angle alone, and is independent of the azinttlh angle of the satellite. Universal
curves can be given which will appl¡r at any latitude. The calculation is similar
to that for a radio star; the only difference is that in equation (f 9) we must write
z : z7z2l(2, f ar) instead of z : zt. This gives, when combined with (f5)

S oc ,1(sec i)rrz
rzroa(2, I z2 -r/2

tr+ 4)tzzrzzrz
(26)

'Ihefactorswhichvarywiththezenithangle0 are'i,zrandz, (equations (1), (2)

and (3)). The fa,mily of curves shown in Fig. 9 illustrates the nature of the results.
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Fig. L The scintillation depth,S (normalized to unity at the zenith) as a function of
zonith angle, when the source is a sateÌlite at, a height of 1000 km. Irregularities at
a height of 300 km. The curves aro for different values of theparameter )'lroz (krn-t)-

These culrres ale for a sa,tellite at a height of 1000 km, and irregularities a,t a
height of 300 km. The quantity )"fro2 is used as a pa,rameter, so that the effect, on
the zenith angle culve of changing either ). or: ro can be seen. Th.e curves are
similar to those for radio star scintillations (X'ig. 5), but different in detail because

zr a"nd ?o vary differently with 0.

Srxer,nrox and Lyncn (L962a) gave theorelicaL zenith angle curves for
observations of Explorer VII made on a frequency of 20 Mc/s. These do not,

o

4
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agree with equation (26), and we believe that they a,re incorrect. No allowance
was made for the fact that the source is at a finite distance, nor for the faclttrat,
at the wavelength concerned, the observer is situated in the far zone. The curves
given by SrxçlnroN and Lvncn would, in fact, be correct for observations of a
radio star if the observer \4¡e1'e situated in the near zone.

6.2. Anisotr op,i,c,i,rc egul,ør'i,üies

If the irregularities are anisotropic, and field-aiigned, the scintillation depth
depends not only on the zenith angle, but also on the azimuth angle. During a
passage of a satellite past the observing station, the zenith angle and. the azimuth
angle vary in some particular way, and the geometry of each passa,ge is different.
It is not possible to investigate the variation of scint'illation depth during a single
passage, because some a,veraging procedure is necessary to remove the effects of
a possible patchy distribution of irregularities in the horizontal plane. It would
be possible to regard the scintillation depth as a function of the two variables,
zenith angle and azimuth angle, and to average a large number of observations
in such a 'way that this function was determined. The theoretical form of this
function could be determined for any particular observing station from the equa-
tions already given, together with the known geometry of the magnetic field.
However, this would be a very elaborate procedure, and. it is pleferable to use a
simpler approach.

Following Srrqcr,nroN and LyNcrr (1962b) we shall simplify the problem by
considering only times when the satellite crosses the magnetic meridian plane.
It will cross this plane at different zenith angles on different occasions, and the
variation rvith zenith angle for these occasions will show the maximum possible
influence of the anisotropy of the irregularities. This is because the irregularities
will be viewed exactly "end-on" when the angle of incidence is equal to the com-
plement of the dip angle. In order to calculate the zenith angle variation in the
magnetic meridian plane we proceed as follows. For any particular zenif,h angle,
the angle g between the line of sight and the magnetic field can be found. The
value of {o and the axial ratio of the phase pattern on the emerging wavefront
can then be found from equations (14) and (lr). Then either equation (20) or the
curves of Fig. 4 can be used to determine the scintitlation depth, remembering
that, z in equation (20) must be taken equal to zrzrf (2, f zr) where zrarrd zza,re
functions of the zeniíh angle given by equations (2) and l3). This plocedure is
then repeated for each value of zenith angle.

As an example of the nature of the results, X'ig. 10 shows the curves which
apply to observations of the Explorer VII satellite made at Srisbane on a fre-
quency of 20 Mc/s. These can be compared with the observations made by
SrNer,nrox and. L:n+cn (1962b, X'ig. l). In the actual observations, the height
of the satellite was variable, but we have taken a, mean height of 820 km. The
irregularities were assumed to be at a height of 300 km. Their smaller dimension
r0 wa,s assumed to be I km, and curves are shown for values of the axial ratio a
of l, 2'5,5, I0, 15 and 20. It will be seen that there is a marked peak in the curves
at a zenith angle of 33o torvards the North, when the irregularities are viewed.
"end-on". This peak is superimposed on the normal zenith angle variation. The
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normalizing procedure used in the observations removed this variation, but showed
clearly the peak at 33'N. The amplitude and. width of the observed peak can be
compared with the theoretical curves, and this comparison shows that there is
agreement if the axial ratio oc is of the order of 10.

