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SU}lMARY

This thesis presents the nesults of a study of nadio echoes fnom

meteor ilrails, with panticular: emphasis on low nadio fi:equencieS. Radio

echoes have been obser.ved at a fneg.uency of l-.98 lll{z using a lar"ge aenial-

array sítuated at Buckl-and Park nea:: Adelaide. The resufts of a

pr.eliminany study of these echoes have been presented and companed with

theonetical pnedictions. Use of meteor tnails, obsenved at low

fnequencies, as atmospheric sensons has al-so been considened.

The distnibutiorr with height of l-.98 MHz:radio meteor echoes has

been measuned and companed rvith the height dístnibution of nadio meteon

echoes obsenved at higher: nadio fnequencies. It has been found that

ther"e :'-s no si-gnificant inc::ease in the nadic echc height ceil-ing for

::adio freque,ncies below 17 l,1l{2" T}re raclio echof s poJ-anization, electnon

line density, dunation and decay time constant wer:e measured' while

obsez'vations of the line-of-sight velocity of the neflection point we::e

made.

Wind pnofil-es deduced f:rom these obsenvations have been companed

with those measurecl simultaneously by a neanby nadio meteor system

operating at 27 MHz, and with the movement of the diffracti"on pattern of

nadio waves par:tíally reflected fuom the D-negion. ÌÍind pnofiles

obtained fnom the 1.98 MHz meteon obsenvations agree<1 elosely with the

27 l-tïz observations over their common height r:ange. Using both these



systems, winds vrene measur:ecl fnom B0 to 120 km. The long echo dunations

found with low fneguency echoes have been shown to allow the rneasu¡rement

of electron attachment rates.

Some wonk at a fnequency of 27 MHz, on the measurement of possible

vaniations in the ionization line density along the tnail is also

presente<l.



To the best of the authcnts knowledge this thesÍs contains no

matenial pneviously published on written by another Person' except

whena due nefenencè is rnade in the text. It contains no material which

has been submítted on accepted fon the award of any other degree on

diploma in any Unj-ve::sity.

(N. Brown)
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CHAPTER ].

TI'ITRCDUCT'ÏO}I

1.1 Revier'r of Earlv Radio Meteor Ob-servations

one of the fil:st references to the effect of meteons on the

ionosphere r^'as made by Ì'lagaoka (1929)" FIe thought that they would

neduce the leve1 of j.onization in their pathr leaving the ionosphene in

a distu:rbed state so that it behaved líke a scratched mirr"on in

reflecting the nàdio waves. Skel-lett (1932) was the first to suggest

that the. meteors contnibuted electrons, and togethen rvith schafen and

Goodall t:rie.l to make simultaneous visual and radio observations duning

the Leonid showe:r of -193L (Schafer and Goodall, 1932¡ Skellett' 1935)'

Dunirg 1931 clouds pnevented their visual obsenvations, however

intenmittent refl-ections lasting for several, seconds welre obsenved at

4.?9 MHz and these wene obsenved to be mcne freguent during the shov¡en

pepiod, These reflections l¡ene thought to occur dírectly over"head, so

observations of the Leonids in 1932 wene restnicted to an anea above the

transmitter". Even so a nu¡nber of simultaneous observations of nadio

echoes (at 2.+ MHz) and visual meteon tnails were neported (Skellett,

1e35 ) .

Duning 1937, obsenvatj.ons of tnansient nadio echoes we:re made by

Appl-eton, Naismith and Ing::am (1937). At about the same tirne Eckensley

(fSgZ)o using a fnequency of 9.1 Mllze compal?ed the phase of tt'ansient

echoes on tþ¡o spaced aerials and was thus able to rneasurle the angle of
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the echoes nelative to the axis joining the two aenials. He showed that

echoes occunned over a wide range of angles. Appleton and Piddington

(fggg), using a frequency of 8.8 MHz, measuned the range spnead of

echoes and found it to be between 80 and 160 km. That these echoes

were fnom meteor trails v¡as not genenaLly aCcepted, howeve:l, and it

nemained fon Sketlett (1938) to point out that meteor nates obsc:r:ved by

Eckensley were consistent with visual meteon nates, and that the echoes

occurned at the sane height as the visual- tr.ails. It was also neported

by Appleton and NaismÍth (re+z) that Mohanty (fsge, Ph.D, thesis)

sturlÍed tnansient echoes using frequencies up to 16 Mllz and concluded

that they vrere caused by meteors; howeven this v¡onk vras not published.

Pience (1938) suggested that meteon ionization might cause blanketing

sponadic-E. A number of instances have since been neponted whene

str:ong layens of sponadic-E have occurned at the same time as stnong

meteor showers (Appleton and Naismith, 1947), howeven it now seems that

meteoric ions are the significant facton nathen than the di¡rect

ionÍzation (wright et al., 1967).

Thus the finst studies of radio meteor echoes were at low

fnequencies nonmally used to obsenve ionosphenic r"eflections. The

lowest fnequency at which echoes have been obsenved aPpealrs to have been

1.6 MHz, when sudden decneases ín the vintuaf height of night time

neflectíons fnom the F-region wene obsenved by Schafer and Goodall

(Skellett, 1935). Radio reflectíons at higher fnequencies were most

Iikely nesponsible for some of the long r:ange neception (Zg4 nites) of
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signals at 61 MHz and 44 MHz described by Joncs (fSSe) who obsenved'

l-ange incneases Ín s.ignal strength las'ting several seconds.

During the second world war- there $¡as a rapid development in rê':ar

techniques. Meteon echoes wene obsenved by some of these r:adans, but

it was not untif after the war that any serious studies of these echoes

were canried out. Most of these t{ere canried out at frequencies above

20 ll]Hz in onder to avoid scattering from the ionosphere; both

contintrous wave and pulse transmissions being used" It was founde

howevene that an uppelr l-imit appcar:ed to exist to the fnequencies that

could be employed. Aner.ican ar-my nctdars at l-00, 600, 11200, 31000 and

10,000 l.,illz we:re used but only thc I00 i{FIz nadan neconded meteon echoes

(Stev¡a::t, Fenence, Slatteny and Zattt. , l-947 ).

1.2 The lleights of Radic Echoes

The natune of the nadío me'ieor echo is discussed ín Chapter' 2

whenc it is sho'¿n that most echoes occur under the conditions of

specula:: nef.lection. A Cirect resul-t of diffnaction theory is that only

a section of the tnail, which -is equal in 1ength to fü-, contributes

mcst of the obse:rved sign.el . This section of the tirai.I can therefore be

nefe::red to as the reflecting region of the tnail. The neflectíon

coefficient of this sectíon of the tnail is rLetermined b¡¡ the electron

l-ine density of the column, and the dj.a¡¡rett"ï'of the column companed to

the r.adio r+avelength. Appendix A of this thesis presents the theony

behind some nume::ical- cal-culati.ons of the r:eflection coefficients for'
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a radio r¡favelehgtÌr of L.9B MHz. These alle Presenteci and d-iscussed ín

Chapter 2 " These calculations show th¿t forn olectron line densities

less than about 2 x lQf3/rn the r"adio echo is attenuated as the diameter

of the trail -increases through the action cf diffusion' Such echoes ane

refer.red to as underclense because the radio wave penetrates the column

cf electrons with tittle attenuat,'"-on. Echoes f:rom col-umns with electnon

1íne densities greater than 1.C x l-0I4/* aru called ovel-dense as the

r,adio ,¿ave is totallSr reflectecl fncm the outer region of the columrl '

ijoweven, such echoes make up only a small pere.entag;e of echoes obse:rved

by most raclan s¡rstems of moderate sensitivity. 'Ihus the amplitude of

the majority of echoes observecl is determined in p;rrt by the nadius of

t-he colu¡nn of electFons. l\ny initial column radius can the:refone have a

signíficant effect on any radio echoes obsenved at wavelengths which are

crose to the size of the initial- radius. The naximum ampritude of such

echoes woulcl be l-ess than theony pnedícts for a zero column radius '

Two impo::tan-l effects det-ermj-ne the size of the initial nadius ' The

finst being thc result of a napid initÍat spread of the ions and

electrons evaponated f::cm the meteoroid, as these ¿lre travelling at the

meteonoidis velocity until they collide with atmosphe:ric molecules' The

second effect which has to bc consid<-:ned ís the finite time it takes the

tnail to fonrn. Duning this time the trail radius increases through

diffusi.on" This effect j.s less impor"t.ant as the wavelength is increased

because the signal ciecay time is pnoportional to À2, while the time fo::

the main reflecting section tc¡ form is prr:portional to bcth the meteor
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velocity and to À
%

The height ceiling prroduced by an initíal trail radius has been

d.iscusse<l by Greenhow and Halt (1960) and by G:.eenhow (tg6ø), while the

effects of diffusion and an initial- trail radius wene considered by

IlcKinley (lsor ). McKinley' used ínitial trail radii suggested by

Manning (fSSg; to be referr.ed to as 1), and this treatment has been

extencled in Figune l-.1 to include initiat r¿rdíi mid-way between the uppen

and l-owen U-mits suggested by Lebe<linets and Por:tnyagin (1900; to be

refer:ned to as 2). In thís figune curves are plotted which show the

height at which a radic¡ echo with a wavefength À is attenuated by a

factor of 40 db thnough; (a) ttre initial trail radius, and (b) the

diffusion of the tnail while it is for.ming, shown for thr"ee meteoroid

velocities (the shaded r.egion). The initial radii f and 2 are discussed

in Chapter 2.2(a) where it is shown that the exact size of the initial

nadíus has not yet been conclusively establishecl. Howeven, it will be

shown in Chapter 5 that the actual v"alues a:re closer to I than to 2. It

can be seen fnom Figune 1.t that if the inítial radius fol-l-ows l then

diffusion sets the height ceiling fon radío echoes with wavelengths

shorten than about 30 rn for low velocity metec¡rs (V < tS kn/sec), and

for wavelengths shonten than about 3 m for. high velocity meteons (V > SO

km/sec). Above these wavelengths initial r.adius effects pnedominate.

If the initial radius follows 2 then diffusion is impontant for

wavelengths less than l-.5 rn fon low velocity meteons, and for

wavelengths less than 0 .2 m fon high velocity meteons. Thus initial
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ra<lius effects r,vould pnedorninate ovet cliffusion effccts fon most of the

wavelengths used to observe echoes if ttre latter initial r:adíus were

tnue. There is a neasonable amount c¡f evidence to show that values

proposecl by Leh.,edínets.lnd Portnyagin (1966) ane too large and this is

discusserl in Chapter 8.

It can be seen fnom Figune f.1 that observations at wavelengths

shonter than I0 m (this incluOes rnost of pnesent day obsenvatíons;

see Tabie l-.1-) ane affectecl by a height cut-off imposed by either:

cliffusion on initial- naclius. The extent to which this affects the

::adio cleteetion cf the actual number distnibution c¡f meteors with height

is still uncentain as the size of the Ínitial tr-ail::aclius nemaÍns in

cloubt" Tlie effect of an initiat r¿rdÍus was obsenved by Gneenhow and

HalI (f gOO ) who found that fer,¡en high velocit5r meteor:s were observed at

r^ravelengths of 4,.3 n, 8.3 m and 17 mthan thecny pnedicted. This

effect was founcl to be more Pronounced at shortc:: wavelengths. This

can be exp]-aineC by the fact that hì.gh velocì.ty meteons produce their

trails at the gnilatest heights 'qncl ane thus most affected by any

height ce-iling. Corrections fo:: this effect can p:roduce significant

changes to Ehê meteor orbit cl.istnibution deduced from nadio

obsenvations. (I.A.U " Symposiun: llumben 33 ' ].967 ) .

l- " 3 Radio Observatj.ons at Long R.:dio Vtravelen¡¡ths

Most contenpcnarv work is being carried out at fnecluencies above

30 i4llz. A table listing the fnequency and powen of a number' of meteor'



Station Powen
Fnequency

(i,iiiz )

ArJelaide, South Âust.

Iiavana, I11", U.S.A.
Ga:rchy, France

Dunhan itr.H., U"9.4.
Stanfond, Calif ., U. S.A.
Fainbanks" A1aska, U.S.fi.

Tlhite Sandsr M,!1., U.S.A,
Englin AFB, F/a, U.S.A.
Sheffield, f,ngland
Streffield, England
KÌrankov, U.S.S.R.
Kazan, U.S.S¡R.
l'loscol, U. S. S.R.
Hayes Isld. , U" S.S.R.
Tomsk, U.S.S.R.
Obninsko U.S.S.R.
Kiev, U.S.S.R.
Fnunze, U.S,S.R.
iiuschanbe, U. S. S.R.

1.5 k'f (C'rv-)

65 kt{ (pulse)

3 i'Íhl (pulse)
5 kþl' (Clr)

kli (pulse )
ktr/ (pulse )
kil (Cl'l)

40 .9
29 .8

(3 fnequencies)

36 .8
30.1
30 .2

(2 fnequencies)
32 .8
36. B

25
T7
36 .9
72
33
33.5
30 .0
24 .0
34.5
3B .3
37.4

26.8
27,5

30
5

l_.5

30 kt;
s kh,,

75 kí.I
7 ki.¡

100 k1^1

100 k'r,I

100 ki^l
75 k''ri
50 krí
75 l(i'l

(pulse )
(pulse )
(prtlse )
(pu1se )
(puJ-se)
(pu1se )
(pulse )
(pulse )
(puJ-se )
(putse )
(pulse )
(pulse )
(pulse )

kl,I
KIJ
kI1T

10
45
80

Table 1.1: Iladio-meteon systems in operation dur:ing 1970.
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obser:ving stations ín operation in 1970 is given in Table 1.1. It can

be seen that the fowest fnequency in use is that at Sheffj-eld which

opei:ates at L7 I4Hz, Thus most of the intenpnetations of nadio meteon

d.ata could be influenced by initial. nadius effects diseussed above.

One way of ovencoming this would be to observe meteon echoes at

nelatively long waveleng.ths (À > 100 rn) as such echoes are fnee of any

initial- attenuation through diffusion and probably free of any inití-aJ-

nadius effect unless the nadii 2, suggested by Lebe<lÌnets and

Pc,rtnyagin (1SOO ), ane found to be cörl?ect. It has aÌready been shown

that earl-y meteor observations were ¡nade at wavelengths of about 50 m,

but subsequently veny litt1e detailed work has been carr"ied out at

À>J-7m.

Thene are a number of advantêges clnd disadvanta!¡es associated with

tliese long wavelength observations. The pnincipal disadvantages bein.g

the effects of ionosplter'Íc r'eflections. Absor:ption in the D and E

r"egions and backsscatter fuom the F negion can occun to some degree at

radio waveÌengths longe:r than about 10 rn, Pulse transmi**sj-ons can be

used to distinguish F-negion refl-ections, but to avoid. confusion the

pulse nepetition nate may have to be as fow as 25 pulses/sec and this

can prevent the observation of <liffnaetion effects which occur Cunin6¡

the echcts fonination and are used to determine the meteonoidfs velocity.

Absorption in, o:: nefl-ectíons fromu the E negioll -,'Ii11 hinder

obsenvations. At wavel-enf:ìths Iongen than about 100 m this will al-vrays

be the case cluring the day and can pensist into the night with
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sporadic-E ionization

The aclvantages, however, go beyond the Lack of an effective ceiling.

The eci¡o clecay time through ambipol-ar. <liffusion is pnopontiorral to À2.

Thus ec¡oes at long naclio v¡ave.l-eng'ths have long decay timcs. This makes

it easier to study the effects of win<ls e,nc1 turbulence on the amplitu<ìe

of the echo, ancl the effect of electron a.ttachnent on the echors

dur.ation, ÌIirrd me¿taunements can be extencled abr¡ve the pnesent ceiling

of about 105 km to a height of about 115 km. Dir:ect cornparisons can be

rnarle botween the movement of the cliff::action pattenn of nadio iraves

::ef1ec'ted fnom the E or. sponaciic E r.egions and the neutral wind.

Resonance effects can cause the ¡aclio wave to be reflected with a¡r

increase in amplitude that may be as great as twenty. These effects

ar.e restnicted to a naruow nange of elect¿'on line densities anound

2.0 x tO14/m ancl occur when the meteor: column has a di¿ineter equal 'to

about À/10 (Chapter 2.3(a)). At shont wavelengths thís value may well

be .l-ess tharr the initial nadius of the trail so that the effect cc-'uld not

be cbser,ved. Fïowever, at Ion.g vravc:lengths this would neveìr be the case

ancj the transition thnough the r(jsona-nce shoul-d be easíIy observed.

In this thesÍs resufts aro pnesented of a theonetical and

expenimental study of radio nefi-ections from metecn trails at a

fnequency of I.98 Mi-lz. Observations of meteo:: echoes have been made

using the Buckland Park aenial array. lThis array was fi:rst phased to

wonk as a br.oadside an:ray clur:ing 1970 by the author" and several of tris
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colleagues " L;-:te in 1970 the first obser"vaticrns of meteor echoes v;ere

made, using a broadsíde- arr'ay phasecl to have its maxi¡nunr gain at 55o

fi:om the zenith. This worlc was abandone,l, in favour of the system

describecl in Cirapter 3, which n¿de it possible to measulae the echors

phase. Obscrvatio¡s with this system were made between ApríI and

November , Ig7L. Tlie nesults of these observations alle pnesented in

Chapter" 4 " In Chaþter 5 a ccrnparison is made betvreen the distnibution

vrith neight of meteors obsenvet'l rrt I"9B i"lHz and 17 l'Ìi{2, wiiile in

Chapter,6 the wind measurenrcìnts macle at 1.98 MIlz alre coapaned with

simultaneous nìeasr-lï-ements macie using two other methods. fn Chapten 7

the mcteol obsenvations a't 1.98 1{llz are ccmîared with knol'ln meteor

showe::s ancl ',¡ith the ¡aclíant concentnatic¡ns of sporadics.

I.4 ]rr"egula:: Tonization aloni¿ a Meteon Tnail-

At the pnesent time there has not been published a completely

satisfactory explanation of the large scatter p:resent in the measured

r-atcs of <lecav of nadic echoes fnom meteor tnails at the same height

(Weiss, 1955¡ Rice and, Fcrsyth" 1963). llowever a nurnben of theories

have been advanced. Rice and Forsyth (1963u -l-964) suggested an

inre¡:ulanJ-y -i.onized trail and computed some decay times usin¿ a

numerical model of the trail. Their v,ionk ¡¡as extended b-rz the autho::

(Brov¡n ancl El-for.d, 197I; see Appendi;< Iì). The possibiJ-ity of

<leCucing the va:riation of thc elcctnon line density along a short

secticn of the meteon trail fr'''::n the observed raclio echo has also been
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examined and a methocì of analysis developed. This analysis and some

expenimentaf nesul-ts, ane pnesented in Chapten B.
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CHAPTER 2

RADTO ËCHO THEORY

2.1 Intnoduction

In this chapter it is intended to introduce the basic fo::mulae used

in this thesis in discussing the expenimental nesults obtained fon radio

echoes from metec:: t:rails at f::equencies of 2 MÍIz anð 27 MIlz, Ííhile

these fonmul-ae ar:e widely applied in interpneting echoes from trails fon

the mone no:rmaIIy used nadio fnequencies above 20 l4Hz, thein use at

2 þ11-Iz has not pneviousÌy been considered in detail. At a f::equency of

20 I4ÍIz the length of the tnail that contnibutes most to the observed

signal is less than 2 km, while at 2 NIHz this effective tnail lengtþ is

about 5 km. A meteor" column::adius of 1m is about 1/15 of the nadio

wavelength at 20 l.tHz, however it is only 1/150 of the wavelength at 2 I'lHz

and this has an impontant effect on the nadio hravets reflection

ccrefficient.

2.2 Tr"ail- Fonrnation and the Radio Echo

2.2(a) tnitiat Trair Radius

A meteo:roj.d entering the atmosphe::e is rapidly heated by

collisions with atmosphe::ic molecules. Atoms evaponated fnom the

meteonîs srlrface collide with othen atnospher"ic molecul-es to pnoduce a

trail of electnons and ionized molecules. To begin with' the

evaporated atorns have the sante velocity as the meteon. The ínitial

d¡l-ffusion is thus veny napid and establishes a Gaussian distribution of
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olectnon density along the nadíus of the column with an initial nadius

¡ to the point whene the etectnon tlcnsity is I/e of its maximum value,o'
Theor-etical and expenimental values of no a::e shown in Figu::e 2.1'

Values of n- \^rere calculated by Manning (1958) to be equal to 3L, wher:e
o

L js tire mean fnee path (shown as t in Figune 2.I), Kashcheyev and

Lebecl:]nets (l-963) considered the effect of vefocity on the evaponated

panticlers diffusion cnoss-section. Atoms evaporated from the meteor

tr.avel at neteonic velocíties until they have undengone a numben of

collisions. The diffusion cnoss-section is significantly smaller at

these velocities (Pontnyagin, f966) so the first mean free path Lo is

g::eater than L. lGshcheyev and Lebedir¡ets found oo = I . 5 Lo ( shown as 2

irr Figune 2.I)" Recently Lebedinets and Portnyagin (t900) found no

satisfied the condition 0"93 Lo. oo.1"5 Lo (shown as 3 in Figune 2,L).

Expeniments to measure the initial r:adÍus have been canr"ied out by

Gneenhow and HaIl- (fgOOu shown as 6 in Figure 2.1), Kashcheyev and

Lebedinets (1963, shovrn as point 2), and by Ba5rnechenko (fSGS, shorvn as

point 4) using a method of comparíng the echo arnplitude at two

diffenent wavelongths. All thein height detenminatj.ons llere made by

measur:ing the rate of the echots decay. The va::iation of diffusion

coefficíent with height adopted in detenmining these heights, follows

Grecnhow and lùeufr:fd (1955)i. A reason for adopt-ing thein values is

díscussed in Chapten 5 where it is shown to be a reasonable compnomise.

The theoretical vaniation of no with height was calculated using

atmosphene molecular number densities fi:om the C.I.R.A. standard
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atmosphene (fgOS ). It can be seen that there is a poor agneement

between the exper.imental nesults and the theonetical :results of

Lebedinets and Portnyagin (1966). Howeven, a líne can be d::awn

appnoximately thr:ough the points 2, 4" and the centr:e of the height

rîange covened by 6, this line having a slope which agnees with

Manning (I), and Lebedinets and Portnyagin (3). It'has been shown by

Kashcheyev and Lebedinets (Ì963), that the method userl to deter"rnine the

initial r.adius from observations of the echors amplitude at two

different wavelengths has large enl?ors when the amplitude natio is

eithen high or. low. Thus the:re is some justification in only using those

values of 6 in the centne of thein height range.

Dinect measurements of the radius of optical coma of meteon trails

have been :reported b¡r Hawkins (196 3). Obsenvations of +6 nìagnitude

meteons wer"e obtained by Cook, Stienon, and Hawkins (fg6O) who used the

48 inch Palomar" Schmidt to observe foreshortened neteon traifs f::om the

Geminicl radiant. These obsenvations shohred a mean value for the nadius

of 0.5 m fon seven trails, and this is plotted on Figune 2.f as point 7.

Two traits showed r"adii of 2,9 m and 2.5 m, however, these were

considened to repnesent the peculian case of fragmenting meteors. Mean

diametens of the finst and second halves of the trail t¡letre also

detenmined and these ane plotted as I in Figu:re 2.I. It c.an be seen that

these values aguee fainly well with Manningrs (1958) theor'etical values.

Hav¡kins and lThipple (fgSA) obtained measunements of the optical comas of

51 rneteons for average rnagnitudes of 0 and +3. These ane shown as the
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points 9 on Figure 2,1.

As the initiaL nadius of the Íonized co.Iumn is unlikely to be

larger. than the optical coma (Hawkins, 1960), these optical

Íìeasurements appean to contnadict the nesuLts obtaínecl by the two

frequency method. Thus the actual- initial nadius is stil-l doubtful.

2.2(.b) Radio Echo Ampiitude

The ionized column is fonmecl along the meteor trajectory and is

thus initially almost perfectly .Iinear'. The pliase of radio signals

neflected fr'om a poínt s on the tr"ail is given by

o (s ) = trBP- 2.L

wlrer:e À is the r.adio wavelength and R and s are defined in Figune 2.2{a).

The echo ampJ-itude is detenmined ahnost entir"ely by the trail near'

s = 0 so I{(s) can l:e determined using the follovring app::cximatic'n

( ^ìr- I 's2R(s)=ln2*=21-',R^+;-- 2,2
[-'o ) o 2Ro

where R- ís defined in Figure 2.2(a)" If the tr:ailfs coefficient of
o

reflection at s is given by g(s), the signal from a short secticn ds

ivill l¡e

A = s(s) exp(i lnBf")¡ ¿" 2,3

Tlie amplitude of the signal :received fi:om the whole tr.eil up to a point

s can be fc,und by integr.ating Equation 2.3 and allowing fo:: the aeníaI

gain. This has l¡ecn c¿lruiod out by Kaiser: (lgSS) and Kashcheyev and

Lebe<linets (tgOt) and gives for the voltage, V(s), induced in the aerial,
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the expnessÍon

cÀ (2p )
,2

V(s) = 4TR^Z
) ds,

whene G is the aenial gain, and p is the input :resistance of the

neceiver. By substituting for R(s) using Equation 2.2 this becomes

fl:',") exp(i +nR(s )
--r--

ds.

15

2.4

2,5

2,7

2,8

ex (zp)4v(s) = ".n[, +] Il- r,s) exp[' ffij
This expression can be simplified by changing the vaniable s to a

nonmalized va::iab1e x, often called the Fr"esnel length in optics. fn

this ease

2sx=_ ¿.4

'ÆÀo

and Equation 2.5 becomes

x
V(x) = b

0 g(x) exp(inx2l2) dx

4nRz
o

þ=

-@

wher:e b ís a constant defined for: a particulan trail by

cÀ (2oRoÀ)% . exp (í4nRo/À)

8nR ¿
o

If g(x) = I ttren the integral- becomes the F::esnel integnal of

optical diffraction theory

f_: "*,r+) = f_: "o"t$r . t J-: "*'1$r
= c + is 2.9

this nelation is plotted in Figure 2.2-(b), whene it can be seen to be

the Connu spinal used to solve p::oblems of diffraction in optics. The

function V(x) is plotted in Figur:e 2.2(c), where it can be seen that a
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J-ength of tr-aiI centned about the point to on the trai-1 and egual in

length to ñf,, reflects the same sígnal- amplitude as the whole trail ' At

a fnequency of 1.98 lrlllz and range cf 150 km, fRL = 4.7 km. Thus about

5 km of trail length, cerrtned about the to point, is requined before the

maximum signal arnplitude ís reflected at 1.99 MHz. T'o a good

approximation a J-ength of trail equal t" /*, neflecting the nadio

signal with the sarne phase, wiì-l :return the same amplitude. Thus fon

lange values of x, V(x) ruV where

v=b s iy. 2.10

p:rovided the reflection coefficient g(x) is equal to the constant value

of g along the effective reflecting length /FI' of the trail. In the

case of an undendense trail g is pt'oportionaf to the electnon line

densityo. Using this and the ebove appnoximation to the value of V(x),

the powen retunned fi:om a meteor trail P* can be shown to be

PR. = 2"5 x 1o " r, GR Gr rþlt o' ?.LL

v,rhere P- is the tnansmittenis powen, atrd G* and G., ar-e the gains of the

neceiving and tnansmitting ae¡ial-s (totct<inle-lr, 1961).

2 " 3 Dccav of the Radio Echo

The decay c¡f the radio echo is caused by three Processes: - the

radial- expansion of the tnail thrrough ambipolar diffusion, the loss of

electrons as they become attached to neutnal atoms or mol-ecules -. and the

dispersion of the tnail through the actíon of winds. At a frequency of

I.98 MHz, most unclerdense echoes have durations of seveFal seconds.
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Eb Uíffusion will lirnit ccho durations ¿þ6rve lCO km, whiLe attachment

and wincl tu::l¡ulr:nce will lirrit d,unations bel-r:w this height.

2. 3(e) l'r"'riI Diffusio.lr

The ra.cljus of a cclumn with ¡.n el-ectr"t¡n density that is a

Gaussian function of r"adius " is given by

o2="o2 +4)t 2,L2

whe::e r is me¿rsuned to the poi-nt at which the elect::on density has

fall-en by l/ei "o is the:'-nitial- r.adius, D is the ambipol-a:: diffusion

coeffícient, clnd t is the tíme, aften the tr-ailts fo::me-tion. The

r.cffe:ctic¡n coeff-icient of the j-cnizerj col-umn as it expands thnough

cliffusien has been detenmined by rnany wolrkel's" Feinsteín (1951)

ccnsidened two ¡.etati-vely simple cases; where the electt'on densÍty was

constant throughout tkre col-umn, falling abr"uptly to zeno at the

bounda..ry, and where the elect¡c,n c1e¡rsjty feI1 lineanly to zeno at tlie

boundary of the cr:lumn. The fir"st numenica-l sc¡Iutions for a cyl"inder"

rv-i-th an el-ectron density that was a Gaussian functiorr of nadiusr were

given by l(¿isen and Closs (1952). These sol-utions wer:e calculated by

expanding the incident and :refl-ected fiel<ls into their Fou::ier

components. Onl-v the fj-rst t¡ro Founier cciefficients are impoi:tant for

trails r¡¡'-th 1cw electnon finc densíties. The traifs l"ith h.igh e.lectron

l-irre clensities, horveve:t" noquj.ne a lange number of c,-,efficients"

Appnoximate solutions wenc founcl for these tnails by considering them to

beh¿ive like a metalfic cylinder (t(aiser and Closs, 1952; Eshlemano

L95S). These solutions '"rere imprc''ved by Manning (fgSS, 1963) who
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consider'íi¿ the effect of r-acii¡ rrevc..r r.efracticn in the outer: region of

the cylinrJer. I't was shov¡n by Hertofson (1951) tnat trails that wene

narnow companed to the ::ac1io waveleng,th, and with etectron line

densities between the abo'¿e two cases, could behave as l?esonators artd

give a stronger echo fcr nadio rraves polarized perpendicularly to the

trail-. The appnr:ximate solutions obtained by Kaisen anC Closs (1952)

showecL a maximum increase Ín amplitude of two.

Numenical soLutions invoJ-ving more tban two Fourier coefficients

becamt¡ possible as the speed of electnonic computeï's inc::eased. The

first worker to take aclvantage of this was Ke-itel (1955), who

corisidenecl both a low and hi-gh electron line density rvith regard tc

both back-scatter and fonwand-scatter of the radio I^raves. Since then

sol-utíons trave been obtained by Bnysk et al., (fg6S) ivho con¡;idened the

tr.ail in terms of ;:- potentj.al r.¡ell . A tlo¡'e systematic approach,

computingg reflection coefficients for" electnon line densities in the

¡ange cf I0lZ/m to tOI5/m fop both transver.se and tongitudinal

polarization, has been ca-rr"iecl out by Lcbedinets an<l Sosnova (1967).

They showeC that the resonance phenomens- occunned to a much la::gen

<legnee than had been pneciicted by the approximate sofutions of Kaiser

an,.1 C1css (1952).

The pnoblem and its method of solution is givcn in Appendix A.

There are tv,rö equations to be solved. Th.e f irst of these is
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¿2p_(p) ,¿p_(p)r *zl
¿-P *åa;l +l''i-)(tnol' - :¿")P,'(o) = 0 2'r3

v;hene p (p) ane the Founier coefficients of the electric fiel-d ín the
n

Iongitudinal case, so that

r(p)=If lr,<o)cosno t ,=?
o

where :: is the tnail ::adius, and no is the nadius to the point whene the

electnon density has fa1len to l/e of j-ts maximum value. The second

equation, fon the tnansverse case, is
a2t_(p) ,. dT-(p) ( - -21-*#' + (e+ - ffit"i --il-- + 

[e 
(o)(]<no)' - ,r) r,,(o) = c 2'r4

whe:re T (o) are the Founier coefficients of the nragnetic field H(p),
n

given by

u(p) = Ii r"tp) cos n o. 2.1s

For any pnactical situation the solutions to Equations 2"I3 ancl 2.14 are

alrnost independent of the radio fnequency, and depend only on kno and tt

for- values of col-fision fnequency (v) nonrnally found above 80 km. The

radio frequency entens Equations 2.I3 and 2.14 thnough the tenms

e(o)(kr:o)2 ancl þr, where e(p) is the clielectnic constant and k is the

wave nun:ber:. The full expressíon for e(p) is given in Appendix A

(Equation A,'f ), For the r¡resent discussion it is suffi"cient to define

it as

e(p) = .l- -
Cc¿ exp (:p2 ) (r+i. îæ 2,L6

(i,.no )z

whene C is a constant; a is the electnon Jirre density; v the collision

fnequency in thc column; and f the radio frequency' It can be shown



(using Equation 2.1-6) that

de,';-/ e =
2
0 exp -p

20.

2.L7
o

Thus for. a particulan varue of u and kro, both e(o)(kro)2 and ff/e wi[

be independent of the wavelength (f ) pnovided JL << 1" l,ebeclinets and

Sosnova (fgOZ ) found only a srnafl change in the solutions to Equations

2.1-3 and. 2.1-4 when 64-"u* variecl between IO-4 and .07" At l-.98 MHz,

^f-.- < ,0I above B0 kn',, so this case l-ies withín the range considened.
2Tt

The initial tnaíI radius at I00 lcm has been shown to be of the

cnclen of 1 m. Thus at 2 l4Ilz kro will initially be .042. It rvill be less

than this below 100 km. Thus s¡nal-I val-ues of kro are peculiar to the

1ow frequencies. The reflectíon coefficients for Small val-ues of knu

have been considered by llerlofson (-fgSf) who showed that in the case of

panaLlel polarization, the Bor:rt app::oxirnation for electlron scatter is

valid ríght down to vanishitrg values of kno for sria-l-l electnort

densities" Howeven. in the case of tnansvense polarization the enengy

scattening diameter" wil-l- vanish as (kno)4" This is bnought about by thel

fact that the important paï.tial ivave in panallef scattening fo:r kno + 0

ís the J^(kp) v¡ave and this epproaches a va1ue of unity as kr"o + 0,
o

while in the case of transve::se poÌarizat:lon the impor:tant par'tial wave

is J. (kp ) and this appnoaches zero as k::^ + 0. If .it has a val-ue that-l-' -

is virtuatly zo::o tb,noughout the ionized colurnn, then it cannot be

greatly affectecì by the column and wil-I have a velry small refl-ection

coefficient.
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Reflection coeffícients for smafl values of kr"o have not been

pubJ-ished for. the tnansitional el.ectnon l-íne densities between L013 -

l-015 electnons/nreter. These Ï¡ave therefor.e been cal-culated using tl¡e

method described in Appendix A and ane shown in Figune 2.3 and Figure

2,4, The reflc;ction coefficicnt i-s shown on a loga::ithmic scale plotted

against val.ues of (kno)2. Thus as (kro)2 is propotrtional- to the time

(t) it takes the trail to diffuse to a r-adius ror the honizontaf axes

of L'igu::es 2"3 and 2.4.,ir.. Jinear r^¡ith'[ime (wher.e t = 0 for ro = initiai

radius), 'Iime scafes shown in Figunes 2.3 and 2.4 wer-e calculated

assur,ring a zero inítial- radius, using G:reenhow and i'ieufel-dts (1955)

val-ues of an"rbipolar dj.ffusion fo:r the heights B0 and 95 km. It can be

seen f::om Figure 2.4 that tnaíl-s r,"ith electnon l-ine densities greater

than 5 x 1013/m ha.re a:reflection coefficient Er. E,t /2 tnti] (kro)2 =

,02, This value of kro can be considered to mark a transition fnom the

t-r"ail reflecting only the componcnt of the radio rlave polanized panallel

to the coLumn (whe¡e (kro)2 < .02 ancl g, << g// ), to the situation where

both cornÞonents, panallel- and perpendÍculan to the column are

rcflected ((kno)2 > .02). In Figur"e ,.5 8r_ -i-s plottecl against (kro)2

for fou:: efectnon line densities between 5.0 x 1013 and 5 x 1Or4/n.

Over. this nange ther"e is a p:ronounced incnease in the ratio gr/Ett

thnough the effects of resonance. For^ an efectron line densíty of

5 x 1.013/*, E.,- reaches its maximum value whcn (1<no)2 = ,2. Fo:r

(tno)2 < "2 the component of the radio wave refl-ected per:pendi-culanly

fi:c'rm the column undengoes a change in pirase on neflection, v¡hich depends
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fai::Iy criticall-y on the vafue cf kro (see Appendix A). When

(kn^)2 > .2 this phase change is constcrnt hrith incr:easing kno and equal' o-

to the change which occuus to the component of the nadio wave

r.eflected panallel to the column. Thus, if a cir:cufarly polarized

radio wave is transmitted, it will be neflected fnom the tnail as a

J-inearly polarized wave while (kro)2 < ,02. then for ,02 < (kno)2 < 'z

the neflected wave wil-I change in both amplitude and polanization,

becoming elliptically polar:ized for (kno)2 = .), For" (kn)2 'o.2 gL/gtl

will appr:oach unity and the ::eflected wave will become cincuJ-anly

polarized" The times taken fon the trail- to diffuse until (kno)2 = ,02

and .2 (where n = 3,3 m and 11 m at I.98 MHz) are shown in Figune 2'6

wlie:r:e the negion defined by .o2 < (kro)2 < .2 is shaded in.

Reflection coefficients shown in Figunes 2.3 to 2,5 have been

cal-cul-atecl assuming a plane wave incident upon an infinite column. This

is a gcod appnoxi.mation to the r-e.a-l case in the to r-egion, whene mo5t

of the observed signal amplitude is reflected. The case of a p!-ane wave

incident obliquely on a cylinden of infinite lengttr has been consider"ed

by Wait (fSSS) who showed that the field gains a cross-Polarized

compclent.

It has ah:eady been shown that the effective length of tnail

wlrich reflects signal at 2 þIHz, is about 5 km. Over this length the

coefficient of diffusion (ignor:ing effects clue to the magnetic field)

can vary by a facton of two. The mone r"apíd decay of the reflecting
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r.egion of tnail. above to wil1, however', be compensated fon by the slower:

decay of the region belcw tor so that the effect is fain11' smalf

(Figur:e 2.7). Even if such an effect llere appreciable it r,rould be

unlíkeIy that it could be observed, except irr the trails that deeay

napidly. This is because winds stsrt to distort most tnails aften

about one second and this can pnoduce lange fluetuations in the

obsenved signal.

The effi:ct of vtny napid diffusion on the radio diffraction p'¡ttern

normally obse:rved dur"ing tnail fonmation, hôs been computed

theoretically by Southworth (l-962), Simek (fgO+' 1968), and by

Lebedj.nets and Sosnova (1967 ). T}ris effect becomes unimportant for the

longer wavelengths because the decay time increases as the square of the

wavelength. whife the zone lerrgth is pnoportional to the sguare noot of

the wave.length. Thus the meteor crosses the principal zone in a time

that is smaIl compared to the signalts decay time"

2.3(b) rne rffects of Winds and llind Sheans

It has been shown by Kato (fgSg) tfrat ionization iffegulanities in

the E region of the atmosphe::e move with the neutnal wind. I'lore

r"ecentÌy, Ì(aisen et aI (tgOg) have shown that planan irnegulanities move

with the neutr.al wind unless they are fiel-cl aligned. The degnee of

alignment requinecl decreases with height and is about ttr'o degnees at

II4 km. It can thenefone be assumecl that the large majority of meteor

trails below about l-20 knn move with the neutnal wind, and the neflected
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radío signal will be Doppler shifted in frequency. As the fnequency

shift is small it ís nonmally viewed as a continuous change in phasrr'

llhen the wind vat ies with height the trail inevitably becomes

distonted so that the initial reflection point moves and secondany

:reflectic¡n points develop. l,ihen the wind va::ies linea::Iy with height,

the tr.ail rotates causing the r.eflection point to move along the tnail.

This results in the reflection pointts height nising or falling at a

velocity Vn. In Figune 2.8 the va::iation of V, with the echofs zenith

angle is shown fon linean wind sheans of 10 and 100 m/sec/km fo:r an

echo first fonmc+d at a height of 105 km. It can be seen that fon an

averaÍie wind shean t¡f l-0 m/sec/km the vertical mcvenent of the

neflection point can be neglectcd fon zenith cangles less than 50o.

Hov¡even, the reflection point wcul-d be r-apidly moved c¡ut of a region of

hígh wincl shean nean I00 m/sec/km. Such a shean would seldom exist oven

a height l?ange greaten than 3 km and it wou.l-ci only takê about l- second

o
for the r.eflection point of a tnail with a zenith angle of 35

moved oven this height range.

to be

l{on-finear wind variations with height cause the trai} to bend and

secondan./ reflections to r1evelop. Signals fnom these reflections

intcnfere with the oniginal signal causing it to fade. Ovendense echoes

obser.ved at ra<lio fnequencies above 2O ilHz have been shown to start

fadíng about 0.4 secorrcls aften the tnaiL has fonmed (Greenhow, l-952a).

At a fnequency <lf I.98 MHz underder¡se echoes below I20 krn have decay
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time constants that ane > 0.4 seconds, therefore most unde:rdense echoes

at 1.gg MHz should show facling. iloleven, because an undendense echo

d.ecays exponentially, t'.ro echoes separated try more than about 5 krn will

not pr.cduce a long-1ast:',ng d,eep fading as the relative stnengths of the

two echoes will change rapidly until the lower echo dominates. (In the

case of an ove::dense echo the echo stnengthrs remain fainly constant fon

most of the echots du:ration until the trait becomes underdense). An

additional factor whích senves to r.educe the effect of wind induced

trail distontions at 1"98 llHz is the length of the t::a.iI contnibuting

signal to each speculan reflection. At 1.98 MHz this is about 5 km

(Chapten 2.2(b)) so that wind measurements are avenaged over this length

of the tnail-.

2.3(c) Wi.na Turbulence

Photognaphic observations cf meteor tnails at a heigtrt of g0 krn'

have shown the existence of small scale tur'bulence with a scale of 20 m

and velocity 0.7 m/sec (Gneenhowu ]959). The ::adiaI expansion of a

meteor tnail- pr:oceeds at a rate which is ÞroPo:rtionat to ttá (whene t is

the tine fnom the formation of the tnail) under the influence of
3t

diffusion, while it expands at a rate plroportional to t / 2 thr"ough

tunbulence. Eh lunbulence wil-I eventually beeor¡e the d,ominant facton

in trail disper:sal below 100 km where tha nonmal de1ay, befo:'e it

becomes importanto is aborrt 30 seconds (Gneenhow, 1959). This is also

obsenved with the gr.owth nates of chenical tnails which show a delay of

about 30 seconds before the r:apid r"adial gnowth through tu:rl¡ulence sets
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in (ÞtcAvaney u 1970 ) .

At a fnequency of l-.98 MHz the trait diameter must be about 48 m

before the neflected signal amplitude has fallen by a facton of I/e, At

I00 km the trail woufd take I0 seconds to diffuse to this diameter

whiie at 90 km it woufd take about 50 seconds. Thus turbulence could be

an impor:tant factor in the decay of radio echoes at I.98 Milz below

I00 lan.