Srwcr,nron and. LyncR (1962b) gave a different explanation of this effect,
based on specular refl.ection from field-aligned. irregularities, following a similar
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Fig. 10, The zenith angle variation in the magnetic meridian plane for scintil-
laúions of the signals from the satellite Explorer VII on 20 Mc/s, observed at
Brisbane. The curves are for different values oftho axial ratio ø, and for inegu-
Iariúies at a height of 300 km. Tho curves a,re normalizod to unity at the zenith.

suggestion of Rusn and. Cor,rn (f958) for radio star scintillations. It does not
appear to be necessary to invoke a special mechanism of this type, since, as we
have shown, the effect is readily explained. on the basis of the general diffraction
approach used throughout the present paper. So long as the influence of the
medium is weak, either a scattering theory or a diffraction theory must includ.e
all effects if fully worked out. The specular reflection idea appears convincing
if sharply bounded. irregularities are &ssumed. If, however, more realistic irregu-
larities with gradual boundaries are considered, the "reflection" process is seen to
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be no more tha,n a process of gradual refraction, which will occur whether the
irregularities are isotropic or anisotropic.

Mewosor" (1960) has suggested that the most favourable condition for for-
war¿ scattering by fleld-aligned irregularities is when the incid.ent radiation is

normal to the freld lines ra,ther than along them. This is in direct conflict with
the results of our calculations and. we believe that the suggestion is erroneous.

It is true that the scattered radiation is conflned more closely to the forward.

direction when the irregularities are viewed "broadside-on". The scintillation
depth, ho.wever, d.epends only on the ratio of the total scattered power to the
po*"t remaining in the unscattered rvave, and is independent of the angular dis-

iribution of the scattered power. The total scattered power is a maximum when

the irregularities are viewed "end-on", because the phase deviation is then a maxi-
mum. ihe angular distribution controls the scale of the pattern formed on the
ground, which is, on the aver&ge, larger when the irregularities are viewed "btoad-
Ãide-on", because the angular spectrum of the scattered radiation is then na,rrower.

6.3. The ratio of the sci,nti,l,løti,on d'epth' for two wauelengths

As for radio star scintillations, the ratio of the scintillation depths for two

wavelengths is independent of {0, and this leads to a considerable simplification.
It is no longer necessary to average a large number of observations in order t,o

remove the influence of the patchy distribution of the irregularities. Variations
u,ith latitude, and the main effects of anisotropy ate also eliminated (see Section

5.3).
The expression for the ratio s(,11)/s('1r) is the same as equation (25) except

lb.at z, is replaced by zrzrl(2, * zz). As an illustration we have chosen pa,I¿ùm-

eters appropriate to the forthcoming "S66 Polar Beacon Ionosphere Satellite"

lBounnnau, 1962). This will transmit unmodulated signals on 20 Mc/s and 40 Mc/s,

two frequencies which would be very suitable for observations of this type. The

height of th" satellite will be f000km. The curves of Fig. Il show how the ratio
of ãhe scintillation depths on the two frequencies would vary lvith zenith angle,

for different, values of ro. The irregularities are assumed to be at a height of 300 km.
In using this methocl, the varia,tion of S with time would be determined. for

both frequencies during a passage of the satellite. n'rom the orbital data, the vari-
ation of the zenith angle with time would be determined, and. the ratio of the

scintillation depths wouid. be plotted againsi zenitir angie. This would ieatÌ io a
value of ro, the smaller dimension of the irregularities. Although the curves of
X'ig. f I are exact, only for irregularities at 300 km, the error in ro will be less than

¡¡ir per cent provided. the irregularities are in the range 200-400 km. Obser-

vations of this type would appear to be very valuable, especially if carried out over

a wide range of latitudes, since little is known a,bout the way the size of the irregu-

Iarities varies with latitude.
It is possible to obtain an independent estimate of the size of the irregularities

from the rate of scintillation (Srncr,nron and Lvscrr, 1962b). However, this
method depends rather critically on the height assumed for the irregularities' A
combination of both methods may enable the height to be determined.
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7. Trrn Wnrcrrrtllç X'uNcrron
Irregularities at different distances are not equally effective in producing em-

plitude scintillations. fn this Section we consider the nature of the "weighting

4.O

3.5

?ll s.o
ølØ

2'5

2'O
o/o2030405060708O90

Zenith ongle, deg.

Fig. 1r. Tho ratio of tho scintillation depth on 20 Mc/s to the scintillation depth
on 40 Mc/s as a function of zenith angle, when the source is a satellite at a height

of 1000 km. frregularities at 300 km.

function" which determines the effectiveness of irregularities at different, distances.
X'or simplicity, only the case of isotropic irregularities is considered.

If waves are received from a radio star, the scintillation depth is given by
equation (19) where z : zt is the distance of the irregularities from the observer.

ro=O.5 km

'o.o. 75

/q1
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If we imagine the sa,me irregularities to be placed in different positions along the
line of sight, {o will be constant, and the variation wil}r' z, gives the weighting
function. Thus the weighting function is given by the curves of X'ig. 3. frregu-
larities very close to the observer (2, small) are ineffective in producing amplitude
scintillations; they produce only phase scintillations. As z, increases, the weight-
ing function increases, but finally becomes constant for irregularities at a large
distance from the observer.

If waves are received. from a satellite, the situation is rather more complicated,
since z is now to be put equal to ztzrl(2, + zz). This is zeroif zt : 0 or a, - 0, so

that irregularities very close to the observer or very close to the satellite produce
only phase scintillations. The maximum value of z occurs when a, : zz, so lhat'
the most effective irregularities for the production of amplitude scintillations a,re

those situated- half-way between the observer and the satellite. Again, if we imag-
ine the same irregularities to be placed in different positions along the line of sight,
{o will be constant, and the rveighting function is obtained by substituling z :
zrzrl(2, f zr) into equation (19). The resulting expression may lce regarded as a
function of a, since (2, I zr) is constant,, and equal to the distance of the satellite
from the observer. X'igure 12 shows the weighting function, regarded as a function
of ar, for a satellite at a distance of 1000km. The quantity )"lroz is used. as a
parameter.

It is important to consider the possible influence of this weighting function in
any method for detgrmining the height of the irregularities. If the satellite is so

Iow in height that it actually passes through the irregularities, they will appear to
be at a mean height rather less than that of the satellite, because the weighting
function is always zero at, the satellite itself. X'or satellites as high as 1000 km the
effect, is not likely to be serious, because the weighting function has a long flat
portion in the range of heights 'where irregularities are likely to exist (X'ig. tZ).

8. Trrn Rnr,erroxsnrp BElwDnn V¡.nrous MEÄsunES ox'
TEE ScTNTTLLÁ.TroN Dnrrrr

Several different measures of scintillation depth have been used in observations
of radio star and satellite scintillations. The results of the theoretical calculations
made in the present paper cannot be compared directly with experimental data
unless the relationship between these various mea,sures is known.

\.Vhen radio .¡¡aves are received from a satellit'e, t'he deflection of the recorder
is normally proportional to the amplitude of the w&ve. It is therefore convenient
to use a measure of the scintillation depth which depends on the devia,tion of the
amplitude from the mean amplitude, divided by the mean amplitud.e. Two meas-
ures a,re possible, as the mean deviation, or the root-mea,n-squa,re deviation may
be used. These mea,sures will be denoted b¡, S, and Br. They are defined as follows

t-Br:ElA-El, e7\

1 I \ll2o ' trg _-Eyl (28)"2 - Æ l\-" '"r 
I
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In the observation of radio star scintillations, the deflection ofthe recorder is
usually proportional to the received power, i.e. to R2. It is therefore natural to
use a, me&sure of the scintillation depth which depends on the deviation of the

rooo

500

o 
*.lgiring irnoion, orbirro,founirs 

l's

Fig. f 2. The "v,eighting function" which determines the effectiveness of irregu-
larities at different distances from tho observer. Tho source is assurned to be at a

distanco of 1000 km. The curvea aro for different values of ),lroz (km-t¡.

po.wer from the mean power, divicled by the mea,n po.wer. Again two measures
are possible, B, and Bn, defined by equations analogous to equations (27) and. (28),
as follows

EY

E

,Sa _t (2s)
R2

(30)
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It is easily shorvn that Sn is the same as the mea,sure S used throughout the present
paper (cf. equation (17)).

If the probability distribution of -B were known, it, would be possible to relate
,S1, ,S2, B, and. Bn theoretically. Unfortunately the probability distribution is not,
in general, known. Mnncrnn (1962) has shown that far from a random phase
screen, when the amplitude fluctuations are fully developed, the distribution of -R

is one of the "Rice currres" (Rrcn, 1945). Limiting cases of these curves a,re &

"displaced Gaussian" distribution (when the phase deviation is small) and a
Rayleigh distribution (when the phase deviation is large). We are not aware of
any similar calculations of the probability distribution of A which âpply close to
the screen. It is therefore undesirable to make any assumptions about the form
of the distribution. The values taken by Br, Sr, S, and Ba for the limiting case of
a Rayleigh distribution ate, howevel, of interest, and these are giver in Table 2.

Table 2

Measure

Value for a
Iìayleigh distribution

,S1 ,S2 ,SB S¡ - S

o.42 0.62 0.73 1.00

In the absence of deflnite knowledge of the distribution of A, the safest pro-
ced.ure is to investigate the relation between the various measures experimentally,
by evaluating each of them for sample records. Other workers have used this
method for particular cases. n'or example, LawnnNcn et al. (1961) evaluated S,
and Sr2 from sample records of radio star scintillations. The results were given in
the form of a graph of S, against, rSr2, using logarithmic scales for both axes. If
the results are replotted as a graph of B, against S, with linear scales, it is found
that B, is quite accurately proportional to Sr. The maximum observed values of
S, and B, are those expected for a R,ayleigh distribution. Also Lrrrr,n et ø1,. (1962)
have shown that, for all but the largest values of scintillation depth, B, is pro-
portional to Sr. These results strongly suggest tha,t all four measures alîe propor-
tional to each other, within the limits of experimental error. If this is so we might
expect the relations between them to be determined by the values which they take
for a R,ayleigh distribution, which suggests semi-empirical relationships of the form

Sr : 0'42,5¿, (31)

Bz : 0'52 S¿, (32)

Ss : 0'73 /S¿. (33)

These results relate the measures ,S1, 82, B, to the measure S¿ - B which is used
throughout the present paper.