2.3(d) Electnon Attachment

Long enduning echoes fi:om ovendense meteor tnails ar:e obsenved to

be most persistent at a heíght of 95 km. Thus bel-ow this height the

dur-ation of the radio echo must be shortened thnough the action of some

agent othen than diffusion. Simultaneous photog::aphic and radio echo

observatíons of per'sistent meteor tnails carfied out by Davis et al

(lgSga and b) showed that the attachment of electrons to neutnal oxygen

molecules, could explain tiie shor.tened radio echoes. Fu:rther work on

the theon¡r of attachmcnt has been car'ried out by Greenhow and HaII (fg6Z)

and by Manning (fOO+¡. Glöde (tSOl ) h¡rs shown that attachment is

signifícantly gneaten at night <lue to the strong detaehment of

elect::ons duning the day time, By obsenving the change in echo durations

just befone and just afte:r sunrise fon the Quadr"anti<ì.s, Leonids and

Perseids, G1örie found the attachment nate (A)'to vany between .O2lsec at

9I km to about 0.2/sec at 100 km.

Âttachment of el-ectrons l'-s pnoPortional to the numben of electrons
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present " It thus leaves the distribrrtion of electrons across the trail

Gaussian" although it causes an exponential decnease in the electron

density. In the absence of attachment the electron density n. Ís

equal to the density of positive ions nO. However, with an attachment

rate A, ancl detacilment nate C, these two densities ane r:elated by

( c .l
r],,,=nF 

Lo"o- 
(A+cit +5fc (1 -exp - (R+c)t)J , 2.18

where t is the tíme after tnâ.il fonm¿rtion (etO¿e, i967). Ðuring the

n-ight A >> C and this becomes

ne = np cxp (- nt)

If an average value for A of 0.I/second is adopted, then the electron

density will fal-l by a factcn of l/e in .l-0 seconds, This would pnof,uce

a sinilar neduction in the radio signal reflected from a tnai-I with an

under.dense electr.on line density. ilowever this negleets 'bhe signal

decay caused by the nadia.l- diffusion of the tnail electr:ons. At

fi:equencies above 17 MIIz the signtrl is neduced by a facto:: of L/e

th::ough dj.ffusícn, in Ic:ss than 1 second, Thus attachment has iittle

effec't on underdense echoes at these fneq_uencies " At a fnequency of

I.9ti l,lHz this is no longer" the case, as at a height of 95 km thc nadio

echo talces about 30 seconds to decay by the above factor through

diffrrsion alone. In Figu::e 2.9 the decay time constant (tine fon the

sigrral to faI-L bv a factor of 1/e) is plotted against height for

diffusion and for. attachment fon a rrumber of values of Â. The däshed

line shor,¡s the variation of A with height found by Glöde (1967 ). Tbis

variation wíth height e.oul-d not be expl.rined by Glöde who thought that
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it was probably not neal (treigtrts wene deducc+d fnom the dunations of

over.dense eehoes ) .
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CHAPTER. 3

EQU ]P}1TìI;T AND EXPERIMENTAL MET'HODS

ó.I The Buckland Pank Resear:ch Station

The aerial arnay located at Buckland Park " 26 miLes nonth of

lldelaide, has been <iescnibed by Bniggs et al (1969). It consists of

178 dipoles erranged ín the manner shown in Figune 3.1. Each dipole

cc¡nsists of a wire 72 m lcng, which is supported 1l- m above the gnound

by timben potes. A c,oaxial feeder: connects each dipole to the

receÍvíng hut. These coa:lial cables ane matched to th¿ aerials fon the

frequencies 1.98 ì4Hz and 5.96 IfHz, and the length of each cabfe ís an

integnal number r:f half wa.velengths at 1.98 MHz. Each cable is

conrlected to a socket on an aerial connection board in the central

receiving hut v¡here aerials can be combined to pnoduce bearns (Figune

9,2), The combination used is desct'ibed in Chapter 3'5. A

transnitten situatecl next to the anray genenates a Gaussian shaped

pulse 30 msec wjtie at the half powen points, with a maximum power of

26 Ì<'n¡" The tr"ansmitting aerial- consists of four centne-fed half wave

folded dipoles ar::anged in the form of a sgual4e. The polar:ization of

the transmitted hlave can be napi-clìy changed betueen left-hand, night-

hand and linear by altening the phases of the cul'rents in the foun

dipoles. A pulse r.epetition rate of 25 pulses/sec was nonmalJ-y used at

night, although pulse nepetition nates of 50 an,l ]00 puises/sec vüel?e

availabl-e.
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Thnee broadband neceiver.s with a bandwidth of 60 kHz and a gain of

120 db .¡lene used with the r:ecei,¡ing arllay, Twc :receiver:s wene used fon

measur.ing the radio arnF,litude , vrhikl the thind rneasur:ed radio phase.

The local oscil-lator ÞIas suppressed except fon the range of interest '
and this provided a zerc signal t'efenence leve1 

"

3 .2 Echd'/rurpl-itude Reconds

The tr.igger used to pulse the tnansrnitten was also use<l to tnígger

a range gate" Signals within this gate were peak nectified so that a

D.C. vcltãff: wâs p::oducecl which vanied with the amplitrrde of the gated

echo, This signaf t+as r"ecorded on a chart necorder'. The receiverrs

cletected output was also usecl to modulate the brightness of an

osciltoscope pirovided wi'th a vt:::tical time base. This was photcgnaphed

on a film which moved honízontally, pnoCucing ¿: time axis. An example

of the recor?d pr:oducecl is shom in Figrrne 9.3(a).

3.3 Ig¡g Phase

:1.3(a) Iþ:g¿
A methgci for measuning changes in the phase path of pulsecl r'adio

vüaves has been described by Fincllay (195i) and modified by l{cNicol and

Thomas (1960 ) and Vincent (1967 ). In principle the technique invol-ves

companing thc phase of the r.eflected signal with the phase of a

nefenence oscíllator which is in tur.n fixed in phase nelativer to the

transmittecl pulse. If the reference and receiveci signals are added and

then detected.in the normal way, eaclt ecÌ¡o will be modulated by the
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beat fnequency 6f given by

ôf=f"-fo

whene f" is the tnansmitted fnequency and f" is the fneguency of the

nefer.ence osciflaton. The phase of the beat signat will be determined

by the phase of the refl-ectecl ::adio pulse thus making it possibl-e to

obsenve dir.ectly these phase changes. This can be seen by considering

the signal- in a pulse of nadio rÁraves which have tnavell-ed ove:: the phase

path P tc a neteor" trail and back. After a time, t, the amplitude, R'

of the netunned signal will be (fon c = velocity of light )
f pì

R = Rn cos l.znr" 
(t - ã),J

The amplítude, L, of the neference oscillator: at time, t, will be

L = Lo cos (2rfn t)

These two signals ane mi.xed togethen and the high frequencies nemoved

during the pnocess of detection" The nesultant is a signal whose

amplitude is given by (fon K = constant

A=KR L
o

If the phase path changes by ôP then the signat changes in phase b5z

2r f <\P

--. If the beat fnequency within an echo is obsenved to move in

nange a Cistance of one wavelength (.À), then

2rf
#6P=2n

ôP= -Àf
S

tdtf2ttcos

)

Thus a change in the phase path of one wavelength results in the phase
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of the beat fr.equency changing by 2n r.rclians. The sense of the change

in phase of the beat fnequency rn'ithin the pulse wilt be in the dinection

of the change in P if fo t f".

3.3(b) Equipment

A block diagnanr of the s]¡stem is shcwn in Figure 3'4' The

tr"ansmitten oulse was de::ivcrÌ fnom an oscillaton running continuousfy

at 1.98 Þlllz" The phase r:efenence was obtaj.necl. from this signal by

mixinS.r it vrith 85 kä2. The lower si<leband (1"895 lfl-lz) was then fed to

the receiving hut where it was mixed with the:receivenrs l-ecal

oscillator and the lowen side band (f.6AS MHz) used as a::eference to be

adclecì to tho receivenrs intermecliate fi:equency (f .0OO MHz) befo::e

detection. !{ith a transmitter pulse width of 30 mseca appnoximately

thnee cycles of the beat 1=nequency were Pllesent withiil âÍr echo " The

phase cf the r'eference signaJ- 'n¡as fccl<ed to thc stant of the tr:ansmitted

pulse by using the 85 kHz::efer.ence signal as the trigger. This was

achie.¡ecl by squaring the BS kHz and then diffenentiating it. One of

the nesulting spíkes l^ras then gatecl out and used to tnigger both the

R.F. pulse and the displals rfnd gates used to record the echoes.

Mixing the inter.mediate frequency with a neference signal has two

adv.-.nta6es. Firstly the r"cference sÍgna1 dces not have to pass thnough

the I.F. of the ¡eceive::; the beat f-requency 6f can therefone be

¿;neater thðn the r.eceivenrs bandwidth" Secondly the receiver can afsa

be openated in 'bhe nor.mai rnanner to record the echo Îs group Path. An
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isolated output of the receiverts intermed:Late f::equenc5r -i-s all that is

needed

Changes in r.eceiven gain can often result in changes in the phase

shift pnoduced by the neceiver. To avoid this the receiven gain was held

constant and the beat signal was amplified and clipped in a zero cr:ossing

detecto::. This had the r.esult of making atl echoes equal in amplitude'

aJ-though it did rrot alten the phase of any echo " While noise will also

have the same amplitude as that of the echo, it wil-l be phase incohenent,

so the beat pattern r¡ill vany ::andomlv where only noise exists. The

sígnal-to-noise ratio is, in fact, imp:roveri because the nefenence

signal is phase coherent with alL of the components of the f-nequency

spectnum of the wanted echo, but not with the noise (Mcltricol and

Thomas, 1960 ).

3.3(c) Reco::d:

A recond of the rîange vaniation of the beat pattern with tine, for

a fainly wide range, llas obtainc:d by modulating the brightness of an

oscil.loscope with the clipped l¡eat signal. The beam was cleflected

verticalf\¡ by an amount proportional to the echo range an,1 this was

r.econded on a film movecl horizontally to rrrovide a time axis. Thus an

echo that did not change in r:ange mapped out thnee horizontal lines on

the film" Examples of this kind of recond are given in Figure 3.3(b).

iiiroct necords of the phase variation in a particular echo vlere

obtained by centr:in-q a range gate within the echo, triggened by the
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amp-'t-itude gate and v¡ith a cluration ec¡ual to thc period of one c1-c.le of

the beat f:rcquency (ôf). A pulse was geneï'ated with a width equal to

the tirre delay between the leading edge of the gate and a negative

going eclge of the ctipped beat signal-. This pulse was integ:rated by

using its rvidth to deterrnine the changing time of a capacito:: that was

discharged just befone eaeh pulso. A neceding echo caused the pliase

pulse width to decrea.se steaclily to zero ancl then jump back to its

maximum ,,¡idth as each cycle of the beat signaf moved through the gate.

The voltage fr.om the puJ-se width integrator thus appea::ed a.s a sawtooth

wi.th ea.ch namp representing a change in the echots phase of 2.t¡ radians.

This is a change irr phase path of 75 m at a fnequency of I.98 MHz. The

eclio phase l^ras thus necorded togethen with the echors amplitude, on a

char.t r:ecorder.

3.4 Aenía1 Switching

Echoes neturned at some angJ-e to the ventical ant:ive at two spaced

aerials with diffenent phases. By measuning the phase diffenence

bctween thr.ee aerials the echors elevation and azirnuth can be determined.

If thnee neceivens are used for this purÞose¡ dnY diffenence in the

phase shifts produced by the neceiver.s in thein function of amplifying

the signal nust be aIIorued for". This difficulty can be ¡.vercome by using

only one r:eceiver and chcpping both the input and c'utprrt in seo.uence

between thr:ee aerials and three phase-measun-ing ci::cuits. The signal

from the aerial was fecl thnough an emitten-fol-lor¡er. By neverse biasing

the tnansistonrs enitter the aerial signal was attenuated by up to 100'db.
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The phase output, j-n the fo::m of the vaniabl-e width pulse genenated by

gating; the echo? was switchc:d in sequence bett^reen thr:ee pulse-width

integ:ratons " Each retained its voltage for: three trígger pulses before

being updated by the phase pulse pnoduccd by the phase signa-l from the

colllesponcling aer.ial . The phase diffeneuce between the aerial-s was

then for.med by feeding the ti,¡o phase signals into a díffenence amplif ier',

The output from this arnplifier. was then pnopo::tíonal to the phase

diffenence. The phase conpar.ison was made between consecutive

tnansnitten pulses and not simultaneous pulses. Whene the echols phase

is varying continuousÌy with time the diffelaence output has a chopped

appearance (Figure 3.7) which can easilv be connected fon'

3,5 Recording Sequence

3.5(a) Scanning Gate

The meteon echots ranqe was recorded on the fitm dispÌay, and the

echo amplitude and phase were recor<led on the char-t reco::der by gating

out the echo. Once an echo appeaned, the gate had to be set at the

echots lrange. Aq the echo typically tasted for f::om orre to ten seconds,

some automatic means of scanning the gate through the nange of intenest

was nequined. This vras done by moving a gate 2 km wÍde in 2 km steÞs

thnough a pnedetermined range intenval. The range steps wene tniggened

by the transmitter: tnigger: so that the scanned nange was completely

sampled by each scan. The r.ange scanned elas normalty B0 km so 40 pulses

were required to step the gate thnough this range. -!'iith a pulse ::ate of

25 pulses/sec a scan took 1.6 seconds (see Figune 3.5 for: a block

diagram of the complete system).
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3.5(b) Echo Detection

T¡lhenever: an echo appeanecl v¡ithj.n thr: gate the sígnal lervel- der'ived

fr.om the gate wculd r.ise. If this rise ',r¿ls above a predetermined level

(x) -'ï-t tniggened a monostable which cont:rolfed ttre recording s€rquence

(see Figur.:3.6)" Wrurr this monostable wes in its trigge::ed state nc¡

tnansmitter tniggers r¡rerôe al.lowed to r"each the scanning gate which thus

st;ilrecl a.t the nange of the echo. The monostable also increased the

speed of the chart reconder" f:rom 0.I mm/sec tc 2.5 mm/sec. The du::ation

of the m<¡nc.stable was set between 4 sec anci f 0 sec. Aften th.is tine it

:revente<l to its; oní¡rinaI state, ailowí-n.-e the scann-ing gate to continue

scanning and the chart neconde:: to ::un at its reduced speecì. The

monostable couJ-d be triggered by noise pulses in the gate and by ve::y

sho::t lived echoes " To prevent a ncedlþlss waste of chant the monostable

was reset when the signal level- fel-I below a predetenmined level (y).

Thus the tnigger:ing level could be set just high enough to avo-id srnalf

persistent ionospher.ic echoes and the resetting level set sufficiently

lov¡ to Þr'eveut losíng the echo when -j.ts amplitude varied. thrcugir fadi.ng.

While the ga'Le r.Ias scannirrg, the phase signal fluctuated wildly in a

manner which could eventuall-y damage the pens. To avoi.d this, the gate

was only fed to the phase t?ecel'-ver when the nono¡;table was in a

tr:iggened srate. Thís had the added advantage of making the phase

output bet'¿¡een necords equal zero e sr: the chart reco::d was continuously

cal-ibrateid and necords were eesil¡r sepanated. Identifying the echoes orr

the time-nange fil-m that tr:Í.ggered tÏ¡e monc>stable was made possibl by
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br.ighterring the oscilloscope at the range of the scanninç; gate whenever

the monostabl-e was in a triggered state. The gate is ea.sily seen

superimposed on the phase necond as shown in Figune 3.3.

3,6 Aeria1 Beams and Records

Determining echo directions with three aerials, as suËges'ted, l.Iâs

not in f.lct the metliod employeti j-n this experiment. The night time noise

levr:l Þ/as !;(iner;1]lrr' too great tc¡ obtain reasonable signal-to-noise r:atios

fnorn one dipole. fnstead, eleven dipoles anranged in a row were added

togethen in phase. The directional nesponse of this broadside

arran:Eenìent pe::penclicular to the nov¡, þIas the same as a singJ-e dipole.

Howeven, the uesp.inse panaflel- tc; the rovl 1,7¡).S that of a beam t 40 wiOe

at the half polver" points. 'fhus a now of aerials lined up in a north-

south direction r.eceived sig"ric"ls from a1f angles of elevation within rlo

of the east-west azimuth. This responsc can be described as a fan

r.esf.)ons6r and is shown in Figure 3 " B " Ä density plot is shown in Figune

7.L, The nar.row beam pnoduced by the no¡v of aeníals defined the echors

azimuth, rrhile the elevation of the echo was determined by neasu:ring

the difference in the echors phase fr.om two adjacent rovls. To impnove

the accuracy of this measurernent, the phase from thnee nows was in fact

measur"ed. These three rows rvene treated as two pains .61- wavel-engths

and l-"22 wavelengths apart. Fon mc¡st of the echoes observed a fr':rnth

phase difference l:etween tvlo ror¡¡s of cr:ossed dipoles was r"ecorded.

This, togethen with the reconded arrplitude of the signa.ls fnom a second

now of cnossed dipoles, made it possibl.e to dedu.ce the echo polarization.
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Figure 3.9 shows the aeniaJs used and the measunements made fnorn them.

The phascr differr:nce neasurements F, and Ir, wene each recorded

separately on two channel-s so that a phase difference of + 3600

nep::csented. full--scafe on the f:'-nst channel and - 3600 was full-scale on

tlie seccnc'l channel . A sample of cha:rt recond is p:resented in Figune 3.7.

luiost of the records wene made v¡ith a Sanbr;rn hot wire recorder. The pen

defl ect:Lons were accunate to 0.5 mm and could respond to f-::equencies up

to l-50 l{2. The pen heats wene automaticatly contnolled by the chart

speed, which in tur:n coufd be contnoll-ed remotely through

electroma¡¡netic cl-utches .

3.7 Echo Rise fime Records

lowands the end of the obsenvational pe:riod, a second oscilloscope

and. came::a were set up to neconcl the rise time of the meteon echoes. The

oscilloscope!s beanl was cleflected venticafly by an amount pnopo:rticnal

to tire :received signal from cne of the ae:ri"rl beams clescribed above.

The echo range of intenest was selected by only brightening the bearn

while a signal was being received fnom thi.s range. The maximum signal

str"ength within the sel-ected r"ange was thus ¡:ecordecl on a film which

movecl at a rate sufficient to separate the :reconds obtained aften each

transmitted pulse. l\ typical neccn,f of an echo is shown in Figure 4'19'
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CI.IAPTER 4

F.ADIO ECIIOES AT 2 l'(llz

4"1 Intnoduction

The e>rperimental ellranElernent and the neconds made have been

discussecl in Chapten 3. In this chapter it will- be shown how these

necords r^rere reduced and checked for^ inconsistenc:les and eral1olls. Two

fan shaped aerial beams wer:e usede one sensitive to echoes to the north

and south of the neceiving arlray, the other sensitíve to echoes east and

v¡est of the arnay.

The ecitoes obser:ve<l fell into tr+o categor:ies; those fronr layers of

i.onj.zation such as sponaclic-E; and reflections fnom rneteo:: tnaíIs and

ionosphe:ríc irnegul-arities. During the summer months the spo:radíc-E

layens often per:sisted throughout the night, with a critícal- fnequency

ab:ve 2 MHz. At such times very few off-axis echoes welre observed.

During the v¡inte:: the sponadic-E ionization was often transParent to the

or.d-inary r:ayu although the extnaor-di-nary ray was neanly always pairtially

reflecterl by a weak, but pe-r,sistent layen of ionization at about l-00 km.

Ifhil-e these conclitions fasted, the or:dinary naY suffer"ed very littl-e

absonption and multiple F-r^egion neflections coufd be obsenved above the

noise l-eve.l- for about 30 msec after. the transmitter pulse. This linited

the pulse repetition rate to 25lsec. The night-time noise 1eve1 was

particular"ly Ìrigh from about 22OO - 0300 hours, local time, when the

noíse por.rer received from a rol'of dipores, rdas about 30:< 10 12 t+atts'
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with fnequent bursts on impulses considerably above this level. Fnom

0300 horrs onwa:lds this level decneased and the impulsive noise became

much less fnequent. The helion and antihelion sponadic meteon nadiants

can be obsenved oven this period and the nate of spo::adÍc meteon echoes

::eaches its peak near 0600 hours. For these reasons most echoes rdefe

neconded between O3OO - 0700 houns, the formation of the E negion with

sunrise pneventing obsenvations beyond about 0700 houns.

Duning peniods when the sponadic-E was at a low level of ionization

the tnansrnitter was phased to transmit the ondinany nay. This reduced

the neflections fnom the sporadic layet' to a low level. The two aenial

elements phased to produce the ondinary ray have diffenent off-ve¡'tical

gains so that the nadiation becomes incneasingly elliptical as the angle

fnom the zenith incneases. The elliptically polarized l"adio lvave can be

viewed as a linean addition of two cinculanly polarized waves with

opposite notations. In Fi.gune 4.1- tlìe norrnalized anplitudes of ondinany

and extnaondin.ary polanization tnansmitted is shown for a nange of zenith

angles. It can be seen that the ext:raondinany polanization is less than

35%' of the ondinany polanizatíon, fon zenith angles less than 45o.