In order to test, further the relations (31) to (33) some records of the Transit
4A satellite obtained at Adela,ide have been anaìysed. The frequency was 54 Mc/s.
Each sample record contained about 50 fading maxima, and about I50 readings
of amplitud.e were tahen at equally spaced time intervals. The quantities,S,, ,Sr,

B, and Bo rvele calculated for each sample. The results are shown in Fig. 13(a),
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(b), (c), in which Sr, ,S, and B, are plotted. against, Sn. The straight lines represent
the linear relationships given by equations (3f ) to (33). It will be seen that the
experimental points lie quite close to these lines.

These results show that it is permissible to assume that the four measures of
scintillation depth are proportional to each other. It follows that when only rela-
tive values are required, it does not matter which measure is used. This is fortu-
nate, since it simplifies the interpretation of earlier work. If absolute values are
needed. it is necessary to convert the mea,sure used to the one which is calculated
in the theory, In future work, it would. be desirable to standardize on the use of
,Sn, since this is most easily calculated in the diffraction theory.

o

0.4

o.2

o.4

o2 o2

o.2 o.4 0.6 oB ro o o.2 o.4 0.6 o{ r.o o 02 04 o€ os rc'
54 Sc 54

n'ig. f 3(a),(b),(c). Obsorved values of úhe quantities,S1,,S2, S, plotted against,Sa, which
is the measuro of scintillation dopth used throughout the paper. The relationships

given by equations (31) to (33) are shown by the straight lines.

When very large numbers of records a,re to be analysed, it has been common'
to use a "scintillation index", assigned. to each sample of record. by visual inspec-
tion, without actual mea,surement,. When this is done, it is very d.esirable to "stand-
ardize" the index by relating it to one of the quantities Sr, Sr, S, or Bn (preferably
Bn). This can be done by analysing some sample records by the exact, method,
and plotting the "index" against, the actual value of scintillation depth. Mnncrnn
(1962) has shown that the scintillation index used by the Cambridge workers,
which has a scale 0-5, is proportional to B*. The index used by workers at Jodrell
Bank is d.etermined "by assessing visually the mean peak to peak amplitude of
the fluctuations . . . (which is) . . . then converted into a percentage of the esti-
mated source intensity" (CHrvnns, f960). The term "amplitude" is apparently
used here in the sense of "amplitude on the cha,rt,", and since the record is one of
intensity, the ind.ex should be proportional to Sr. SrNcr,nron and Lr¿ncn (lgG2)
define their scintillation index, used for satellite observations, as the amplitude of
the signal fluctuations, divided by the mean signal level. This should be propor-
tional to Sr.

fn Sections (5) and (6) we compared the various observations with the calcu-
lated results, u.ithout commenting on the measure used. This is now seen to be
justified, since only relative values of scintillation depth were used.

o

52 Sr
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Comments on the Paper by J. D. Lawrence anil J. D. Martin,
'Diurnal, Seasonal, Latitutlinal, and Height Va¡iations

of Satellite Scintillation'

B. H. Bnrccs aND I. A. PenrrN

Department of Phgsics, Uniuersi,ty ol Ad,elaid,e
A d, elaid e, S outh Aus tr altíø

In their paper Lcwrence and Martin ll964f
make the statement (which they attribute to
us) that the maximum scintillation depth will
be observed when the satellite's distance from
the observer is twice the distance of the ir-
regularities from the observer. The statement
in this form is not true, and it is not the state-
ment we made.

W'e did show fBnggs ønd, Parki,n, 1963] that,
if the phase deviation introduced by the irreg-
ularities is less than one radian, the scintillation
depth is a monotonicaJly increasing function of
the quantity * - Z, Z"/(2, + Z"), wherc
Z, is lhe distance from the observer to the ir-
regularities, and Z, is the distance from the
irregularities to the satellite. Thus, if the dis-
tance of the satellite from the observer is re-
garded as fixed (say Z, * Z, : .Il), and if
Z, is regarded as being variable, the scintillations
depth will be a maximum when T is a maxi-
mum, and this occurs when Z, = a/zH.In this
case, the observer and the satellite are regarded
as fixed, and irregularities are considered to be
placed at varying positions between the two.
It is then true that the maximum scintillation
depth occurs when the irregularities are half-
way between the observer and the satellite.

This, however, is not the problem considered
by Lawrei.rce and Martin. They are concerned
with a case in which the irregularities are flxed
in position and the satellite's distance changes;
i.e., Z, is fixed and H is variable. tr'or these
conditions, î has no maximum; it increases
monotonically from zero when ,ti = ZL lo i¡-

OcroBEr 1, 1964

fnity when 11 tends to infinity. The scintilla-
tion depth therefore also increases monotonically
as the distance of the satellite increases. Thus
the maximum which they observed for a certain
distance of the satellite (their Figure 4) cannot
be explained along these lines.