Echoes that nose suddenly to a level close to thein maximum and

then decayed slow1y wene considened to come fnom meteon tnails which

formed to give a speculan reflection, the rise time of the echo being

determined by the time taken fon the meteor to cross the principal

Fnesnel zone Many echoes did not show a napid ::ise and thus vrene
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assumed to be either f:rom old tna-i]s that had been sufficiently

distor"tecl by the win<l to fo:rn a speeular r:eflection some time aften the

tnaills fonmetion, on fi:orn ionospireric irregularities. A flare' or

region of incneased ionization at some point on a tnail, will reflect a

signal for some time afte:r the rest of the trail- has become too diffuse

to pnoduce .r signal " i^ihere the electnon .l-inc density in the fta:re is

above ¿r cr:j.tica1 level- so that it is ovendense, the signal fnom the

flare negion witl incr"ease in amplitude as the ionization diffuses into

a larger echoing area. Fl-anes can the:refor.e Dnoduce echoes witli a sfow

nise time "

All echoes that pnoduceci a phase necorld firee of obvious interfenenee

effects wene clig;itized ancl then anärlysed with the aid of a computer

prognam. Three echo classes ÍIeI'e ::ecognised: n.-ipid rising echoes, slow

rising echoes, an<l those echoes that wene not clearly in the first on

the second class, The fifm::eccind of the echots l'ange, shown in Figu:re

3.3, was usecì to cletenmine the ecl¡ors cLass as this record v¡as

continuous thnoughout the :recording period. Height and angulan

distributions wene produced fon the finst two classes. Howeven, the

tÌ¡r.er: classes were combined in detenmining the component cf the neutral

wincl towands on avray fr'om the neceiving station.

4"2 Analysis of Echoes

It has be,.n shown in Chapter 3 how the necords of range, phase

difference and phase were obt,rined. The phase díffe::ences betweell tlnlo
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adjacent nows .6I r,¡avelengths apa:rt (Pr) and between two nows 1"22

vravelengths apant (Pr) were necordecl between the limits + 3600 to

- 3600" Fon a plane ìrave, the phase diffenence vanies linea::ly over the

gnound such that - 220 . Pl 220 and

Pr=2Pr.
I{owever as P, is only neconded between the above limits this becomes

P2+n3600=2Pf 4.1

whene n = -1 fo:: - 220 < Fl . - lgO;

n = 0 for - I$C . P, . 1B0t

n = l_ for- 180 < PI . 220"

Thus a con:rected value for P, can be fonmed such that

PC=Prtn360 4.2

fon n defined in Equation 4.1. The effects of noise will generally mean

that PC only appnoximately eÇua1s 2Pr. The height of the echo was

calculated using the phase diffcrence P whích l.ras a weighted mean of P,

and PC defined by

4.3

where X, and X, ar"e estimates of the ennon in the neading of P, and P,

f::om the chant. These wel:e assessed from the spread of the phase

differences which r^rere ¡econded fon an average five second intenval. P

is r.el-ated to the zenith angle z of the echc.r by the nefation

z = anc sl-n
(P/360 ) 4.4

0 .61

p = ['i.ätd+t]

for two aenials .61 l.¡avel-engths apant whene the azimuth of the echo is
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defined by a line connecting the two aenials " In this experiment each

aerial i^res e now of dipoles connected in plrase so that the main response

v,ras perpendicular to the now. Thus al-l- echoes irr the aenial beam

fulfillecl the abovc-, condition. Equation 4.4 is shcwn gnaphically ir¡

Figu::e 4.2, whe::e it can be seen that z is ambiguous for all- values of

P bet'rrer-:n t40o and 22Oo " An echo with a Þhase differ:ence P of .l-40o can

have ¡.1 zenith angle of 4Co or - 90o. In this case - 90o can be discanded

as a possible zenith angle. Figure +'3(a) shows the negion in the

atrnosphere where echoes between the heights 70 and l-30 krn can be

interpneted un¿rnbiguously. This region tnansfc;::med into range-z space

is sirown in Figune 4.3(b)" The unambiguous ::egion can be appnoximately

defined for echoes with z < 55c' by ttre condition that

¡i. < (g+o - +"p) 4.5

wher.e R ís the echots range, 1'he boundany of this region is shown ín

Figur.e 4.9(¡) by dashed lines. TirÍs condition was inrposed on aII

analysed echoes included in the r'esults presented in this and late::

chapters. The heiglit of an echc satisfying Ec¡uartion 4.5 could be found

usíng the relation

H=Rcosz. 4.6

fit the same time a height erlror EHT could be found" defined by

Ë'rrr - Þ ^,¡s z. - R cos (zc/2) 4.7L¡]¡ -. ¡\ U! 
I

where z. and zc ane the zenith angles fc,,r the aenial phase dífferences
1

P, and PC (obtained fnon Equation 4.rt ),I
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4.3 Peniods of Obsenvation - Rates

Two facto::s dictated the peniods when meteon echoes wene obser^ved.

The majo:: one v¡as the l-evel of ionization pnesent between 80 - 160 km.

During the daytime the D and E negion ionizations make any obsenvation

of meteon echoes very unlikely. Sponadic ll ionization can exist

throughout the night. makjng obsen.rations equally impnobable. Flowever,

dur:ing tha winter: and sp::ing mc'nths the ionization in the sponadie-E

Iayen often fell to a level sufficientJ-y low for. meteor echoes tc be

detected. The second r.estnictíDn on obsenvations was the level of radio

noise pnesent. This varieC consiclerably, as it v¡as determined to a

large extent by the thundenstonm activity and by signals nef-lected fnom

the F-negion.

The genenal level of intenferarince was wo::st aþound midnight ancl

irnproved towards sunr:ise. The noise level fnom a now of níne dipoles

connected in phase is shcwn in Figune 4.4 fon a nlght which was free of

sporadic ionization.

Mcst obsenvations r¡rer?e mad.e aften 0300 hours as this combined the

lower nc,ise levels with the hi¡r;her l?ate of sponadic meteors. A diag::am

shovring the davs and hours when meteor echoes were reconrled is shown in

Figune 4.6. Summe:r tinie spcraciic-E pensisted thnoughout the first thnee

months of the year pneventing any reconding. A del-ay occu:rned dur:ing

May when the transmítter had tr; be modified to r"educe the bandwidth of

the tnansmitted pulse. The rnost successful perÍods occurned duning
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August ancl Septemben when the generaf level of sponadic-E ionization was

low. The numben of hour"s of observations of meteor- echoes is plotted

against time in Figrir,e a.S(a). By detenmining the total numben of echoes

successfully ¿¡"1tsed each hour between 0300 ancl 0700 houns e an aveltage

rate of echoes in the two categories was determined and is shol,¡n along

with the rates for al-I echoes in Figune 4.5(b). It can be seen that, of

the meteon echoes ::econded, the average numben to be successfully

analysed v¡as l-0/houn. In facte an average meteo:r r:ate of 4O/houn ì.¡as

observed between the nanges B0 and 190 km on monnings when thene was a

r"elatively low amount of ionization betr¡¡een these rôanges. On a number

of occasions thjs rose to about 60/houn just before sunnise. The

pnesence of a weak layen of sponadic-E coul-d r.ecluce this r.ate to about

L0/hou:r.

AII pe:riods of recor-ding had to be carefully supenvised by the

author. Al-though the equipment automatically detected echoes within a

fixed ran¡Ie, it could lrot distinguish Þersistent echoes fnom new ones.

The maximum time spent on reconding an echo I s phase and ampl-ì-tude was

nor"malJ-y set at seven seconds. While many echoes decayed duning this

time to a level below the detection Ievel, strong persistent echoes were

repeatedly detected as new echoes and this coufd cause a lai:qe vrastage

of B-channeÌ chart. This hTas ovencome by changing the searched nange

until the echo had deca¡,red away. The detector coufd also be over-nidden.

l{uc}r of the :recor:ding r^ras ti¡ned to coincide with the openation of the

27 l¡l|lz meteon r,vind patr:ol , operated fon a week in each month. Reconding
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was also attempted du:.ing majon meteor showens 
"

4.4 He.isht Distributj.on

The dishribution of 295 meteor echoes with height is shou¡n in

Figure 4,'7(a) for. height intervals of 2.5 kn. The peak of the

distnibution is close to 102 km r¡ith an rr.m.s. spread of appnoxímately

15 km, assuming the pr:ofile has a Gaussian forur about the mean. Ïn

fact the distnibution is asymmetnic, wíth fewe:: echoes bel-ow 100 km than

would be expected. Thj.s is langely due to the method used to necord

echoes and a possibk: conrection is discussed in Chapter 5.2. The height

distributiorr for. 3I2 stow nising echoes reeonded at the same time as the

meteon echoes, is given irr Fígure a.7(b). This distributíon has a peak

at about 95 km end is par-ticulanly asymmetnic ',uith a fainly sha::p falI

off belor,¡ the peak, It is wel 1 known that persistent nneteor echoe s have

thei:: lcnEír¡st durations at a height nean 95 km. Above this, height

diffusion r"educes ti:e echo duration, while below it attachrnent and wind

tunbulence trecorne increasingly important. The mean height error'

calculated fi:or,r the individual values of EHT defined by Equation 4.7, is

shown in F-igure 4. B for. the two classes of echoes . It can be seen that

the mean errorl is approximately independent of height and fess than 2 km'

so that the hístogranì step in height of 2,5 km is justified.

4. 5 Angr.rlar Di.st:ributions

Separate angulan distnibutions for the two classes of echoes ane

given in Figu::e 4.9 fon the nonth-south and east-r¡est beams. The



t30

125

t20

ll5

il0

,E ros

last rising echoes

130

125

t20 slow rising echoes

il5

t10

E ros

-carÎ0o

Uc

90

85

l0

00E1
ÈD'
l,

95

90

85

95

80EO 0 t0

I'igur:e 4.7 Ileíght distributíon.

t30 fast rising

120

E¡
Ê
'ftoo
G

90

E()

t30 slow rising

120

20 30
number

(r)

t0 50 50ol echoes
00 20

numbe
1

cchoes
3ro

(b)

E
Jl lo
E
.f,t oo
E

90

0

80
2

HT (km
b)

2
EHT

(

0
E

3
( km)

I

(a)

_!-igure a.B- Helght dlstrlbutions fon the average error ln height (SIif )



30

20

l0

30

20

t0

fast risi ng echo e s

-t0 -30 -20 -10 0 lo 20 30 LA 500 N

0 E
tl
t,
o
,E
t
U

o

t
JI
É,

=c

-50 -10 -30 -20 -10 0 l0 20 30 l. 50

slow ri sing echoes

30

20

I
5 0 10 30 20 l0 0 l0 20 30 1,0 0

t0

30

2t

t0

0 30 10 50

N

E

-50 -10 -30

Angulan dlstributlon of echoes for the north and east
beams.

-20 -10 0
zenith

10 20
an gle

ligure 4.9



47,

north-south clistníbution of netec:: echoes shows ¡ definite peak at 3OoS

w'hich will be shown in Chapter 7 to be due to sponadic rneteors with

radlants close to the apex" The rrorth-south distnibution of slow nising

echoes does nct show any manked trend. Most of the echoes wer.e necor.ded

between 0300 - 0700 hour"s, with the data being reoo::decl over: about four'

nonthso so tiris distnibutíon ie +n avera€ie fcn thjs per:iod. Most of the

echoes in the east-west angularr distnibution we::r+ neco::ded oven a 21 day

peniod in August . Å number" of showers l{ene present d'urning this time.

The metecn echoes e or specular meteor: echoe¡;, show an inc::ease in

occurr?€rnce as thc angle incneases. This j.s in accondance lvith the

pnetlicted angulan distr.ibutìon fon echoes fi:om unde:rclense trails

(Kaiser, 1953). T'he fal-I off in echoes aften 40o is brought about by

the r,ejection of ambiguous eehoes (discussed in Chapter" 4.2).

The over"head echoes present in the north-south angular

distnibutj-ons of slow rising echoes we::e lnostly obsenved on the 9th,

2lst and 22nd of Juty. The angula:: distr"ibutions crf sl-ow rising echoes

on these ancl c,then davs ar"e shor¡n in Figure 4 .10 . It will be shown in

Chapter" €,.6 that the wind varied with height in an unusually sevene

manner on the 9th and 22nd of JuIy so that on these days the tnails must

have been r.apidly bent to '¡ield secorrd reflectic'n points soon after thev

formed. The data f-nom three days when ov<rnhead echoes occun:ed is

collected into one group (gnoup A) and companed wíth ther nernaining

echoes (grouo B) j.n terms cf a clensity plot in Fi.gure 4.11. Tl-ris shows

the numben cf echocs plotted against height and dístance fnom the
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observing stcr.tion. It can be seen that the ovenhiead echoes are genenally

Iower than nor.mal , which is consistent r,.¡ith the idea tirat they come from

distonted tnaits. The lange distontions rrequir"eC to give an overhead

echo wculd only occur with the lowen, longen lasting eehoes. The slow

nising echoes of 6poup A i¡.tde up 65% of the echoes observe<l over" the

thnee days, ¡,¡hile slow:rising echoes are-only 309o of the echoes observed

on the remaining days. This is to be expectedo as the stnongen win{

shear.s viene p::oducing a langer. nu¡nben of neflections fnom trails which

do not initially give a specular reflectíon. It will- alsr: be shown that

the avenage echo dunat.ion for metecr echoes was shorter" for" echoes

observed on the tl-rnee da5zs çhi"h form group A (Chapten 4.7).

4.6 lonizatiorr Line Density

Two different reconds of the echo I s arnplitr:de a:re described in

Chapten 3, a r:econd of each pulse on a fast mo'¡ing filnr and a pen

reconding of the echo amplitude made as soon as the echo was detected by

the scanning g.ate. The fir"st method gave a complete record of the

ectrors behaviou::, but as it l^/as very costly in f i.l-m it was cnly used to

obt.rin some typical echo rnise tímcs. The pen ::eccndirrg suffeneci fn.¡m the

fact that, in most cases, the first I te 2 seconds of the echo was not

neccnded. Hewever, it had the advantage of being' evaifable fon all

echoes that wene analysed" l,'he gains of both the neceiven and pen

r"econder wer-c¡ det-enrnined by feeding a radio pulse of known amplitude

into the neceiverrs input. The scarining gate tTren detected this pulse

as an echo and reccnded its ampJ-itude. This was done at intenvals of
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about 15 minutes to colst'ect for any orifts in equipnrent gain.

A formula f.;r. the powen retur:ned frorn an undendense trail with an

electr-on line density o, (fo:r u < 1.0 x 10la/m) is given in Chapter 2

(Equation 2.1I), where the neceived powen PO fnom an aerial of gain GO

is given by

À

RR

J

P 2,5 x 10-32 P
T

G._
R

Gt d2) +.8

Riswhere P, is the powen transmitted fnom an aerial with a gain Gr;

the echcrs range; À is the radio wavelength; and a is the electro¡

Iine density. At a frerluency of 1.98 MHz Equation 4.8 gives fo:: the

electrcn line density

.olj%.v 4.s
t

where p is the inptrt nesj.stance of the neceiven, and V is the voltage of

the ¡eceived signal. As Equatioh 4.8 was denived assutning a speculan

neflection fnom an underdense trail that has .r zero initial radíus,

these condi'Lions apply to Iìquation 4.9. Thus the voltage (V) of the

:receÍvecl signal should be measuned befone the trail has time to diffuse

o:r become distcnted.

'I'ypical neconds of the echo amplitude ane given:'.n Figune 4.12 whene

it can be seerr that most echoes wene affected by intenfenence fnom

secondany ::ef1ectic,ns. Thus in nany cases, only a rough estimate could

be made of the initial amplitude because of the delay of about 1 second

which occunred between the echors fonmation and the stant of the necord

of the echors amplitude (which stanted as soon as the echo was detected



Figure 1,12 Typicat records of echo amplitu de
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by the scanning gate). As tliere is no way of knowing the echors azimuth

the echo was assumed to ìle in the centre,of the beam. Thus values of GO

anC G- were conputed fon all zenith angles in the beamts centne using

the method descr"ibed in Chapten 7 (see t'igure 4.1- for G* and Figune

7.1(b) fon G^).x

In Figune +.13(a) the frequency of observing meteor: echoes with a

given electron líne density is plotted. It can be seen that 759¿ of the

eclroes have electnon line densities between 2.a x l-013 and 5.0 x tol3/m.

CnIy 60% of 'uhe meteor: eciloes had suitabJ-e amplitude neconds to be

inc.luded in this pJ-ot. The rernaíning echocs r¿r€re eithen badly distonted

by the effect of v¡inCs o:r their arnplitude exceede<1 the maximum range of

the pen necorden. l{ost echoes in the latten category would have been

over"dense (v¿ith an ek:ctr.on l-ine density above l-.0 x 1014/m) and on-ly a

few vrere obser:ved. i'igune 4"13(b) shows the ar¡er:age electnon line density

plotted fon 2.5 kn height intenvals 
"

4.7 Echo Decay Timc Constants and Dunations

The amplitude ¡econcls used to determine electr-on line densities wene

also used to detcr.rnine the echo I s decay time constant in cases where the

echo was nel-ativefy froe fr.om interference effects. A number of such

echoes ane shown in f igu¡e 4.14 . Even l^¡ith these , the rate of decay

could be influencod by distontions to the tr-ail bnought about by the

action of wincs, as they neanly all have decay time constants g::eaten

than I secono (discussed in Chapter 2.3(b)). Echoes r.ihich showed a

r.easonably exponentíaL Cecay (although fading cculd be pnesent) made up
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559a of the echoes r:ecor:cled, and of these 219o showed a rise in anplitude

before decayj-ng (ttris nise being much -cl-or+er than thein fonmation rise

time)" Those echces in the l¿ttter- category wene probably influenced Ly

resonance effects (discussed -in Chapter 2.3(a)) or by the tr-ail beíng

distorte<l by the wind.

The time for the echr: to decay to I/e of its maximurn amplitude was

read for: all ra.pid-r:ising (or specufar meteon echoes) which showed a

reasonable exponential clecay. Those echoes which showed an incnease in

thein anrplitude befor:e d.ecaying werc considered as a separatè gnoup 
"

Decay time constants are plotted fon individual echoes in Figune 4.15.

Theoretical clecay tiines ar:e also shq:rwn for values of ambipolan diffusion

found by Gneenhow and I'leufeld (1955).

Echo dunations were detenmined fr.o¡n the fil-rn r:econC of the echo

nange, ar¡ exarnpte of wh-ich is shown in Figure 3 . 3 (cliscussed in Chapten

3). Thc clunation was obtaine'f by rieasuning the time the echors tl-ece

v¡as visible on the filr¡. The trace was only r.ecorcled whil-e the signal

exceeclecì a set level , wtrich was close to the l-evel of the nc¡ise signal ,

and was determinecl. fnom the calibration pulse described in the pnevious

section of this chapten. Durations vrelre measu:reC fon all echoes, both

fast and slow rising and a.re shown in Figune 4.16 averaged ove:: 2.5 km

height inte::vafs. The dunat-ion <¡f an echo wifl- depend on the echors

initj-al amplítude and decay constant. As the initial amplítude is

deter"mined by a number of factons, inclu<ling echo ranae and the aerial
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gain, it is usual to connect the du::ation to some constant range ancl

aer.ial gain (McKinleyr 1953). This conrection assumes an exponential

decav and determines an echo ciunation for an echo whieh decays at the

aame tate e but has its arnplitude correctecl to the level it would have

had if obsenved at the fixed range, As most echoes at I.98 llHz do not

decay exponentially, due to the action of winds, such a col:nection would

be meaningless. Thus no attempt has been made to conr:ect the duration
dfstnibution. Corrections vrê;e applied to the fast nísing echo

dunatíons but they dÍd not sígniffcantly affect the shape of
the distlríbution.

The echo decay time constants shown in Figure 4.15 a::e scatte:red

evenly abrout the expectecl decay tirnes (computed fi:om G::eenhow and

Neufelclîs 1955 values of ambipolan diffusion) above 105 km. Below

this height the decay times level off wíth the simple decays scattered

about a decay time of appnoximately 4 seconds, while the deeays which

showed a rise in amplitudc befone decaying are scattened about 3 seconds.

This var"iation of decay tíme r^¡ith height is also evident Ín the plot of

avellage echo dur.ation shown in Figure 4.16. It was shown in Chapte:r

2.9(d) that an at'tachment ::ate of 0.2/second gave a decay time constant

of 5 seconds. Values of attachment r:ates as high as this were measu:red

by Gtöc1e (1968) for- cvendense echoes with shont dunatir:ns (approximately

3 seconds ) . !fhí1e Glöde obtained lower attachntent ::ates fon echoes

with dunations gneate:r than 16 seconds, he did not take into account the

effects of wind tunbulence and, as these will be mone pronounced with

the longer enduríng echoes, h-Ls val-ues may vre1l be lower than they

shcruld be fon these echoes.
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ltrin<i tur"bul-ence was shown in Chapter 2.3(c ) to become important

about thinty seconds after the tr"ail fonmed. However there is evidence

that the wind can:reduce echo du::ations" In Figune 4.1-7 echo durations

are shown for <1ays when overhead echoefl welae obsenved (group A in

Chapter" 4.5) ancl when they were not (gnoup B). It can be seen that

echoes in gr:oup A v¡ene significantly shonte:r thau those in gnoup Lr.

This shorvs that the strong wind shears pnesent with echoes in Gnoup A

(Chapter:6"3) we:re reducing the echo dunations by distonting the trails.

Funther evirlence for the effect of winds on the echo decay can be seen

in l'igure 4.15 where echoes that shovr a nise in amplitude befone

decayinq ge.nenalJ-y havcr fa.ster decay nates than those echoes which have

a s:lmple decay. Intenfering signals frorn a secondany refl-ection

fr eque ntly supe:rinìpose a cycli-c variation of the signal ampJ-itude on an

exponential decay. Thus a rise in the signal r^¡il1 be followed bv a falf,

r^rhicTr will increase the signalts rate of decay. Above 105 km'

lresons.nce effects could also be nesponsible fon an initial nise in the

signal beforc it decays, and these r^ril,l- also resul-t in incneased decay

times (Lebedinets a.ncl Sosnova, Ì968)"

The dunations of slor" nising echoer, shown in I'igu::e 4.16, are

fair.l"y constant vrith height and about an onder of magnitude- gr"eater

than the meteon dunatj-ons ¿;bove 1l-5 km, The peak in echo durations at

about 120 km was caused by a sirrgle reflectíon from an overiteacl patch

of sporadic-E ionj.zation. It was found to be inpossible to separate

neflections from D and E ::egion iruegularíties (which wene genenally
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long enduring;) fnom sÞeculan reflections fnom nteteot' tnails brought

about thnough wind-inducecl distontions to the tnail after it had formed'

SIow rising echoes would a.l-so have come fnon trail s which pnodueed

a flane, nesulting in a clensely ionized region which had diffused into

a sufficiently Iarge volume to ::ef.l-cct an observable signal . Such a

volume would be overdense, neflecting only at íts boundary. Hence

electron attachment would only affect the eeho bV reducing the electnon

volume density to a fevel wher-e the vol-ume became undenclense. The echo

<lu::ation would thenefone depend on the initial- concentration of

electrons.

tl'" B Echo Pola:rizations

/\s stated in the introCuct-ion of this chapter:, most obsenvations

wene made by transmitting a cineulerly poJ-anized radio l^Iave with night

hand polanizationu thi:s being the ordinary vJave j.n the ionosphere.

Thus the phase diffenence of the observecl signal on two crossed clipoles

vÍas + 90o, pnovided the nadio ùrave was reflected without unusuill phase

chang;es occurning. Wher.e the extnaordinary polarizatior, was tra*nsmitted',

.Lhe phase ¿iffenencc was - 90o. The obsenved polanization fon 77 echoes

is plotted against height in Figure 4.IÐ. It can be seen that most were

recondecl w¡ile ordinany circulan polanization was tnansmitted' a small

numben being r.ecordecl whíl-e extr.aordina::y polarizotion was transnitted.

These 1etter" echoes aÞpLìar to show a langer scatter- about - 9Oo than do

the echoes with or.dina¡y poÌar"ization (about + 90o) c¡.rld this ís
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prob¿tbly due to the fact that thc¿ ext:rao::dinäny wave is influenced by

ionospher:'-c absonption to a much ,greater extent than the ondinary r{ave.

Thus the small amount of oz'dinary signal tr-ansmitted in off-ventical

directions while the transmitter was phased to tnansmit ext::aondina::y,

would infLuence the ol.¡served signal to a much larger: degnee.

The effects of resonance on the trailrs reflection coeffi.cient are

discussed in Chapter 2,3(a) where it is shovrn that tnai-ls with an

eLectnon line density betrveen 5.1013 and 5.10I\/m should :refl-ect the

ci::culanlv polar-ized wave initiatty as a plane wave.. then as a

changing ellipse, befone firrally returning a circulan wave. Resonance

effects lvere not considercd in determining the electnon lirre density

(Chapten 4.6) as the echo anplitude cou1d, in any case")nly be

approximately determinecl. Howeven the range of observed electron líne

densitj-es should be close to the actua.l- rlange, indicat ing that about one

quarten of the obse::ved echoes had etectron l-inc densities gneater than

5.1ol3i;r.

I'E was shown in Figune 2.6 that t::ails with the above efectron line

densities reffect a plane polanized wave while the tr.ail nadius was fess

than 3.3 m. It is r.rnlikely that the pnesent system of ::econding would

be capable of obser:ving thÌ s stagc e as very few echces wÈne seen l¡elow

90 km. Abovc this height ttre effect iasts for fess than l second, the

average time taken by the scanning gate to detect an echo. l{ith the

trail radius betr¡¡een 3.3 ¡n and l-I m, tnails with el-ectron line ciensities
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between 5.10i3 and 5.1O14/m refiect a cinculanlv polanl.zed wave as a

relatíve1y narror^/e changing ellipse. This effect l-asts for" a tÍme that

is gneaten than l second beloi^r 106 km (see Figure 2.6) ¿rnd should

the:.efone be obsenved below this height.

In Figune 4.18 thene are i-3 echr-¡es wíth an anglcr of polarization

that -is > 1i0'- or, < ZOo (considering only those recorded while the

ordinany wave was transmitted) " 0f these echoes B occur within the

height range 90 to 106 km, this gnoup containing the move ex'tneme

examples" These angles of polanization, i,rhich indicate that the

neflectetl wave was a ne.l-atively nan:rOw eJ-lipse, al?e thus examples of

resonancê" Howevera, as the onientation of the tnail nefative to the two

cr.ossr¡d dipoles is not known, the degree of nesonance cannot be

detenmined.

4.9 Echo Rise Tirnes

The níse time of an echo nefJ-eeted specularly from a meteor trail

is determineci by the time the nieteor takes to cnoss tìre pr:incipal Fnesnel

zone. This tírne will be r-educed if the traif does not extend night

ttrnough the zone. Fcn a typic.al nange of 120 km, a metecr: travelling at

40 km/sec has a r"ise time of 0.1 seconds" Five radar pulses can bt)

transrnitted during this time, and thus tl:e rise can be nr¿solved.

I{orvever, only in the case of veny slow meteons will the diffraction

pattern be nesclved at this slow pulse nate. Many of the necords wer:e

made at a pulse nate of 25/see, maì<ing it even l.ess likely that the
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diffnaction pattenn vlould be r:esol.ved.

A nurnben of echoes are shov.¡n in Figune 4.I9. Some of these show

very shont rise times, indicating that the traj.l has not extended night

thr.ough the principal zone. In Figune 4.20 sevenal echoes not commonly

neconded are shown. The finst shows a definite diffr:action pattenn'

while the second shot+s a much slov¡en rise in echo amplitude aften the

echo wcas fonmed . This coul-d be clue to íntenference effects; howeven

it corrld also be due to resonance effects discussed in Chapter 2 ' It

was Sho\,rn in that chapter, that fon an electron line density of

2 x I014/m, as the column expandecl, the transverse reffection

coefficien-E would increase by a factor of about 20 through r:esonance

effects.
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CHAPTËR 5

METEOR HEIGHT DISTRIBUTIONS

5.1 Irrtr"ocluction

The effects of the tr:ailÎs initial nadius on the obsenved height

distribut-ion of radio echoes fnom undendense meteor tnails lras been

consiCered in Chapten 1" It was shown in Chapter 2 thatthe size of the

initial radius is sti-ll- uncentain, with measurements made by radio

techniques giving larger" values than dinect measurements made of the

optical- coma. While thj.s disagneement r:emains to be I'esolved, the

effects of theore'tica1 initial nadii suggested by Manning (1958 ) and by

LeÌ:edinets and For"tnyagirr (-1900) '"¡il-l be considered.

A comparison between the height distnibutions of echoes cbserved at

L7 \i¡tz and -1.98 Ì,tHz woul,d show whether or r:ot the initial raditts effects

ane impontant at L7 lllHz, as they are unlikely to be signifícant at

l-.98 l{I{z (discussed ín Chapter 1). The height distnibution used in the

foilowing companison was obtained from Greenhow and [ia].l (1960 ), who

measuned the echo decay time constant. Tirey obtained echoes fnom noughly

the same popu-lation of meteons since the echoes at 1"98 MHz ane from

meteons with electron line densities greater than 2 x 1013/m, whil-e the

I7 l41z eohoes ha<l a mean magnitudc of + 6.5, which is noughly equive-'lent

to an electnon line densit-v of 4 x 10'3/^. The aerial used to receive

echoos at 1? tlHz was a singJ-e full w;:ve dj.polc at a lieight of 3À/B

above the gnound, vrhiie a llol^r of eleven half wave dipoJ-es, each À/I5
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above the gnound was used at 1.98 MHz. As it ís the hignen part of the

echo distnibution which is impontant and this wil-l- most likely nesult

fnom trails entening the atmosphene with lange zenith angles, it is the

beamts response at zenitli angles out to about 45 degnees which matters.

Both polar díagrams wj.l-l be simil-an ovel: this nange if only the response

penpendicular to the row of <1ipoles at I.98 I'ilHz is considered. In

addition ít has been shown by Kaíseir (1g3la) tftat the aeria.l polar'

diagnam iras a r.elative.l-y small effect on th.e obsenved height

distribution" The two height distributions should therefore be

identi,,al if no initial raclius effects are present ' Catcul-ations based

on Lebedínets and Pontnyaginrs (fgOO) values of initial radius indicate

that the L7 "':1\12 l,eight distnibution shouid be sevenely attenuated above

l_05 km, vrhiJ.e Manningrs (rgsg) initiat radii sh.ow that severe

attentuation occuns fon echoes above 1I5 km. Before a comparison of

the ireight distributions carr be made, the l-.98 l{llz height distnibution

rnust be cornected for selection effects.

5.2 Conrect ions to the 1.98 ì'lHz tleieht Dístnibution

The rneteor height distr:ibutíon shown i.n Figure 4.8(a) is fon all-

echoes with durations gr:eaten than abou'E one second observed within the

range scanned by the gate clescribed in Chapter" 3"4(a). Thus: echoes with

dunations g:reater than I second could be analysed. Echoes witit

du::at-ions less than this woul-cl have oceunred above 115 km whe::e the

decay time constant becomes less than I second. T'he height

'lis¡nibution falis off evenly between 105 and 1l-5 km 'r¡here the echo
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rluration vJas, on averageo about ten seconds. 
" 
From this part of the

curve it can be infernecl that few echoes would be expected above 115 km.

Thus it seems unl-ikel.r/ that many echoes were lost because tire echo

duratíon r4ias too small-. Howeven, the l?ange scanned by the gate will

have affected the distnibution, neducing the numbcn of echoes obsenved

below 105 km. The scannecl range was normally started at 80 km.

Hor+even, pantial nefl-ections from ior¡ization between 80 km and 100 km

welre occasionally stnong enough to be detected by the gate. Slow r.'i-sing

echoes in the height range B5 -' 95 km had an avenage dunation of about

90 seconds. At a zenith angle of 30o this heíght inte¡val occupíes the

range inter"val 99 - 1I0 km" To pnevent trepeated detectíon by the gate

of these echc-¡es" tìre gatels scclr¡ lvas often star"ted at 1l-0 km. 0n a few

occasions the sc¿rn was stanted at t30 km because of per:sistent echoes.

IJlrfontun.¡.tefy no recclld r^ras kept of the per"ioCs when the scanned nange

was altered, but it is noughly estimated that it was f::om 110 km fon

half the tíme, thus a conrected Treight pr:of i1e can be constnucted . T'his

h'as done by assuming that echoes fnom 85 to 105 km had the sane .lngular

distnibution as a.ll the echoes obsenved. The percentage of echoes thus

pnesent in ee*cl-¡ 5 km treight irrterval f¡om'7C.to 105 km is shown in

'Iabl-e 5.1" The conrrection is only appr"cxiin.ete, but a incre exact

analysis is not justì.f-iecì as the echo count fon each height r:arrge is

onlv known apprcximately " the connected height distribution is '' 
'r' ,;n in

Figure 5"1 superimposed on the observed height distribution.

This distnibution shows a shanp cut-off below 97 knt. The
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conlrection factor for these ireights is largc:l clt a height of 85 krn, 379o

of the c¡chc¡es wene rnost pnobably excluded because of the range scanned.

The obse¡l,atíons were limited to echoes with zenith angles < 50o. This

would ten<l to neduce the numbe:r of echoes observed at low heights

(below 100 km) because thc+ point of maximurn ionization of the meteoll

trail öccuns whene thc atmosphenic density is equal to Prn ancl

ÊJm Cl CoS z

whe:re z is the zenith angle. An additional- cause of lo¡v altitude cut-

off could come fnom polanization effects. Irr Chapten 2 it was shown

that at l-ow raclio fnequencies trails initialty r^efl-ect a plane polanized

wave. Tliis can reduce thc anrplitude of the observed echo b¡r a factor of

2 or mone, in nany cases , $Ihile this alnplituCe r educticn cnly lasts fon

a sho::t peniod until the column has expanded sufficiently thnough

qtiffusiorr, it would cäuse the echoes frcÌn Iow heíghts to talce several

seconds to nise tr: thei-r' ¡n¿>:imurn arnplitude. Such an echo woufd be

ctassified with the slolr r-ising echoes which vrere obsenved down to 82 krn.

5 " 3 Comp¿rr. isons of Heieht Distributi-ons at l-7 and l"98 MHz

Of ¡he echoes obsenvecl by Gneenho,¡ and Hal.I (L960) at a fneguency

of I7 iufHz, 750 showed an exponentia]- signal decay. The nesuiting

distríbution of signal decay rates (time taken for: the echo amplítude to

rlecay to I/e cf its maxinurn value ) ís given Ín Figu:re 5.2. This

distnibution can be inte::pneted as a height distnibution using the

expression fo:r the decatl¡ tÍme constant i'
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\Lr=#6 s"r

where À is the nadio wavelength, anrl D the ambípolar diffusion

coeffj-cient(iìenlofson,1948).1'hevaniatj.onofDwithheightabove

95 kn is affected by the earthrs magnetic field. This is because the

electrons will tend to dif:; ,:se at a greaten rate along thc fiel-d than

aclloss the f ie1d.

Herlofson (i-948) ploposed that the obs¿¿rved ambípol-ar diffusíon

(0 ) w¿'.s givr:n b.¡'c
Do = Dt¡ sin2 Ó + Dr cos2 q 5'2

wherc D¡¡ and D1 are the arnbipclar" diffusion coefficients for diffusion

p;r:rallel and transverse to the fielcl lines, atid Q is the angle betwe'''r

a line nonrnal- to the rnagnetic fie-ld, ancl ¿r l-ine drar'rn from the obsenving

st.ation to the rnagrretic field line. At heíghts below 95 km D,, = Dr

(Poole and Ka:'-ser, J-967) however above this height it has been sugP;ested

tha,t D¡ < D¡¡ /2 (l,leiss, 19551 F::ancey" 1964). As no obvj'ous

co:rrelatiorr has been found between r! and echo decay :rates, it has been

suggested that D¡ is close to D¡ /2 (Por:l-e and K'aiser, 1967). Recent

ther:reticaf work b.¿ Kaiseru Fickering and Watkins (1969) has shown that

¡neteor trail-s closely al-ignetl with the magnetic field diffuse at a veny

slow nate " This has been confirmed by experimental observations made

by the same authors r+ho ehowed that -Eire echo decay r:ate is inhjbited for"

trails that }ie within a degree or so of the clirection of the magnetic

field. T'hey also found that trails not paralle-r- to the f -i-eld could have

Iong clecayso hornrever this only cccu.::red when the aelial bearnrs axis was
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within a degï'ee or so of beíng normal to the magnetic field. Thus the

magnetic field only Ínhibited the decay of a smell percentage of echoes'

and the effect has been igrrored in this treatment.

The va::iatic¡n of D with height for a zero magnetic field (Dz) has

been calculated by Kaisen, Pickening and Watkins (1969). Assuming that

Dfl = D" then Dr < Dz/2. Values of D¡¡ and the upPer limit of Dt O/2 -

dashe<l line) ane shown in Figure 5.3. Also shorvn arle the expenimentally

determined values found by Gneenhow and Neur'eld (fSSS; to be refe::ned to

as Da), exten<1ed to a height of 115 km" ft can be seen that Da is close

to Dr/2 above 95 km, whe::e the effect of the magnetic fiel-d becomes

impontant. Thus, above 95 km Da can be considered a neasonable

compromise betvreen Ða and D7¡ . Below 95 km the magnetic field becomes

unimportant and Da can again be useC as it appnoaches D.

Thus using Da in Equation 5.i the 17 þIIJz echo decay rate

Cistnibution of Figur"e 5.2 can be plotted as a height distribution, and

this is shown in Figune 5.4 togethen ¡,¡ith the co::nected Ìreight

Cistnibutir:n of 1.98 tillz meteor echoes and a heiglit dístnibutio¡r

obsenved b)' Dol¡Ie (1968).

Before these height dístnibutions can be compar:ed, a number of

factors have tr-r be considened. The method of selecting L7 l(Hz echoes

wil-1 have influenced this distribution to some extent. Only those

echoes with reasonably undistorted decays wer'e analysed. As distortion

to the ,3ecay is most fikely to occur with the lorvet' echoes which decay
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more slowIy, these are most lí-kely to be excluded. At 90 km the decay

time constant of a meteor echo at L7 ILHz is about 0.6 seconds' 0n

average it takes 0.4 seconds fo:r interfenence effects to occur with

over:dense echoes. An unde::dense echo shOuld not be affected as soon,

as in many cases the interfering signal l¡ill be decaying mone rapidly

than the initial signal. However, the lack of echoes below 87 km could

be explained by the fact tÌ:at these echoes were diston'Led.

The heights of 2.7 þ1112 meteon ecìroes obtained by Doyle, al?e actual

heights obtained by necording the echoîs rlange and zenith ang1e. 1'his

system nequires one and a hal-f DÔpple:r cycl-es (n, O.t secs) to be pnesent

in a record of the echo before tllç: nccessany ÞhaSe measunements can Ï¡e

mad.e. Thus it discriminates against the higher echoes which decay mone

napidly.

It can be¡ seen that the 17 I'fHz and 1"98 Ì"fHz height ciistributions

have the same var.iation with height above 105 km. Thus initial nadius

effects must be of Little importance to radio obser-vations of mete¡or

echoes at l-7 MHz, ancl therefore the ínítiaf radíus ntust on average be

l-ess than 3 rn at 110 krn. This compares well rn'ith l"lal:ni.ngrs (fSSA) value

of 2,4 ¡n fon this ireíght. 1'hene is not much that can be deduced fnorn the

27 iV.Iiz height distribution as the se.Iectíon effects imposed by the

requirenent of one anci a half D.oppler cycles befone the echo can be

analysecl is vr.:r"5, severe and has r.jsul'Led Ín a I'elativeJ-y Ia::ge numben

of anaJ-ysed echoes being below 90 krn.
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Thus the distnibution of echo heights at 1.98 MHz and 17 l'!Hz shows

that et a height of 110 km the initial nadius has a value which is

sign.ificantlv less than the theonetical pnedictions of Lebedinets and

Portnyagin (tgOO), and rnore likely to be close to the value pnedicted by

M"enníng (1958). This ís consistent blith the findings of Poole and

Kaisen (lgOZ) who pnesented indirect evidence to suppont their view

that at L7 þlïz'ther.e r¡ras no height ceíIing imposed by an initial tnail

nadius.
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CFÌAPTER 6

WIND COMPARISONS

6.1 Introduction

Methods ernploye<l to observe winds in the atmosphene between the

heights B0 km to I20 krn invoive oLser"ving eíthen antificial- or natu::aI

tracens, optically on by rada:r.

A:ntificial- t:racers are convenient in that they arllow a contnolled

expeniment 'bo i:e performecl at a time chosen by the expenimente::.

Iiol;even, thev al,e expensive ancl thUs not a p:ractical. way of making

continuous obser.vations oven an extended period of time. The type of

trace to be plaeed in the atmosphe::e is detenmined br¡ the height at

v¡hich the r,¡ind ís to be measuned as the tnaceu rnust movc with the neutnal-

wind. Belovr B0 kn an inflated bal-loon or r:igid sphere (Ba¡'tm¿-rn et aJ-,

f956) can be ejectecl f.::ou a nocket anrl then tnacked by::adan. More

neccntly a parachute carryinÉ: an instnument package (We¡¡ et al-, 1961)

has been used in a sinilar marrner. Raclar cha.ff and chomical tnails have

been ejected. fnom prol')es l-aunched from a gun (l1ur:phy et a-l' 1966), while

rockets have been used to lay chenical tnails up to l-60 km. These can

be observed with several grouncl based camer?as. Alkali vðpoulrs can be

used at times when the trail is in sunlíght white the sky is dar"k, such

as at sìmset ancl sunrise (Manning et aL, 1959). Night time

observation$ can be ma<1e with t:"imrlthyl aluminium (Rosenbeng et al,

1963). itockets have also been used tc¡ carry grenades whj.ch a::e fired at
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inter:vals of a few kilometers. An arnay of nicr"ophones on the g::ound

r:econded the angle and time of anrival of the accoustic shock wave, thus

pnovj-ding infonmatíon for: a model atrnosphere (Stroud et al, 19563

Grovess 1960)"

llaturallS' occu.nning tracers that can be observed optically ínclude

noctilucent cfouds and long-enduning meteolr trails, but as they do not

occur fnequently, they are of limited use. Tlie situation changes,

howeve:r, when radio obser-vations ane made, It then becomes possible to

obsenve the dr-ifts of the ionizecl columns of meteon tnail-s. Ilaoio

reflections from ionization in the D end E regions can also be observed,

and the rnovement of the ioniz¿ltion in th¡ese negions infe::red.

6.2 'vlinds in the lJpper Atmosphene

Betneen tì0 km anC 110 km the movelnent of the neutnal atmospher-e is

govenned by a mean flov, planetary h¡aves, tidee, inter:nal- gna',rity waves,

an<] turbulence. These wind moverTrÐnts a::e pnedominantly horizontal .

Measur:ements of the windrs vaniatiorr with heigtrt over a shont

period of time atle rnost easily carried out by observing chomícal tr¡rils

J-aid by noc]<ets. llowever^, continuous measurements ovetî a r¡umbe:: of days '
have been carried out by meteo:: nadan systems which combine high meteo::

rates v¡ith accu-nate height detei:minations (Southwonth, 1968; Iìevahu

le6e ) .