A possible explanation could be suggested
if the phase deviation introduced by the irregu-
larities is greater than one radian. As Mercier
119621 has shown, the scintillation depth is
then no longer a monotonically ilcreasing
fnnction of. T,but first increases to a maximu:n
and then decreases, eventually becoming con-
stant (see our Figure 3). This fits qualitatively
the forrn of variation obtained by the authors.
The peak at a certain value of T can be rc-
garded as a kind of rough 'focusing' produced
by the ionospheric irregularities acting âs

'lenses.' At the frequency used (20 Mc/s) it is
quite likely that the phase deviation would
exceed one radian on many occasions.
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The Study of lonospheric Irregularities by the
Use of Signals from Satellites

B. H. tsRIGGS & I. A. PARKINI

ABSTRACT

A survey is rnade of the information about ionospheric irregularities
which can be obtained by the study of the scintillation of radio waves received
from satellites. Special consideration is given to experirnental rnethods,
both existing and proposed, which give quantitative inforrnation about the
size ând shape öf the irregularities and about the height and the thickness of
the layer in which they are situated.

1. INTRODUCTION

7-|-aHE degree of ionization of the ionosphere is far from uniform. Irregularities or

I ' ¡toUs' of increased or diminished electron clensity are usuall¡r found at all levels
¡' and with a wide variety of sizes. Perhaps the most prominent irregularities

of all, with the largest deviation of electron densitv from the meán, are those often
p_resent in the F-region rvhich cause 'spreacì.-F' echoes and scintillations of radio
stars. Thev are observecl to be elongated with their long axes in the direction of the
earth's magnetic field. They occur mainly at night.

Recently it has become possible to study these irregularities by new methods, based

on the use of artifiçial satellites carrying radio transmitters. Thus ' spreacl-F ' has

beer observed above the maximum of the F-region by the Alouette 'topside sounder'.
Other methods make use of radio signals transmitted right through the F-region from a
satellite to the ground. In optical terminology we may speak of the irregularities as

forming a kind of random ' diffracting screen' rvhich procluces over the ground a random
' difiiaction pattern ' lvhen ' illuminated' from above by the radio wave. This pat-
tern can be observed in various ways by radio receivers on the ground. In the present

paper we sha,ll discuss observations of this type, and the deductions which can be made

from thèni.
The diffraction pattern will be in motion over the ground, due to the motion of the

satellite, and so a receiver on the ground will record a fluctuating signal strength. By
analogy with the scintillation of radio stars, these fluctuations are usually known as

' scintillations '. The ' scintillation depth ' can be measured by calculating, -for example,

the root-mean-square deviation of the signal from its mean value, and expressing this as

a percentage of the mean signal amplitude.
The rapid fluctuations or scintillations must be distinguished from other fluctua-

tions, usually much slor,ver, due to the Faraclay effect. Fig. 1 shows a t¡zpical record

in rvhich both effects can be seen. The Faraday effect (rotation of the plane of polari-
zalion) produces the slow changes of amplitude; it will be discusserl in more detail
shortly.

Manuscriþt receiued, on 29 Aþril 7964.
*Department of Physics, Utriversity ol Adelaide, South Australia.
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TRANSIT 5'{ lllcls 2147, 719162

Fig. 1 - 
Recording of the signal strength received from the satellite Transit IVA_ on 54. Mc/s. Two

in antiphase at the two aerials. The fast fluctuations

Let us now consider the diffracting screen formed by the ionospheric irreguleLrities
in more detail. Satellite transmissions are usually at high frec¡uencies, in the range
20-300 Mc/s. At these frequencies the refractive index of the ionosphere is only slightlv
less than unity, and refraction of the waves can usually be neglected. Nevertheless,
because of the presence of the irregularities the 'optical thickness' will vary with posi-
tion and a v,¡ave will emerge from the lower side of the ionosphere with random ¡¡aria-
tions of phase across its wavefront. Amplitude variations will be negligible because
there is no appreciable absorption of \¡/aves of these frequencies in passing through the
ionosphere. Thus we may call the diffracting screen a 'phase screen' in contra,st to
an 'amplitude screen', u'hich would be a screen which modified the amplitude but not
the phase of a wave passing through it.

If the diffraction pattern formed on the ground by the phase screen were also a
'phase pattern' it would. be difficult to observe. However, it can be shown by diffrac-
tion theory that amplitude fluctuations will appear, and will increase in depth as the
wave propagates downwards through the free space between the ionosphere ancl the
ground. The theory of this effect has been considered by Mercier (1962), Wagner (1962)
and others. Thus over the ground a pattern is formed with fluctuations <¡f both phase
and amplitude, but usually only the amplitude fluctuations are recorded.

It is now necessary to discuss the Faraday effect in more detail in order to shor,v

that it can be neglected as a cause of lhe fast scintillations. It can be shown that the
plane of polarization of a plane-polarized wave rotates as the wave travels throug'h an
ionized gas in the presence of a magnetic field, unless the propagation is exact.ly at
right angles to the field. The total angle of rotation depends on the angle to the field
and the total number of electrons contained in a column along the ray path. As both
these quantities varv as the satellite passes over an observing station, a continLuous
rotation of the plane of polarization occurs. The voltage inrluced in a dipole receiving
aerial therefore shows periodic fluctuations as shown in Fig. 1. Now if, due to the
motion of the satellite, the ray happens to pass through a cloud of increased electron
density, the Faraday rotation angle will suddenly increase. If the ray passes through
a region of decreased density, the rotation angle will decrease. Therefore, when the
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)RTHOGONAL DIPOLES