Sma,ll scale fluctuations in the wind can be measured if the numbel"
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of meteor ::ada¡' ::eceiVing stations i.s incr"easetl . thís makes it possible

to obtairr mo::e than one reflection fr-on a single meteo:r trail ' the

separation of these reflections is clete:rmine<l by the angle of the trail

to the various neceiving stations, ancl is typically 2 to 5 km. This Ìras

been ca:rríed out by Greenhcrw and Neufel-d (fSSS) who used three

receiving stations, by Roper (1966) using three staticns and by

l,{cAvaney (rgzo) who used five stations. A less dinect method of

cbser:ving the action of the wincl. along a metoor trail invofves obsenving

the amplitude fluctuations present in en.luring raciio echoes ' These ane

cause<l by the interference of w¿ìves refl-ected fnonr two on molle negions

of a bent tr.ail. Obse:rvecl fa,ling rates have been cr¡mpa::ed with those

pnedicted by var::'.ous models b;; l.lanning (1959) and Phi-llj-ps (1960).

these measurements, and the more dir.ect onesr suggest a vertical scale

of between 6 and 8l<m and a horj-zontal scale gFeater than 100 kn. An

avèrage wind vani.at:]on r,rith height is: l-c m/sec/km although variations as

high as 100 rr/sec/km crver smal-l hei5lht ranges have been obsr+rved tc

occur with many chemica.I tnails " verticaf shears apPear to be most

plronouncecl at a height of l-05 km whepe they have an average value of

about 30 in/sec/km (Kochanski, 1964).

6.3 Meteon Trail Dnìfts

The effects of neutnal wincls on mcteot' tnails and thus their

effects on the reflected racl:ï.o signal , have been discussed in chapter

2.3(b)" It was shor¡n that the tnail moves wittr the wind unless the

tnail is cl-ose.ly aligned with the magnetic fiel<1. Thus the lar"ge
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mð.jonity of tnails obser"ved ane dr:lf'ting wi'fh the neutnal wind.

I[anning, Villand and Fetenson (1950) made the first obsenvations of

wir¡ds by obser:ving, shifts in thc phase of the nadio meteor echo, brotrght

about by the tnailrs movernent" In this way the r"adial velocity of the

reftecting negion of the tr.ail was neconded. If the positíon in the

atmospher:e of 'the reflection point ¡'-s knorun, because thene is very

littte venticaf movenent, the honizontal component of the wind towards

oïr away from the neceiving¡ station can be detenmined. As this single

measurement only yieJ-ds the component of the wind towards cr away fnom

the receiv:'.ng statíon, e. numbe¡'of such measunements (at least two) must

be ma<]e at each height. Then bv assuming the wind to have a hcnizontal

scale > 100 km, a lvind-height profil-e can be determined.

Vanious methods have been employed to measure the wind. Gneenhow

(fSSZ) used a phase-coherent pulse at a frequency of 36 MHz. A

dir.ectional aeniaf tvas used to observe two components of the wind,

observi-ng one colnÞonent and then the cther by notating the aerial

th:.ough 90 de¡¡neeri. A high peak pulse povler togethen wíth high gain

ae¡ia1s enabled a high meteor. nate to be obsenved. Hcwever the height

was only knovin approximately, being deduced from the rate of decay of

the echr:rs si-gnal stnength. A phase-coherent pulse system has been

combinecl wj-th aenial arnays for clir.ection finding by Southworth (1968).

This has the advantage of havíng both ¿r high echo rate and accunately

knor¡n echo heights.
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The Adelaide system is a conbined continuous-wave pulse system and

is described in some detaiL in Chapter: L The nethod erirployed to obtain

wind measurements is desc::ibed by Robe¡tson, Liddy and Elfor:d (1953)'

The Adelaide s5rslsm operates at freguencies of 26.773 lLHz (contj.nuous

wave) anð.27.540 l{Hz (putse) .end will be refenned to as the 2l l(Hz

system. Over. this fnequeney range echoes ane obsenved between 70 k¡n and

110 km, with most echoes between 80 km and 100 km.

6.4 Ionosphenic Drifts by the Soaced Receiven Method

The measunement of the honizontal drift of irnegulanities ín the

ionosphene by cornpaning reflected radio signats neceived fnom thnee

sepanate ae¡ials placed in a üriangle, is a well established technique

first tnied by Mitna (fg+g) and Krautkrarnen (1950). Radio waves with a

frequency of 1.98 MHz are totally neflectt¿d duning the daytime by the

E-::egion at heights between 100 - 1I5 km. Occasionally a layen of

spo:radic-E tôtalIy nefl-ects the signal at a height between 100 - 110 km.

Tl¡cse layens of ionization are seldom completely flat sc the neflected

signal forms an inr:egular' diff::action pattenn on the gnound. As the

pattern moves, the signel amptitude variatior¡s can be sampled by three on

rnore aenials, or the movement rendered visible by a lange annay of

aeniaLs connected via neceivens to an anray of lights, the intensity of

e,'icli light being propoutional to the signal amplitude at each ae:riaI.

The dnift velocity of the pattenn has been shown to be twice the

velocity of the Ínnegulanities present in the neflecting layen (Fe18ate,
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1969)" Whene on]-y three ae:rials sample the pattenn, the time

displacement of the fading neconded at each aeriat can be determined by

conrelating the recor^d,s. The time disp.Iacement nequired fon a maximum

cornelation gives a measure of the velocity. However, the pattenn often

changes as it moves over. the gnound. Thus cane must be taken in

selecting a suitable tniangle size (eottey and Rossiter', 1970). A

technique known as fult connelation analysis developed by Bniggs,

phillips and Shinn (fgSO) and Phillips and Spencer (tgSs) can be used in

determining the r:ecord?s tine displacements. Even with these

precautions the thnee aerial technique can give misleadíng and

inconsistent results (see below).

Lange aerial amays ovellcome many of the limitations Pl:esent in the

above method" An arnay of 89 aenials descnibed in Chapte:r 3 has been

in openation at Adelaide since 1969. A spatial cornelation analysis

developed by Bniggs (fgOS) allows the diff::action patternrs velocity to

be detenmined from two obsenvations of the complete pattern separated

by 1 second Ín time " Thi.s analysis is i.ndependent of the statistícal

onoper.ties of the diffnaction Þattenn. it was found by Felgate (1969)

that for about 27% of the time the pattenn from both the E and sponadic

E r.egions was unsuitable for velocity detenminations eithen by the

Iange anray on by the thnee neceiver: method. Effects which can cause

this include sudden changes in the velocity of the pattern taking place

in a 20 second. intenval. These would confuse the nesults fnom the thnee

nec.eiver method, which requines about three minutes of ::econd to
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pt?oduce a velocity detenmination. It hos been suggested by Felgate

(fSOg) that these changes i-n patte::n velocity could be caused by the

intenfe.,:rence of nadio waves fnom two or more refl-ecting r:egíons with

height changes occurring j.n one orr rnore of these regions. Thus at these

times the pattenn will not nepr"esent tlie honizontal novcment of the

i.ruegulanities. At othen times the pnesence of onJ-y two neflecting

::egions causes the patter.n to consist of a sJ.ng.l-e sef of fringes. At

these times on-ly the cornponent of the wind perpendicula:: to the fringes

can be measul.ed, as the movement of the fi:ingeS parall-el- to their

length cannot be observed. Thus care nust be taken intenpreting

measuïrenents of the na<lìo diffr"action patte::ntr; novement as being due to

the neut:ral wind.

Recentiv much wonk has been carried out on signaì-s partia-lly

:refl-ected fr.om the D-region. This is a weakì-y-ionized negion befow

90 krn, thought to be produced by the ionization of nítric oxide by

Lyinan*u radiation fr-om the sun. and by the ionization of the neutnaf

atmosphene by soiar x-llays ancl cosmic radiation. Measunements of the

dnifting cliffnaction patteï.n wèlre finst car.nied out by Fnaser (1SGS,

t96B ). These patterns have been observed a'b Ade,:l-aide b5r the lange

ae::i,rl array, and shown to consist mainly of a smal-l- scale nandom

structune (about 300 nrc.:tnes across ) vrith a consistent direction of rnotíon

(Felgate, 1969 ). Companisons of the drift velocities of these patterns

with the dnift velocity of the neutr¡rl wind deter.mined by the radio

meteor: technic¡ue have beon made by Rossiten (fgZO) fo:: a numben of
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height nanges at diffenent tines of the year. ÍIhile the tr+o methods

gave sirrila:r resul-ts, on some oc.casíons (mostly in winter) definite

disc::epancies existed which r¡rere too large to be explained by the

expected errors of the two methods. It has been suggested that the

disagneement could be causecl by inte::nal gr-avity l¡Ieves fonming

iruegularities in the D-negion* which ane obsenved as pantial nadio

reflections.

During the nightn D-region nefJections can be observed above B0 km.

In Section 6.6 of this chapter nesults are presented of a comparison

between the windrs nonth-south componentg measured b5r e¡ser'ving meteor

tnails at both l-.98 MHz and.2'/ l,lHz. and the north-south movement of the

nadio <liffnaction patte:rn firom the Ð-negíon and fi:om a weak layen of

sponadic E ionization. This ionization v.ras largely tnanspanent to the

ondinany polarized nadio r¡ave but gave observable neflectíons when the

extr:aorclinany polanization r¡ras traansmitted. Thus the obsenvations of

nadio meteon echoes at l.9B Ì{Hz }rere carnied out usi-ng the ondinar.y

polanization.

6 .5 htlind lnleasunements

'r¡lj.nd measunements pnesented in this chapten were made with -Uhe

Adelaide 2'7 !4Hz racl.io nleteon svstem, and witìi the Buckland Park aerial

arl:ay o used to measure D-::egion d:rifts as well as the moveTnent of meteon

t::ails and icnospheric inregularities at a fnequency of 1.98 MIlz. Most

of the meteor echoes at 27 l'{Hz lie between B0 lçm ¡rncl 100 krn. ltt 1"98
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MI{z the majo:rity of meteon r:choes were obser"ved betv¡een 90 km and

1t0 km. Echoes fnom pan+;ial r.eflections wene obsenved between 85 km and

I05 km. Thus thene T¡Ias a reasonê.ble ovenlap in the obsenvecl height

ranges, so the iresul-ts of the thnee methods coul-d be eompa::ed.

0.5(a) 27 îlHz Radio Meteor System

The amplitude and clinect:'-orr of the wind can be determined for each

height range onlir after at l-east two echoes have been observed in that

height lrange. fn the foll-owíng r:esults all echoes observed in 5 km

height intervals $rere gnorrped and used to cleter.mine the aver:age wind

acting during a specified pe:riod (about 2 hcur.s), within each height

range.

6.s(b) 1"98 i,lFtz Radio l¡leteon Echoes

The methods emplcyed to neasune the phase changes and hence

<lirifts cf 1"9Íì lrftlz:radi-o rneteon echoes',.rene described in Chapter 3.

The aer.ial- used had a nalrrrovü fan-beam llesponse. (shcv¡n in Fj-gune 7"1)

ancl was sensitive to echoe-s in a no::th-south l-ine or to echoes ín an

east-west line, depending on tiit-: erray aerials chosen. Thus each echo

¡¡ave the nonth-south or east-west component of the v¡inci. Results are

pnesented fo:r all echoes with zenith angles greateï' than 20o " Âs the

phase of the naclio echo w¿rs neconded continuouslv tLrere was virtually

no 1owen limit to the velocity that could be rneasuned. I'ur:then ¡ the

accunac.y' of the wind- measunement was increased by avenaging the reading

over. the l-if e-tirne of the echo. ï'his vuas typical-Iy five to ten seconds
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in the case of speculan meteon echocrs and thirty to fonty seconds in the

case of slow rÍsin6E echoes. F{owever:, with many slow rising echoes,

inter.fer-ence effects made anv reliable wind reading diff icult. T, us

rnost r'eadings wen' made in the eanly stage of the echofs life befo:re

the tnail bocame badly distonted. The effects of distontion can be seen

irr the echo shown in Figune 6.1 wher"e the phase reccrd shcws the

disnuption cause<l by the intenf'ering signal. It is interesting to note

that the effects of interferrence can be allowed fon with this echc;. It

r^ras only r+hen the interfering signa.Ls had the same amplitude that the

r:ecor.cl became completely unusable "

The nesults in this chapter were obtained at the same tine as

pol;rrization nesults were being taken. ft was then only possj.ble to

recor.ci cne of the two components of the wind. Thus the fol1owÍ.ng

compar",isons ane m.;de fon a single component.

6.5(c) D-negion L.lnifts

Thr"ee aenials in the form of a night-angled tniangle 'øith the

shonten sj.des l-83 m l:ng were used to sar,ipl-e the díff::a-ction pattern.

Each .renia-l consj-sted of foun dipcles in the for:m of a square added in

pha.se" 'Ihe aerials of the Buckl-and Par-k annay, used to fonm the

tn-ian¡¡le ¡lre shown in F'igure 6 " 2 " Most of the results were obtained 1-.y

reconcling the arnplitude of the signat that r^¡as within the range intenval

defjned by a nange gate. This sign.rl wa.s used to deterrnine the level cf

a D-C signa-l which hias recorded on .r computerî tape for analysis. The
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signals f::orn the three aerj.al-s were conle-lated L'y full conrelation

analysis to cleter-mine the dnift of the ionospheric innegulanities.

6.6 Ïlind Heiç¡ht Pnofiles

The fcllowing nesul-ts sho-r^r the nonth on east componen-t of the wínd

obtained frr-¡m both sLow and fast rising echoes observecl at I.98 MHz. No

at-tempt has been made to ave1rage these :resultse aS a plot of each value

shows thc scatter in the neadings most clearlY. Each value of the

D-r:egion drift for-rn<l by tlie three ::eceiver: methcd has also been plotted.

In the case of f¡e 27 l{Flz meteon system, the number of meteor echoes

g::cuped into each nea<ìing is shown by plotting thís number instead of a

symbol.

The projections onto the ground of the regions in the atmosphere

wliene ionosphenic and neteor: echoes are obsenved, are shown in Figure

6.3 for the three systems.

In Figures 6.4(a) to o.a(g) rvind-lreight plots ai:e shclwn for. síx

days vrhen oniy the I.98 MFiz system was cperated" I'iSures 6"5(a) to

6.S(d) shor,¡ plots for four days when tlne 27 lvlFlz meteor system was a.lso

in operation, while Figures 6.6(a) tc-,6.6(e) show p::ofíl-es fo:: six days

when aLl three $ystems ope::ated. The pe.:rticular days for r,lhictr data was

obtained. ane shown in Tabl-e 6 .I . I'he wind component measu:re<i, ancl the

time intenval- fcr. which it w¿:s measu¡edr ane a-lso shown. In the l-ast

column of this table the profife has been given a number to ::oughly

classify it. This number s1'stem ís:
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I. Fon little change with height.

2. For an appanent linean change I^Iith height.

g. Ìfhere the change with height Ís mone comnlex than the linean model.

4. Inlhene a scatte:r in the neadings indicates a change in the wind during

the reconding period.

This classification of the pnofiles only describes the behavioun of the

windrs component and not the wind itself. However:r one component of the

wind ís sufficient fon the punpose of a companison. In Table 6.2 a

companison is made between the thnee methods of measu:ring the w-Ìnd

using the numbers:

l. To indicate a close agneetlent .

2, To inclicate that the data points are fainly scattered' yet the

agreement remaíns cfose.

3. r¡Ihere the methods show the same trend grithout over'lapping

sufficiently in thein lieig'ht ranges to be covered by I.

4. rrlher"e 3 r,,¡ould apply íf the points were not as scattered "

5. Fon a disagreer,rent,

b. / Drscussl0rì

;;;"u""= the wind component measured by the 27 tiuz meteor

system agnees wel-I with that nreasuned by the.l-.98 l{Hz system" Oniy orr

one occasion was the:re a marl<ed disagreement, (Fi.gune 6.a(a) ) and this

occunned on a morning when little t::end in the wind was evident. This

indieates that there'hreue one on mor:e changes in the wind paEter-n



Tab1e 6.I

FIGURË DATE
TIME

Sta::t Finish I}ÍTËRVAL WII{Ð COMPONENT PROFILE TYPE

6 .1+

6

6

(a)
(b)
(c)
(d)
(e)
(f)
(e)
(a)
(b)
(c)
(d)

5

(a)
(b)
(c)
(d)
(e)

6

L6/6/7L
s/7 /7r
2/8/1r
2/B/7r
3/8/7r
4/8/7r
s/8/7L

IB/8/7L
rs/8/7r
22/8/7r
23/8/7t
20,7 .7I
2r/7 /7r
2r/7 /7L
22/7 /7L
23/7 /7L

0640
0500
0320
0600
0440
0430
041_5

0510
0430
0500
0340

0345
2045
232I
0415
2033

0740
0700
0430
0630
07 30
0700
0600

0700
0716
0 545
07 00

0545
2230
0322
0730
011_5

0100
0200
0110
0030
0250
a230
0145

0150
024ô
c045
0320

0200
0145
0401
0315
o442

nonth
no:rth
east
east
east
east
east

east
east
east
east

north
north
north
north
north

1
3
2
_t

I
2
2

4
2

2
2

¿

2
4
4
4

Tab1e 6.2

FIGURE DATE
COI4PI\RISON }¡ITH
27 tIHz METEORS

3 RECEIVER DRIFTS

6 (a)
(b)
(c)
(d)

5

(a)
(b)
(c)
(d)
(e)

6

l.8/B/7L
rs/8/7r
22/e/7r
23/8/7r
20/7 /7r
2L/7 /7r
2t/7 /7r
22/7 /7L
23/7 /7L

5

2
5

I
2

5
3
3
I
I
2
2
4
4

6
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during the two Trou.r period. In contrast to thr.i-s, the following morning

(Figune 6.4(b)) showed a conej-stent wind shean of about I rr,/sec/km

thnoughout the recond.ing period of almost three hours '

The agreement between the 3 neceíver D-negion dnifts and the meteon

wi_nd pnofil-e was poor on two occa,.:íons. 0n the fir"st of these

(Zo.l.lt; Figure 6.6(a)) three of five readings made within the period

dÍsagree with the pnofile shown by both the 27 MHz and 1.98 I{Hz meteor

systens. On the second occasion (2f.7 "7I; Figune 6.0(c)), neadings

were made over a foun houn peniod. Thore is evidence that the wind was

changing duning this peniocl in a marìner- which cannot be detenmined

because of an insuffici-ent echc r"ate. Most of the 1.98 MFiz met€ror

echoes obsen.¡ed north of the r.ecei-ving sta-tion show the nonthc::n

component of the wind to be nea:r - 100 m/sec. This is supponted by the

?,7 l4ll;z meteor system. Fiowevr.-:r, f "98 MHz meteor echoes observe<l soutlt

of the receì.'ring station show that at a height of 10C km the wind

c:onrponen-E is 50 m/scrc and this is supponted by the 3 r'eceiven drift

lneasurements. It is the:rq:fore possibJ-e that during the foun houn peniod

the .,rinC ha<1 a smal-1. hor:izontal scal-e. As the three systems obtain wind

i:eaclings from diffenent volumes of the sky (Figune 6.3), a disagneernent

is Liable to occur. on these occasions. A c.Iose ì-nspectÍon of the

1.98 MHz t^rind r^eadings did not shov¡ any tnend with time; the fou::

southerly readings occu:rrsd over the foun hou:: period o rvhi.Ie the 3

neceiver" neadings wer.e obtained on the houn and half hour, so they were

evenly spaced in tiine.
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It l¡as shor¡n in Chapten 4 that an unusual numben of overhead echoes

occn::ned on 9.7,7It, 2I.7.7I; and 22.7,7L. The Presence of ovenheAd

echoes indicates tu:rbulent wind conditions as the meteon tnail-s have to

be distonted at a r.apid nate by the wind fon overl-¡ead echoes to occun

before the ionized column becomes too diffuse. On the 9,7,7I the wincl-rs

nonthern component changed dir:ection twice in a 20 km height nange.

The two houn peniod was split into shont tíme intervals and neplotted to

shor¡ a possible change in the wind duning the period of obser:vatíon.

Hov¡evene none could be detected. The wind on 2L,7,7L anð. 22.7.7L

showed a small-e¡ v¡ind shear. than that rvhich existed on the 9.7.7I'

howeven the::e is evidence of a small hr:nizontal wind structure on

2r.7.7r"
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CHAPTER 7

MI:TEOR RAD IiIT.IT CCI,i].-ARISONS

7 .l Introductic.n

Ì'he system used to observe meteon echoes at I.9B Milz T¡Ias a single

station system with a fan aenial beam. Al-though it.is not possible to

d.eter.mine the radiants of inrl:'.vidual meteons, it is possible in

pninciple to detenmine the nadiants of shower meteors. This r¡as

attempted r.¡ith the meteors obsenved at 1.98 MHz, although with li'ttle

success, one of the majon difficulties being the fact that the peniods

r:f observation \nlene restnicted to tirnes r''lhen there "das little on no

sponadic-Ë ionization. Du:ring Äugust (fSZf), trhen a number of showens

were active, the avet?age nreteor nate was only 10 echoes/houn because of

pcnsistent D-:regiorr echoes between 85 and I00 km, lvhile bianketing

sporadic-E pnevented any <¡bservation of the Ge;¡:iltj-c'i-; d'.rning December

(igzo ) .