dipoles at right angles were used. The slow variations are d e to Faraday rotation and are
of' scintillations' are in phase at the two aerials'

ionosphere contains irregularities, there should be a rapid'flicker' of the plane of polari-

zation in addition to the rotation. \\tren the wave is received on a dipole, this flicker in

angle would be converted to an amplitude fluctuation. Thus in principle, the Faraday

efiect could cause amplitude scintillations, and it may be asked whether this effect might

not account for part or all of the amplitude fluctuations which are observed

While this flicker phenomenon mnst occur, calculations show that it would be

extremely small in most practical cases (probably less than 1 dggree), and would there-

fore make no appreciable contribution to the amplitude fluctuations. This can be con-

firmed experimentally by using two dipoles at right angles. If Faraday flicker were

appreciable, the signal on one dipole should decrease whenever the signal on the other

increases. On the other hand, true variations of amplitude of the downcoming wave

woulcl have the same sign for both aerials. The records shown in Fig. 1 were obtained

using crossed dipoles, and it can be seen that there is close and detailed agreement

between the fast fluctuations. This shows that the Faraday effect cannot be important

as a callse of scintillations.
We are justified, then, in supposing that the diffraction process outlined earlier is

the main cause of the amplitude fluctuations, and we shall now consider what can be

deducecl from observations of these fluctuations. The objective is to find out as much

as possible about the irregularities which cause the effects. We wish to know, for

example, their size, shape and height above the ground, and whether they exist uni-

formly over a large region of the earth, oi are distributed in patches. Relatively simple

observations using a snrall nunber of radio receivers can give this type of information,

if the records are analysed by suitable statistical methods.

Before we discuss these methods it is necessary to consider how thc 'size' and

'shape' of the irregularities are to be specified. Since they are irregular, definitions of

a statistical type are needed. Further; we must keep the number of parameters to be

determined as small as possible, or we shall find that we have too man¡r unknowns.

Considerations of this type, together with the known elongation along the earth's

magnetic field, suggest that an ' average' irregularitv or 'blob' may be taken to have

the form of an ellipsoid of revolution with its long axis along the field ancl wittr a
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variation of electron density along any radius of the form of a Gaussian error frrnction.
The error function has the advantage that it contains only a single variable parameter,
the value of rvhich specifies the 'size' of the irreguJarity. The use of this function
may perhaps be justified on the ground that an-v- irregularity will tend to approximate
to this form after somi: diffusion has taken place.

we assume, then, that the excess eÌeitron density ÀN of a typical blob is given
by

AN(r, s) : Allo exp s9
...(1)r''"12 (uro)212

where r ancl- s are a pair of cyÌindrical co-ordinates such that s is measureci along the
local magnetic field direction and r perpendicular to the field. The quantitj ro!{Z
measures the dis.tance transverse to the field at which Alr/ falls to lle oI its nraximun
value AlVo. Similarly, urol 1/2 measures the corresponding distance along the field.
The 'axial ratio' is therefore ø, which is assumed to be greater than 1.

It can be shown (Ratclif{e, 195ó) that if a large number of blobs of the abor¡e form
are distributed at random so as to build up an irregular medium, then this medium will
have an 'auto-correlation function' p"(r, s) given by

P¡¿(r, s) : exP rz s2

r! (oro)'
(2)

[The factors o1 2 are introduced in (1) for convenie¡ce, so that they disappear in (2).1

S v
-ê-1-

s*-,grE

les

I!g^'Z-AsatelliteataheightHtravelswithvelocityVoveralayerofirregularitiesata.heighth.SIO reprcsents a raclio rav travclling f¡om thc satelliie at S to a-recciver a"t O. frrcgular:itiis are
impressed on the rlavefront near the point I
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With these clefinitions thc problem of specifying the 'size' ancl 'shape' of the

irregularities is reducecl to the detcrmination of the value of r¡ (the ' size ' transt'erse

to the field) and ø. (the axiarl ratio). \\Ie no's, consider some possible observations

l'hich enable these qrrantities to be founcl.

2. VARIATIONS WÍTH ZENITH ,\NGLE

^\s a satellite passes o\-er aÍì observing station, its zenith angle 0 is continualhz

changing (see Fig. 2\. When 0 is large the thickness of the irregular lat'er jnterceptecl

by the ray SIO froti tiie satellite is increasecl. This leacls to increasecl phase fltlctuations
across the emerging \\a\¡efront. Also, rvhen 0 is large thcrc is a greater distance IO for
amplitude fluctuations to builcl up as the wave travels to the receiver at O. For botli
leasons the depth of the anrplitucle scintillations rvoirlcl be erpectecl to increase rvith

increasing zenith angle. Furthcr, it ma-v happen that for somc value of 0 thc ray SIO

is along the direction of the earth's magnetic fielcl. Thc u'avc then travcls aìong thc'

'long axis' of the ellipsoidal irregularities, ancl this procluces the marimun possible

phase deviations. Espcciall5- strong scintillations 'lvoulcl therefore be erpectecl uhen-

ãver the satellite is vieu,ed in the clirection of the magnetic fielcl. This ' aspcct-sensitile '

effect rvill be more marked tìrc greater the axial ratio ,t-.

These efiects can be workecl out quantitativeìy (Rriggs ancl Parkin, 1963) ancl

some of the results are shorvn in Fig. 3. Fig. 3(a) shorvs the I'ariation of scintillation
clepth rvith zenith angle in the magnetic meridian plane for obsen'ations of thc proposec-l

Beacon Satellite 566 made at Adelaicle The peak at an ângle of about 25 from' the

l.
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Thc zenith angle varjqt^i91
roi oUsei','àtions oi â satellite at a height of 1000
ot 300 km. The parameter ro is taken to bq ! t<1'
ratio r. Thc frc{uency is 20 Mc/s. (q) Adelaiac

(c) South Indiã (dip angle: 0). The curves a
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60' oo

Zenith Angle
Fig. 3(b)

zcnith occnrs u'hen the r¿tdio tvar.e trar.cls along the clircction of the magnr:tic fìetcl in
the ionosphere. Fig. 3(b) shorvs similar cur\¡es for Calcutta. Here the peak has moyed
out to a mrtch iarger zenith'angle because of the smaller value of rnagnetic dip. The
combination of the peak and the normal zenith angle effect results in particularlç large
rralues of scintillation clepth s'hen the satellite is far to the south. Fig 3(c) shorv-s tire
clu\¡es erpectcd for an obsen'ing site in southern Inclia, close to the magllerlic cquator.
Here, as u,oulcl be expectc<l, there is symmetry around the zenith. It u'ould be rrseful.
to verify these i'esults b-y rtbsenrations macle at stations at clifierent latit¡c}:s. So far,
the only observations reporting such effects are those of Singleton ancl L5rnch (lgfl)
macle at Brisbane.

Of course, a satellite rvilÌ not norúrallv mcive jn the plane of the rnagnetic meridian.
I{oq'ever, it is possible to select times rvhen it crosses this plane, and it rv:ill clo so at
clifferent zenith angies on differcnt occasions. I3y combining such results, a rrrean cur\-e
can be obtainecl for comparison u'ith theoretical cur\/es like those of Fig. 3.

One method for cletermining the 'size' of the ilregularities (ru) is to oltst:rr,e scintil-
lations on trvo frequcncies simrrltaneously'. For examplc, the 566 s¿r.tellite ri'ill provide
.signals on 20 ancl 40 Vc/s. Tbe ratio of the scintillation depths clepencls mrrinlv on i,
as shorvn in Fig. 4, ¿nd is more or less inciependent of the angle to the ma¡;netic lìelcl.
The variation shorvn in Fig. 4 can be obtainecl for a single transit of the satellite, antl so
/'0 can be founcl by fitting thc observecl ratios to one of the currre_c.

3. DETERI\{TNATTON OÍ' THE HÐIGHT OF THE IRREGULARITÍ]ES

We assume that the irregularities are,situated at a rnean heiglrt of lt, and that the
thicl<ness of the laver A/¿ is srr,aìl comparecl rn'ith /¡ (Fig. 2). The problem nou-is to
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cletermine /¿, and'if possible also Àlz, from obserr-ations made with a number of receir.ers

on the ground.
In one simple method the ray SIO is consiclèred as an optical lever rvhich is instan- 

-

taneouslr' ' pivoted' at I rvithin the irregular layer. The motion of the clifiraction
patter-n over the gr:ound at O is clue principally to rotation of this lever as the satellite S

mo\res, with smaller and usually negligible contributions from rnovements of the layer tself .

'fhe velocity of the pattern arising in this way is given by

,:#t.v ...(3)

for a. satellite moving with veìocitJ, V near the zenith.
Frihagen and Troim (1960) have made use of this result. They arrangecl trvo

leceivers at a knorvn separation along the path of a satellite so that the diffraction
patter-n nroved. parallel tó thc line joining the receivers. Following the Mitra method
(\[itra, 1949), ,the--v determined the time delay betr,r'een the occurrence of a recognizable
signal 'shape' at the trvo receivers ancl decluced from it the clrift velocity of the pattern.
This and a knorvledge of the altitude ancl velocity of the satellite enablecl them to find
the height of the irregular region u'hich they put at about 350 km.

In the analysis of their recorcls Frihagen and Troim found a consiclerable spread in
the values deduced for pattern velocitlz on any one occasion. Such a spread is due, in
the main, to the finite tlrickness of the irregular layer, the higher parts of the layer
contributing to the grouncl pattern, a structure r'vhich moves r,vith a greater speecL than
that due to the lolver parts. The differential fonn

fu: - ,=!vrr"Lt, ...(4)
(H_k),
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derived from the previous equation, permits an estimate of the layer thickness Lk to be

made when the spread in pattern velocity Au is l<nown.

A rigorous treatment of these methods is to be found in the ccrrelation analysis of

Briggs, Phillips and Shinn (1950) and Phillips and Spencer (1955). There rvell:defined

measures of the mean pattern velocity and the velocity spread are determined accurately

from the cross-correlation functions of records taken at three spaced receiving points.

James (1962) has related. these measures theoretically to the height and thickness of the

irregular region. His results have not yet been appl'iecl in practice.