I'hc ¡;rethc,d usecl to group meteoi:s from a nairticufa:r radiant i s

discusse<1 , anc1 the nesults presented fcr. a number of showens normally

obser.ved during August. The main concentrations of sponadic rretecrs

i,ier.e al-sc consideled, and their activity cornpared"

7 .2.(a) Ae::ial Polar Di.agnanr

T'he polan diagr.am of the fan beem employed ín 'this expc-ríment

cannot brl r:asi.ly detenmirrcd e:<periürenta.lly because the f--an fi'eld, in
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the case rtf the la;-,E;e aeria.l- anra.y at 1.98 i'{tiz, is tens of mi.Ies fnom

the aerial . A tìreonetical pcrlan cliagnam t^las, however, calculeted by

assuming the gr.ound to be a. penfect r.effecton and by igncring the

effects of mutual reactance. The first e.ssurnption is based on the fact

that the rvater tabl,e at Buckland Pank is close to the sunface duning the

winten, lrhile the mutuaf ¡eactance between adjacent aerials Ìras been

neasur.ed and found to be small . The nesuLtt'of these calculati.ons elle

given in Figure 7"1-(a) where a density plot shows the nesPonse in three

ciintensions of an eleven efentent rol+ of <lipoles aclded in phase ' in

Figure 7.1(b) two clross-sectíons are plotted to shor¡r mone cleanJ-y the

shape of the beam and. the strength of the side lobes. These ar:'e al-I

pJ-ots of the amplitucle response" as it was the signalrs ampl-itude

r,¡hich v¡as obsenvecl . The dipoles could be adcle<l so that their"

polar.ization r,¡as panallel or pellpendiculan to the fan beam. Thjs

...Itened tTrer polan,:.liagr.am as weII caS the pol-anization, and the effect

-ì:i shown in Figure 7.1(b) where the pola:r diagnam fo:r tÌre case of the

i,--,-l-a:r:ization penpendiculan to the fe-n bear'r is shov¡n as a d'ashec] line'

The side Lobes ar.e -17 clb down on the main bean ancl have been neglecte<ì

in the analysis.

The polar Criagnain of the transmitter is shown in Figune 4.1- for"

orclinary (r.ight hancl cincula.n) polariza'tion. The percentage of extna-

crdinary polarization (1oft hancì polar"ization) tr-ansmitted when the

aenial efernents e.ne phasecl to tr.ansmj.t the ord:'-nary polanization is

;rl-so showrr. l.t can be seen that the extnaordinany polarj'zation is only
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inportant at lange zenith angles. 'I'he polan dia:,nam has approxirnately

the same va::iation with zenith angle for all- azimuth angles so only a

section of the th::ee dimensional polan cìiagr"am is shov¡n.

7.2(b) Response Function of the Systent

The number of eehoes to be detected from a nadiant with a known

elevation ancl azimuth is deter-mined by sevenal factons: the numben

dístribution of meteol:s as a function of the maximum electron line

density, the clistr"ibutíon of ionization al-ong the tnail , the natune of

the::eflection process, and the pararnetens of the radar system (such as

the tnansmit-ced power, aenial polar diagnams "rnd the limiting

sensitivity r:f the receive::s). Once these ar-e speeified, the nel.ative

resFonse of the system can be detenmined fon meteors from an element of

the celestía1 sphe::e of un:'-t :radiant density. The nesponse function of

the system is the systemrs relative nesponse to a unit r:adi.ent density

Tl-l-aced .rt al-l possible elevati.ons and azimuths. This pr"oblern was f irst

.i,¡.sidenecl by Kaise:r (tgSt+a, 1954b)o whil-e a computen methocl was

c,.-,,cloped by Elfor.d (fSOt+) for a system with a separated tr"ansmitte:: and

l- ì'rleivelf .

A meteo:: trail fo:rmecl within the fan beam of the neceiving aerial

aryav will b,e rletected if the onÍentation of the trail satisfj.es the

geometrical- conditions of specul.rn neflection and the echo exceeds the

thneshold level of the system (set by the scanning ga-te described in

Chapten 3). Ttre condition of speculan r.eflecti,Jn for: echoes fnom a
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specified radiant js sa.tisfied by all those metcct's which fo:rm tnails

tlirougir the region definecl by the inte::section of the echo plane fon the

¡adiant and the aeríal beam, thc echo plerne being a plane which Passes

thnough the ol¡senving station and has a line drawn fi:om the obsenving

station towar"ds the radiant as a normal. This is illustrated ín

Figune 7.2 for the fan beam used in the obsenvations to be clescnibed in

thís chapte:: (Section 7.4, 7.5 ).

The incident flux of meteons from nadiants r+ithin an element of the

celestial sphere of solid angle d0, which pnoduce zenithal line

densities greater tlian q" is wnitten as N(e") d.CI where II(g") is assumecl

to be r-epnesented by a simple por¡rer 1aw of the form

N(0") - n q;

where c varies slowly with magnitude and lies between .. 0.4 and - l-.7

(nlrond, f965). It was found by llfond (rgos) that the form of the

;1,'.sponse function is relatively insensitive to the value of c in the

'.:r: c;f nanrôoÍ{ aeri;ll- beams.

In Fig;ur-e 7.3 the nesponse function of the 1.98 MHz systen

t.cir:scnibed in Chapten 3), is shown. It y¡as cal"culated fon c - - 1.0,

while i( was chosen to nonmalize the response function its actual value

beíng unimpontant. l.feteor echoes with zenith angles g::eater than 50o

were ambiguous, so only echo ranges less than f50 km wene used, as this

excluded most of the anrbiguous echoes.
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A

Ii-evru-J.-? The aenlaÌ ],;ea¡n has been appz'oximated by a venticaJ- plane
wlrlch Lntersects thre echo pl-ane (of the ra<líant i\X) in the
Iine Aiì. Thus echoes fr,om the raclíant ',rith elevation IìLV,
and azimuth AZ, are observed to have a zenith angle 0.
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7 .3 l'leteor Radiant Obsenvations

llith a naruor¡r aenial beam meteons fi:on a particular radiant are

usual-ly only obsenved for a shont peniod of time. If the nadiant is that

of an aetive sttowen, the echo r"ate will rise and then fall- as the

radiantrs echo plane moves thnough the beam. The way in which the eeho

rate of meteors from a known radiant changes with time'can be

calculatetì once the systemrs response function is known. This technique

-is not easily used vrith the fan bea¡¡ because of the effect of sponadic

meteoFs.

¡\n alter"native method is to obser:ve meteor" nates fon various uange

intervaLs oveta a pe:riod of time. An aenial which responds to nadiants

over most of the sky and can observe the passage of the radiant o\¡er a

peniod of time, wiII obsenve a steady increase in the rauge of echoes

fron the active radiant as the nadiantfs elevation rises. A plot of

echo-nate against eclio nange should show a peak which incneases in range

until the na<líant is at transit. Aften this tj.me the peak wifl decnease

in range as the radiant moves down towar:ds tlre horizon- Thíc is

j.l-l.ustrated in Figur.e 7"4 v¡here it can be seen th.at at any paz'ticu^lan

time the echoes fnom a given racliant ltavc a spr:ead in nange

detenmined by the spread in the height oven which the tnail-s ionize.

T'his method coul-d be appiierl to the data obtained wjr-th t]-ri: 1=an beam

enployed in the present experiment, However", as the observed echo rate

was Iow a mone sefective method desenibed b,clow was used 
"
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The night ¡rscension (kq) and declination (Dec) of a meteor shower

can be tnansformed to an elevation (fl) and azimuth (.CZ) at any

par:ticular l-ocal tirne of the obsenving station. It is then possible to

calculate the zenith angle of reflection points of meteons in the showen

by deterutining the angle of intersectíon of the echo pl.rne -n¡ith the

aenierl beam. In Figure 7.2 the ae::ial beam is appnoximated by a vertical-

plane, The intersection of this plane with an echo plane is the l-ine AB.

It can be shown that ttre zenith angl.e ( (OAB) ís given by

0 = arctar¡ (tan EL /cos (AZ - ,¡¡¡ 7.I

lvher"e rf is the azimuth of the aeríal bearn. If the angle 0 is determined

fon each eelto, and a value { calculated, such that

þ=o- z;

vrher.e Z is the echots zenith, then a pl-ot of { values for a lange

numben of echoes should show a peak at tÞ = 0o if the metcor shor{er' -hras

an active one, The actua-l spread in Q wil-l be dete::mined by the spr:ead

of the n.rdiant, which is genenally smalI, and by the fact that the aerial-

iream has a fini*;e width. The beam -is t 4 degrees to the ha.l-f power

points ar¡d this is an impoirtant factor for nadiants with azimuths that

are peupendicul-an to the beam, although it has veny little effect on

radiants with azirnuths close to the beamrs main response. This point

is illustnated in L'igur:e 7 .5 wher"e it can be seen that the angles 0,^ '
00, and 0a are al-most ec1ua1 in Figure 7.S(o) and could be quite

different in Figune 7.5(b)'¡hene tha azimuth of the:radiant is elose to

being penpr:ndicula¡ to the be¿rm. The showen nadiants discussed in the
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following section all had azimuths c.l-ose to the main nesponse of the

beam d.uning the peniod of obsenvation. Thus a reasonably nannow peak

at $ = 0 would be expected.

The maximum electnon line density of a meteoú trail is on average

propontional to sinELV, wher:e EL is the el-evation of the meteon

nadiant. Thus few echoes are obsenved with smalt angles of 0. The

langest value of 0 measured in the nesults presented is 55o (see

Section 4). Thus the dinection of the beam was chosen to satisfy the

condition that 1oo < O < 55o, wher:e 0 was the azimuth of echoes fnom

showen meteous in the beam, cì.uning the peníods of observation. As

stated in Chapter 7.2, the llesponse of the beam could be made no::th-

south or east-west by adding dípoles appnopniately. If 0 is taken to be

positive to the north and negative to the south, then this beam can be

cal-led the nor.th beam. Similanly the east-west beam shall be tenmed tire

east beam.

7 .4 Meteor: Showers

7.4(a) Obsenvations

In Figune 7.6 the dates r^rhen meteor. echoes wer:e obse::ved at 1.98

Mllz ane shown, together with the active peniods of major meteon showens

listed by Ì"lcKin1Èy (196L), which could be observed at A<lelaide.

Computed values of 0 for" the dates showne are given ín Figune 7.7 fon

some of these showens" The A::ietids, Ophiuchids' and Eta Aquanids, are

not shown because the peniods when obsenvations r^rere made wer"e too short



April May Ju ne J uly August September

Nitsson . 196l

Gartreti.l969
present survey.19Tl

Eta Aquarids
I

lis""q.li-Q

Capriconnìds

0phi uchids N.Detta Aquarids

S.Detta Aquarids

Pisces Austatids

Atpha Capricornids
I

N.!ota Aquarids
I

S.lot¡ Aquarids

The dates of observations nade br¡ ì,'lilsson and Gartnell are sl,¿rnrr along with
those of the present survey. The periocls rvhen panticulan showen n:eteo::s
could i;e observed are shoi+n, tiie peak in activity ]-,eing indíeetes bv a
ventÍcal line.
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to obta.i.n ¿. useful numben of echr:es. All values of 0 ar'e fon the east

beam as thene ulere no peniods when the north beam could be used' It

can be seen that values of 0 fon two of the showens, the Northern Delta

Aquanids and the Southenn Iota Aqua::ids are veny similar, so that it is

not possible to sepanate the effects of these showens by this method.

The relative contr.ibution of each shower to the observed echoese

assuníng that theV have equ.al rates " can be obtained by using the system

rìesponse function shown in Figur:e 7.3" An obsenvetion index (Ol) was

cafculated where

or = Iì1= l. RESPON (ELr, llZr) x I{(T);

wher.e RESPON (ELT, AZr) -is the system response to the showen at an

elevation ELrr and azimuth /rZr; EL, and !,2, are the elevation and

azimuth cf the shoríet'at the tirre T; and H(1') :'-s the numben of days

that the shower vlas observed at the ti.me T " The sun was formed fon

half houn intervals sc that T = I at 0300 hours (local time) ancl

T = ll- at 0800 hou:rs, thus coveríng the pcriod cf r:bsenvation. V¿rl-ues

of OI ane shown in Tabl.e 7.1 for' 4.8.71 arld 20 '8.7L'

The eight mor.nings in August when an east beam was used, were

for:med intc two gl3oups. The first gnoup containing data from 2nd, 3rd,

4th and 5th of August, was close in time to the peak of the showe::

acr lvity. The second group contained data fnom the 18th, .lgth" 22nd

ancl 23:rd of É,ugust and'rn'as thus outside the active per"iod"
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Table 7.1

OBSERVATTON TNDËX

4./8/7r
(ol, ¡lorutAlrzED)

rs/8/7r

Capriconnids
.l'1. Delta Aquarids
S " Delta r\qua::ids
Pi-sces Austnalids
Alpha Capniconnids
N. Iota Aqua::ids
S. Iota Aquaricls

.l

I
6

10
1

B

I
5

3
I
0
2
4

SPORAÐIC RADTAI{TS

Iable 7.2

OBSER.VATION II,ùDEX

June t JuIy (1rT. Beam)

(or , wonu,etrzËD )
August (E" neam)

340
200
270
270
270
270

0
0

I6
54

-l_6
-54

I
¿

5

4
0
1

10
4
0

3
0
0
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Values of f ane pnesented in Figr::re 7.8 fon firre shower nadíants

with OI val-ues gneater than 3. The first group of data fnom days close

to the 4th August shows possible signs of activity fnom tÌ.e Southe::n

Del-ta fiquarids, Písces Austnaiids and Southenn fota Aquarids. These

peaks ín $ near: ô = 0 ane not present in the data recorded close to

Igth August. Ilowever, as the showers wene at differerrt elevations and

az-imuths dur"ing this r'¡¿cc'r'ding peniod and wene in a less sensitive

negiorr of the aerial beam (note the smafler. Of values ), this result may

be mÍsleadirrg. As a test, data fr"om the per:iod around 19th August was

ne-analysed ¿.s though it had been neconderL on 4th August. The result

of tliis is shown in Figu::e 7.9. It can be seen that a peak:'-s again

observed near { = 0 fon the Pisces Australi<ls inclicating that this is

due e¡tj.reiy to the fact that the nad.iant of thj-s shower passed th:rough

a sensitive region of the bearn, r¡hene most echoes vlere observed on 4th

/rugust. Thus nothing of signíficance can be deduced from these

particular observations.

Ni-Isson (tgOr.i. ) obsenved both the Capriconnids and Southern Delta

,åquar"ids'Juning Augustr 1961, rniÌ'th the latter shower: showing a high

.level of activi.ty. Thus the Southern Deita Aqua::ids should have been

d.ctectecl in the abovc obsenvations at I.9B MI{2" Howeve:: the observing

..rì -.,d was betr,¡een threre and six <lays after the peak and a significant

d¡op in the level of activity may have occumed dtnring this ti¡ne. The

average elevation of this showen during the obsenving peniod was 40o.
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Thus the echo rate would have been well bel-ow the maximum nate whÍch

would occurl at transit with an elevation of 80 degr:ees. These two

factons combined with the pensistent D-region ionization (which may have

been caused by the shower) pnobably explain the poon results.

7.5 Spo:radic Meteors

7.5(a) Observatíons

The distnibution of spor.adic rneteor radiants has been investigated

at Adelaide by Nilsson (fSO+) and Gantnell (fgZf) and in the nonthenn

hemisphene by, Elfond et al-, (I96+a), Stohl (fsoZ) and Triskova (1967).

Obsenvations made by these workers show a ¡.adiant distnibution which

follows that used by Elfor"d et al, (lgO+b) and this is shown in Pigune

7.10. It can be seen that there are two concentrations on the plane of

the ecliptic nean the helior, (3,+oo,0o) and antihelion (Zooo,0o)

positions. In addition there are foun concentnations, caused by the

eanthrs motion, with the longitude of the apex (ZZOO ' 16o; 27oo, 54o;

2700, - 160; 2700, + 5+o). Each concentration spreads oven twenty to

fonty degrees of latitude and longitude. So th.rt using the above radiant

positions to calculate $ should pnoduce a broad peak anound 4 = 0o for

sponadic metoors fnom that concentnatíon.

Val-ues of the obsenvation index OI a-ne p:resentetl Ín Table 7 ,2 fon

tiL lix sponadic concentnations, fon the east beamts observations duníng

Ar.g';;ii, l-971, and fon the north beamfs obsenvations duning,lune and

,JuIy, 1971. A shont peníod of obsenving in May, I97J- I^Iith the east
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bearn has also becn includeo.

7"s (¡ ) l.:",frtq-

Val-ues of $ calcu.lated for four sporailic nadj-ant concentnations

v,'t¡e::rt the nor"malized obse::vation index was gr.eater than one r aue shov¡n

in Figule 7"11. It ca.n be ser;n that durjng tire peniod June to August,

1971" ther helion and. apex concentnation at 2700, 16o wet:e active, while

the antihelion concentnation and the apex concentnation at 27Oo u 54o

wene not. During !'Íay, 197I the antihelion concentration rvas, hovieven,

cbse::vecl to he active, althcugh the statistics are very poor as the

obser.ving period was shont =

Tl:e obsenved strengths of the lielíon and antihelion r"adiants

appear tc contr"adict those founcl by Nilsson (1964) and T'niskova (1967),

who rtìpcrtecl obsenving a larger number of meteors witl¡ the antihelion

longitude <luning August. liilsson and Trískova gnouped all thei:r echoes

acccnding to their eeliptic longitude " Thus showe::s such as the

Sc¡uthenri Delta hquanids and P-isces Australids wene incl-uded in the

antihelj.on longitude, while the pnesent ¡nethoil separates these r:adiants

iis they have díffenent zenÌth angles. Stohl (fg0Z) obsenved onì-y those

echoes fnom the hefion (3got', 0o), antihelic,n ( 2roo, 0o) and the apex

at (ZlOo, -'600). Iie found the antíhelion r¿rdiant t<i have a dip in

activity during the period August-September, when the nate was about

one-th:Lrd of its maximum. St,::hl- also fourrd that the apex

concentrations at (2700, t 600) were inactive during the August period.
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Thus there is a :.easonable agreement between the t"98 MHz nesults and

Stohlrs nesults.
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CI.IAPTER 8

RI\DTO ¡ÍETEOR. REFLECTIC}'i CO EFFTCIENT PRCîÏLES

8.I Introduction

An inr"egular electron line clensíty affects both the amplítude and

phase of a reflectecl ra.dio ,ignal. Thus it is possible to study the

:i-ruegulanities in the ionization l-ine density by observing the

behaviour of tire nadío signal reflected from the trai1. Rice and

I'onsyth (fg6g) first pr:edicted that the dispension in measuned deeay

nates of nadio echoes fnom trails at simila:r heights couLd be caused by

an iryegular.ly ionizecl traj-l. More necently Jones (fgOæ) has proposed

a theory of the reflection process of ::adio I^Iaves fnom inregulanly

j-onized tnaif o. i'his theo:ry llrakes possible the pnediction of the

standand deviation of the ionization f::om j-ts mean levef . AppJ-ied to

data. obtained bv crcenhoi^¡ ancl HalL (1961) ttris theory pr:edicts that

ionization inneguJ.aritíes vrith scales between 300 and 500 m ane less

than 209o of the meen efectron densi-C]¡ while tliose with scales between

500 m and 6 km are less than 43% of the mean. Howeve:r the theony

pneclicts a wavelength depen,lence in the dj.spension of the rro:rmalized

nadj.o echo decay rates and this does not occull in the decay nates

measu¡ed by Rice ancl Forsyth (f963) at wavelengths of 6, B, and 9 m.

T'his rneans that ionization -i.:rreguJ-anities ane not the majoi: cause of

the dispersion in radio echo dec¿rv times " The results obtained using

Greenhow and HaIlrs data can only be neg.a:rded as Fossible uppeÏl limits



93.

to the ionization ir:regul¿.rn-itiers present in tra-ils which exhibi't an

exponential decay"

A second method fon obser:ving tnail ionizatíon irr:egulanities was

proposed by ilice and Fonsyth (1964). This invol-ved obsenving both the

amplitude and phase of the echo as the tnail is fonmed. Their principal

assumption is that the changes in arnplitude anCr phase ane entinely

caused b.¡ nel,r ionization pnoduceC by the rneteor-oid as it abla'tes. In

¡¡rost cases the echors decay time is considerably longer than the tirne it

takes to for:mo and this assumption holrls. The first ionization profiles

to be experinentalJ-¡i dete::mined by this method wer.e published by lìice

and Forsyth (1964)" A recent paper by "Tones 
(1969) describes a me-Ehod

fon automatically obtaining the ionization profile by differ-entiating

the echo electnonicall¡r. In this paper Jones shows that the effects of

gal.rctic noíse are much g?eð-ter than had been supÞosed" fonization

profiles obtained using this autornat.ie T:rocessing show that small scale

írregularities about I km in 1c:ngth h¿lve a r"oot me¿ln squarc deviation

that is less than 30e¿ of the mean elect::on.line densitv. Used with

backseatten nefiections this technique is sariousJ-y affected by upper

atmospherj-c 'øinds so that onl¡r relativr:ly short secti.ons of pnofile

ean be ob-Lained. Thus no infonmation is yet available about íonízation

ir"negularities that ane about 5 k¡n in lerigth. Used in conjunction with

¡r forwand-scatter meteor systern, vçiiene the Dop.oJ-en shifts pnoduced i.n

the echo by the traiL?s novement ar"e nearlv an orde:: of magnitude

snlallen, this limitation is :rernoved"
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fn the foll-:. rirrg sections of this chapten ,. ^nethod :i.s developed

which enables pï'e-to diffnactj.on patterns obtained by the Adelaide meteor

systen to be used to determine ionízation profíIes. These diffraction

patter:ns effectively eontaín only half of the phase and ampÌitude

information needed to carry out the analysis described by Rice and

Fonsyth (feOg), and ,Joncs (1"969), An appnoximate method of analysing

these records is developeC be-low, and. some experimental results

cliscussed.

8,2 The irdelaide D1eteo:: Svstern

A conrplete description of the system has been made by McA-,raney

(1970)" Thus oniy those aspacts which ane impontant to this expeniment

'r¡ill be discussed.