4. INFORMATION OBTAINED BY FOURIER METHODS

We have seen in Section 2 linal the parameters ro and oc can be determined from the

behaviour of the scintillation depth with zenith angle. It is reasonable to expect, in a

d.ifferent approach to the evaluation of these parameters, that the diffraction image on

the ground. will have spatial dimensions closelv related to those o{ the irregularities'

A brief consicl.eration of the diffraction process will outline this relationship.

It will be necessary to define two more correlation functions. The two-dimensional

correlation function of the phase variation which appears across a wavefront emerging

from the irregular region will be denoted by p¿(8, ri). At the radio frequencies which

concern us the phase d.eviation at any point ii proportional to the integrated electron

density along the ray through that point. It follows that the phase fluctuations re-

present 'projections' of the electron density irregularities onto the wavefront and in the

same sense the two-dimensional function P4(É, 'l) is the

sional function p¡y(r, s) defined in Section 1. p¿(8, 'l) has

and dimensions are directly related to the correspond

(Briggs and Parkin, 19ó3).

At the ground we define the correlation function g¿G", ù which describes the spatial

behaviour of the t,"vo-dimensional pattern of signal amplitude. The 'shape' of this

function is that of a typical structure in the amplitude pattern'
Fourier transformation of the functions e6G, ù and p,a([, 4) gives the power

spectra of the varìations they describe. W6lrt, vr) and Wnþr, vr) are respectively

the spatial power spectra of the emerging þhase pattern and the ground amplitude

pattern.
The relationship between e6ft", n) and its 'image ' P,s(|, ù depends upon the extent

to which any sinusoidal phase component is reproduced as a corresponding _amplitude
component when the wave has travelled to the ground.

Thls aspect of diffraction theory'has been treated by Bowhill (1961). For a screen
- which produces a shallow irregular fluctuation of pha-se in a wave, the two power spectra

are related by

W ¿(rr,v"j : W 6Qr, vr) sin2[Ileì(r7*rÐl ...(5)

where z is the d.istance from the diffracting screen to the plane in which the amplitude

pattern is examined.
Application of this result to scattering by a screen of the typé defined by our

function pr(r, s) leads to an analytic expression lor pa(1,4) which can be written in terms

of øo and a. Without quoting the expression u'e can say that the characteristic

contour (at the l,leIeveI) of the îunction p¿([, r1) is approximately elliptical. Its spatial
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dimensions do not differ by more than a factor of two from those of the corresponding
contour of pø(q, tl).

In practice p¿(8, ù is determined from records of signal amplitude taken at spaced
receivers. In the correlation analysis of Briggs, Phillips and Shinn (1950), three such
records are used. The assumption is made that p¿(8, ,ù has elliptical contours and the
semi-minor axis, the axial ratio and the orientation of the major axis of the charac-
teristic ellipse are found. The frrst two of these parameters we know to be related to
ro and u. The last, the o¡ientation of the axis, will give information on the fieìd aligned
nature of the irregularities.

The possibility of another interesting experiment arises from a consideration of
Eq. (5). The function

F(ì,., z, v¡, vr) : sin, [Ilz].(vl {r!)l ...(6)

which modifles the power spectrum of the phase fluctuations has circular symnretry and
distinctive ze.roes at radii given by

(vltvlltlz:(nlz\)112, m:0,1,2 ...(7)

From a determination o1 ea(1,4) over the ground using a large number of receivers,
it should be possible by Fourier transformation to obtain enough information 1.o fix the
zeroes of F(À, z, vr, vz). The use of Eq. (7) will then provide a value of z correspond-
ing to the height of the irregular region. This should of course agree with the value
dete¡mined by the method of Section 3.

The results which have been given in this section are only applicable to difiraction
by a thin phase screen. The theoretical problem of diffraction by a thick irreguJar screen
has been considered by Tatarski (1961) and Budden (1964).

5. OTHER METIIODS

The irregular regions in the ionosphere which cause scintillations often seem to be
of limited horizontal extent. Satellite methods are particularly suitable for locating
localized ' patches ' of irregularities. It is also possible to cletermine the sizes and heights
of the patches. In this type of observation, the time of oriset and cessation of scintil-
lation is observed at several stations separated by a few hundred kilometres. Then by
triangulation it is possible to locate the positions in space of the 'edges' of the irregular
regrons.

The results of observations of this type seem to show that there is a well-defined
boundary at about 54' magnetic latitude, such that irregularities always exist to the
poleward side of the boundary and are continuous. On the equatorial side of the
boundary, however, irregularities tend to occur in discrete regions with north-south
dimensions of a few hundred kilometres, and east-west dimensions probably in excess
of 1000 km. (Munro, 19ó3). The latter results are in agreement rvith the observed sizes
of patches of irregularities which cause spread-F echoes (Briggs, 1958).

CONCLUSION

A number of methods have been described which enable useful informatiion about
ionospheric irregularities to be obtained by observing the scintillations of radio signals
received from satellites. From the experimental point of view the methods are simple,
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as they require no more than a number of radio receivers and chart or film recorders,
It would be useful to carr¡¡ out.such observations at many places on the earth.
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