Tlvo tra,nsinittElns e.re located at lidelai<ìe LjniversitV, a radar used

to de.¡tenmine tlie ï'ange of tl:c echo ( 27 .54O ;'í!{z ) anci a corttinr-tous

t:r¿-rlsmitten which is rrserJ to determirre: tha zenith angl.e ' :-rc phase charlges

of tlre ecl'ro (26"7'73 Mi{z)" Thc receiv.ìng s.ite is 23 km nortir of the

tnansmítt.:r " 1he na<1io t,t,ìve received directl¡r across the gnouncl frorr

the tr¿nsmitteï. is :receívori ¿'¡.t thi:s sit.:, at a levçl- tliat is grez:te:: than

most of the signal leveLs fronr metr:or tl"ail cchoes. t'he g:round wave

ancl m,;tec,,r" ecl:o ar-e nixed at the inpU'E tc,'the neceive::" so thAt phaSo

chL.r:g+:r.i in tÌ:r: nçflecte<i signa.L ar^e cÖnver'ted i:otc arnplj-tur1e varj-atj-orls

j.n the cir:tecttrd sígr:ral " 'i'hese phase changes are principally caused by

d-iff¡action effects dur:ing the trajlts fonmatj.on and by moverrents of the
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the tnail- with the neutnal wind duning and after the tr"ail has forme<l.

The ea.r.ly pa::t of the oiffnaction pattern, the so-called pre-to

diffi:action pattenn (lshene to is the time at v¡hich the meteon inter:sects

a line that is penpendicular to the rneteor?s path and passes thr:ough

tÌìe recûiving station, AB in Fígune 8.1) can be used to dete:rmine the

meteonrs velocitv and is nocorded fon this purpose at the Adelaide

neceiving station at St Kil,da. The determinatíon of a meteorrs orbital

e-lements can be caruied out if raclio echoes a:re neceived from several

diffe::ent points on the meteor trail-. Fon this purpose foun out-

stations v¡e:re built and equippcii to recei-ve the continur:us wave

tnansmitte:r " Signals received at these stations ar:e tr:ansf er-r:ed to the

main receiving station at St Kilda by nadic links operating at a

fr"equency near 60 lvlljz. The Ciffractí.on pattenns neceived at these out-

statio¡s can therefone be displayed and recorded at St Kilde.

B,3 Ca-tculation of the Reflection Coefficient

Each out-stationrs diffnactíon Dattenn will canny infor"mation

about clifferent sections of the meteor tnaitts ionized column (Figune

e.2) , If these diffraction p;rtter-ns are au,alysed to yield the

i¡nizaticn pnc'files of these sections, then the ioniz¿rtíon line <lensity

wil-l be known for a nelatively long secticn of the trail-' Thj-s was

the or'ip;in;1l iclea behind tl-ie pnoject. Hov¡eve::, it was founci that the

signals fr.cm the four c¡ut-stations wele badlv affected by noi.se

cc¡ntnibu'Eed by the radic¡ linkss. The exlieniment was then conducted

using f-ive sepanate aerials and neceivers located at the mein receiving
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P

['i51une B .I 'Ihe geonetry of a specula¡' eeho from a meteot- tr"ail CÐ

showing a typical <iiffnaction pa't'ie:r.n obtained when a
groun<l v¡ave is present at the r:eceivilg aer'1a-l-.

The tnansmftten T and flve receivinq stations whlch are
llnked to the rnaín neceiving statíon at 1 by naclio línks.
The flve dfffraction pattenns obse:nveC come f:.om <iffferent
sectlons of the tralt at Þr gr F, s end t.

Flg,u¡g 8.2
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station. The five diffnaction patterns could thus be used as checks on

each othe::, and could be combined to impnove the signal-to-noÍse natio.

8.3(a) Theory of Method

the r"aclio signal reflected fnom the column of electnons pnoduced

by the meteonoid can be nepresented as the sum of signals neflected

fnom all pants of the column. The nesulting signal stnength can be

written as

fx ( 
- n"1ll u* B.rE(x) exp(iurt) = 5 | e(x) exp li (u¡t

l_*- l. 2')

Where E.(x) is the complex echo arnplitude for a trail extending fnom

minus infÍnity to a point x:, b is a constant defined in Chapten 2

(Equation 2,8); and g(x) is the ¡'eflection coefficient. The distance

x,along the trail has been define{ ín Chapten 2 (Equation 2.6) as

2s

" = 4l 8.2

where s is the distance along the tnail fnom the to Pointì Ro is the

dj-stance cf the to point from the neceiving site; and À is the nadio

wavelength. Thus x is a dimensic¡nless quantity called the Fnesnel

length in optics. In the expeniment beíng consider:ed, a gnound wave is

mixed with this signal so the nesulting sígna! stnength becomes

F(x) exp(iot) = $l exp(ir¡t) + E(x) exp(ír¡¡t),

l(x) = f(x) exp(ia(x))' 8.3

[ = t exP(io)'

The functíons f(x) and o(x) ane the anrplitude and phase of the detected

signal, wher.e e(x) is cletenmined by the range of the tnail- and its



J-ength; ancl w 6L;.r.1 ? are the amplítude and phase of the gnound wave'

inrhene r|, is detenmined by the sePanation of the receiver fron the

tnansmitter. The time clependence can be dnopped from this equation.

It can also be sinplified by notating thnough tþ and setting
*-.2

rf(x) = cr(x) - g anC O(x) =' + - 0 so I(x) becomes

97,

8.6

F(x) = f(x) exp(iú(x)) = w + b s(x) exp(io(x) ) dx 8.4
-æ

and this notation is shown in Fígure 8"3.

The finst step towancls obtaíníng arr expnession fon g(x) is to

differ-entiate Equation 8.4 l^Iith rc;sp€ct to x. Thus

år r-t"¡ = $; u(x)

$; t r<*l exp(irþ(x)) ) = k, o 
J"- r'C*l exp(io(x)) ctx )

åOtt") ""*(i,1,(*)) 
+ i ¡(v) exp(iü(x), å-**t"'= l¡ s(x) exp(io(x)) 8.s

d E(x)
If the ar:gIe between -TT- and F(x) is z(x), then it can be seen fnom

Figure e.+(a) that

f(x) ô ü(x) n, b g(x) 6x sin Z(x)

or

d. rf(>r) b ;;(x) sin Z(x)
.lx

substitut-i.ng this in EQuation 8.5 yieJ-ds

f

d-f(x) exp(i,!(x)) + i b g(x) sin Z(x) exp(iú(x)) = b g(x) exp(io(x))

which simplif.ies to the exÞr(ìssion
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F

li-gyfS_j:_g_ The grouncl w;r,ve li and the sky wave E acld togethen ln the
receiver- to yietd the oÌ:served signal F.

f rx) 6$ = {],6r sinZ(r)

6E: b gkl 6x

f (x+sx

Ek)

(a)

{

th)+2fi)*tt- llj(r) = 2tl

thus 9(r) -{rtrt = n-Z(x) ok)
Zlx

í- ün,

(a) shor¡s wlth an exaggenated 6ri.,(x) tne relation used to
derive Equatlon 8.6. r¡hfle (b) demonstrates EquatÍon 3.3.

W

(b:

E

(¡+5x
f(x )

Fl.gune 8.4
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d f(x)gtx, = ãT b [exp(i(O (x)-ü(x)))-i sin Z(x)J
I

Figur.e 8.4(b) ,shows that by definítion

o(x)-Û(x)=r-z(x)
and using this in Equation 8.7 the expnession fon g(x) becomes

B(x)=-d*r(x)Ëìo Ð

8,7

8.8

8.9

8"3(b) Application of Method

The pr:e-to diffnaction pattern recotlded by the Adelaide metecr

system is a complete r"econd of the function f(x) up to, and just beyond

the to point. Thus 
L f(x) can be carculated,, as x is defined by the

pattenn itself. All that remains to be detenmined is the function

Z(x)=n-O(x)+ú(x)

= ïr + '*+ 4 + {r(x)

= n(t -*, + O + ú(x). 8.10

For a unifonrnly ionized trail whene g(x) is constant oven the region of

inte:rest, maxima and minirna occur in the pre-to diffnaction pattern

whe:reven

Z(x) = r/2 + nn fon n = o' 1" 2, 3 ' .....

as shown in Figune 8.5. Ì'lhere g(x) is not constant the spinal becomes

d-istorted and the maxima and minima will move r:andomly about the points

whene Z = t¡12 + nïT. Howeven, as Figure 8.5 demonstrates, this move¡nent

is not venv lange even for a fainly írregulan tnail. Ttre::efore it should

be possible to detenmine Z(x) by fi-tting a function, bY the method of

least squares, to the tur:ning points jn the diffnaction pattenn. By
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The effects of a vanyin¡1 function g(r), on the turning points of the
diffnactíon pattern.
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Iimiting the or4,'-: r-,r thê funct-ion to a powen of [wo, any baC-iy displaced

t¡¡rning points in the diffnaction patte.rn will be prevented fnom

seriously affeeting the result. Such an approach, however, Ígnones the

function rl,(x) whic.h is not a símp1e que<lnatic function. The only way to

deternlinr-: ú(x) accuratel5r depends on a knowledge of the field E(x)

r.eturned fnorn tb,e- moteon tnail-. This canno-E be fou-nd from the pi:e -to

diffnaction pattenns :.ecorded at Âdelaide, Ho'¿¡ever, ltnder certain

conditions rl.(x) can be ignoned as j.t is a function which osciflates

about- zc¡no and has a maximu¡n arnplÍtude given by

ü(x)nax = aï.ctarr ( lgf *t I t"l '

T'hus when w is lange compared to lgt"il, û(") can be set equal to zeno.

The eficct this has on the calculated values cf g(x) is, in fact, made

even snalìer because rj,' (x) neach<:s its maxímum values when Z(x) ru 0 + nn,

Since Z(x) entens Ëquation 8.9 as cos Z(x), these emor:s in Z(x) have

fess effect on e(x). J.'he cor¡dition that w be large compared. to lgl i.s

met by nost eclioes. This is because v¡ is set to be equal to the total.

signal reflecte<l by the largen tn¿rils. The signal ampti'bude in the

lrre-1: ciiffraction is on average oniy 10% of this.

8.4 E:nnors a¡rd Co:rcections

8.,+(.) Galacti-c Noi se

Galactic noise is the limiting; fac'tor: at a frecluency of 27 þI='Ã2, The

effect this noise h¿rs on the dìfferentiated sign.rl ::eturnod fnom a meteon

tr.ail has been considered by Jones (tggg ) ¡ '¡ho denived the ::efation
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so = sr 2*t //# 8'1r
l_o

wher:e So is the signal-to-noise ratio of this diffe:rentiated signal and

S- is the ratio befone diffcrentiation; V ís the velocity of the
l_

meteon; R the range of the echo; À the nadio wavelength; and ft is

the bandwídth of the Systern. Fon pnesent punposes this can be expnessed

AS

8,L2

- dx ..
where äi- t" the velocity of the meteonoid thnough the Fnesnel zones'

l{hene this velocity is high, the diffnaction Pattern vanies rapidly so

dE(l()
that -;:has lange values, Howeven, this ignones the bandwidth of the

dt

system whích places an upper limit on the rate at which l(x) can ehange'

Phase var:iations in E'x) have been shown to be equal to

0(x) =
-nx2

This repnesents a fnequency fx given by

-x dx
= --.2dt

The maximun length of t::ait x, that can be analysed is found by setting

f eoual to the bandwidth f, and this results in-x -1----- - 
-L

** = -2 trlåi . 8'13

Substituting thÍs in Equation 8.i-2 gives
e-

s =4.19.o *a .¿1Í

thus the natio of the signal--to-noise .:fter" differentiation (So)'

S
o

,E
2

st

2

_1+=-'x 2r
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companed. to the signal-to-noise of the receivr:d signal (Sr) is given by

c_-o /3
q = d%' 8'I4

Equations 8.13 and 8.14 make it possible to determine the optimum

bandwidth fl if a nefiection coefficient profite of a given length x*

is to be obtained. To begin with, S, should be maximized by selecting

echoes with a minirnum range. The system bandwidth and the velocity of
S

the meteor: wilt then determine the natio ¡9 ana hence the iength of
"l

tnail that can be anal-ysed (xr). 'Ihis is illustnated in Figure 8.6

whene f- (x) is shown fon two diffe:-ent meteon velocities fon a meteo:r
l.

with a nange of 150 km. A more flexible appnoach to this pnoblem would

be to neco:rd signals v¡íth a fair:Iy lange bandwidth fr' and then pass

the resulting neflection coefficient pnofile thnough a low pass filten.

In the pnesent case this is done by using a numenical filter in the last

stage of the cornputen analysis. The degree of srnoothing imposed on the

pnofile cletenmínes the nrininum length of ir"r'egular:ities that can be

¡.esolved, howeve:: the availabie tnail length that can be analysed is not

affected "

In the pnesent case the differentiated signal is divided by

cos Z(x) to obtain the reflection coefficients g(x). Thus the signal-

to-noise, whene g(x) is the si.gnaI, wiJ-I afso be divided by cos Z(x)'

This is the majon disadvantage of this method of obtaining g(x), as it

means that g(x) cannot be detenmined near the turning points in the

diffnaction pattenn. Thís can be ovencome to some extent by neconding
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Figure 8.6 The banciv¡íclth (f, ) necl.uíred to pass the signal neflected fnom
the'fríiil a dlstånce, s' fnom the t^ point ls shown for a
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the diffraction ¡' ii,r'n from a number of aerials.'.r¡d combining the

resulting g(x) profiles. Each profile can be v:eíghted by the function

,-ros Z(x) so that the weighting factor approaches zeno as the pnofile

becomes unreliable" Thus the resultant mean profile G(:l) is given by

^,, å#lÐ u";JZl*t cos zr(x) - $#)-i;"o"+Zfn. cos zlo) + ..
u(xr = -- 

c,-... zT\lI +--coffifixf +ïT---
so G(x) =lgt"tfÐ. * 9f-2(x) * 9fslÐ * .. )' b'dx d.x d.x

1 8.15cosZl(x) + cosZ2(x) +

In this case the signal-to-noise natio for the mean pnofile ís not

const¿rnt, but proportional to a function N(x) defined by

Ìl(x) = cos ZI(x) + cos Z2(x) + cos Z3(x) + .....

If this function is faÍrIy constant the profile G(x) will be reliable;

however.r:nar:ked variations in N(x) could produce a profile G(x) with

noisy }¡r-rnsts cornesponding to the low values in N(x). Thus only those

neconds which cornbined to yield a rôeasonably constant N(x) wene chosen.

8.4(b) t+i.na and Wind Shear

Winds are neanly always present at the height at which meteon

tnails ane for:med. The tnail is car::ied along by thern and often

distonted by changes in the wÍnd structure with height. Such

dÍstor-tions occur slow1y companed to the dunatíon of the Fnesnel

diffi:action and can, in most cases, be ignoned. liowever, a steady wind

causes a continuous change in phase which must be allowed for when

converting the Fr(ìsnel trail length x into true distance s. This is

nonmal)-y done by considening the angular function Z(x) described in
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Chapten 8,3(a) ¿¿.r ,.lefined forrl(x) = 0 in Ëquat:lon 8.I0 as

z(x) = il(l + *, * f .

llith a wi.nd pnesent this becomes

zu(x)=r(1 -*r+o+u#r'F.. 8.16

Whene U is the component of the v¡ind towands on away fnom the neeeiving

station; V ís the meteonrs velocity; Ro the tnailrs nange; and À the

wavelength, The functíon ZU(x) is determined expenimentally by using

consecutive maxima and minima of the cliff.naction pattenn as points whene

ZU(x) = n/2 + nr' n = 0, I, 2' .....

and then using these points in a least squane fit pnocedune. ÏIhen the

tnail has fonmed, the only phase changes pnesent ín the signal vrill be

due to ther wind. Thus U can be measured and ZUl.x) conrected to give

Z(Ð. In canrying out this co::rection { rnust be altered until 7,(x) has

the cornect fo:rm. However, in pnactíce g can often be detennined by the

shapc of the echo as it passes thnough the to point. This procedune has

been successfully canried out on a very large number of echoes, analysed

by McAvane]' (1970) and Gartrell (1971) in deterrnining the meteorrs

velocity and t- point. In tb+ pr"esent investigatlon x was only

approxinately convented to s as range infonmation was lacking.

Wind shear cannot be conrected fon, although its effects can be

gauged: when a linear wind shean exists the end of the tnail is bent

tov.rand or away fnorn the receíving station. Tnait elements thus neflect

nadio r^ravec with diffelrent phases so that the vecton spiral changes its
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shape after it ha., lrreen fonmed. In the case of a wind tha.t is the same

at al-1 heigirts the vector spinal of neflected si¡¡naI amplitude.s rotates

¿ts ê. rrrhoie netaining its shape. Floweven, a wind shear imposes

differ"ent rates of rotation on the vanious sections of ther spinal, thus

changing its shape. Only fainly severe cases of wind shear can

significantl5r ¿11sr the spinal in the t:'me it takes to form, so thís

effect has been ignored.

I .4 (c ) liffusi_on

Diffusion has veny l-ittle effect on the pne-to diffraction pattern

except in c.lses rvhere the diffr:sion Ís veny ra.pid" This is because

signals add. toge'Ehç:r" in the form of a spiral which l-an65e1y cancel:ì out

the effe.ct of earlier. siqnals, so their decay becones unimpo:r'lant . This

is not the case fon the post-to diffr:action, which is consida::a.bly

affected. by the decay of the principal zonel s signal (Lebedínets and

Sosnova, 1967 ).

8.5 Recorcling Equipment

Foun cf the receivens used in 'this exÞer"iment wene low noise vafir.)

r.eceive::s with an over"¿rll banclwidth of + 4.0 KHz at the 3 db poi-nts. The

fifth r:eceiven was a Racal colnmunication r:eceiver and this w"rs used with

a bendwidth of I.2 RHz. Thesc necêivens r,Jere connected to half wave

dipcte aerials, mountcd one quarten of a wavelength above tÌre gnound.

The cletected outputs fnom these receivers víel1e passed th:rouglt low pass

filters (OOO tlz at the 3 db point) and applied to the verti.cal
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deflection plates of thnee double-beam oscilloscoPes by D'c' amplifie:rs'

A 35 mm camèna with a film speed of l.9tr/sec, then recorded this vertical

deflection across the film. The horizontal movement of the film thus

rße.Ðp:rd the deflecti, n e.Iong the fil-:,. !'.1: iicl !.-'es ane only present fon a

smal1 par"t of the total time, the camena was not operated continuously.

Instead the signals wene recorded on a six channel tape reconden, the

tape of which was made up as a loop so that the signals wene effectively

delayed for" two seconds befone being nead and displa5red. The fully

developed echo fr.om the meteon could thus be used as a tnigger, tunning

the camer:a on and allowing it to recor:d the delaved signal and thenefone

the build up of the echo" The sequence of operations aften neceiving

the triggcr vüas as follows:-

(a) The camena was tunned on and the oscilloscope tubes bnightened'

(b) The rec.,r'ding continued fon a pne-detenmined per:iod and then the

camena turned off and the oscíIloscope tu.bes darkened.

(c) A clock face and counten wene illuminated by an electnonic flash and

the counten incnemented.

A bLock diagrarn of the receivens, taPe delay and ::econding system

is shown in Fi¡pne 8.? . A mor"e detaj.led account of the tape delay is

given b-v McAvaney (tgZt;).

8.6 Results

4.6 (a ) Ï-il-m Readine

Samples of necords obtaíned ane shown in Figu:re 8.8. These were
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digitized using a'îjlm neaden (Stone, 1966) r,rhich punched onto computen

cands the positions of tvúo perpendicularvriros on the dÍspJ-ay screen.

The cands r¡rere then read by a computerl pnog?an and analysed in the mannen

already described. The time intenval used in digitizing was chosen to

suit the diffnaction patter:n so that a minimum of about ten points

described the snallest Fnesnel cvcle of the necord length considered.

The posítions of maxima and ninima of the FnesneÌ oscillations lrere

r.ecorded separately.

8.0(¡) Reflectíon Coefficients

A neflectic.rn coefficient was calculated for- each of the points of

the digitized pattern. The resulting neflection coefficient pnofiles,

and theÍn ernor', were srnoothed with a weighted nunning mean. The

weights used wer:e the function cos Z(x) which becomes equal to zeno at

the tr.¡rning points of the dj.ffraction pattern. The nu¡nben of points in

the running mean was chosen to smooth out scales less than 240 m as this

nemoved most of the obvious noise present. These pnofiles a:re shown in

Figure 8.9. The tnail length indicated fon these profiles assumes an

echo nange of 150 km. As the trait length is pnoportional to nft, tfris

should nepnesent a reasonable value fon most echoes.

In all five cases the smoothed pnofiles show that fon scale lengths

between 2ll0 m and I kn, fluctuations a:re less th.fn f09o of the mean

value. The pnofile fo:: echo I has a change in reflectior¡ coefficient of

about 30% over a 2 krn length, and this is clearly present in all the
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independent pnofi-ì-es fon this echo. Echo 2 has a gnadualJ-y incneasing

:refl-ection coefficient, while the rernaining thnee ane la:rgely constant

fon the 2 - 3 km fon which they are determined.

8.6(c) Electnon Líne Densitv

The relationship between electnon line density and reflection

coefficient has been discussed in Chapten 2.3 fon a column of electnons

wÍth a Gaussian electnon density cnoss-section. If a tnail element is

defined as being about 100 m long with a nadius of about I m, it should

be neasonably safe to assume that these nesul-ts can be applied to it.

For electnon line densities less than about 5.0 x 1013 etectrons/m the

neflection coefficient should be propontional to the electnon line

densitrv. The neflection coefficients for waves polanized tnansve:rsely

to the column should. howeven, be greaten than those fon waves polanized

langitudinally fon l-íne densities greater than about 5.0 x 1OI3

electnons/m. Electno¡r l-ine densitíes greater than 5"0 x lOl4/rn :reflect

signals strongly and should, therefore, not be disnissed entinely. Fon

longitudinal polanizatíon the neflection coefficients will be closely

pr-opontíonal to the electnon line density, pnovided the trail shows a

near-exponentíal decay. Otherwise the echo is in the ovendense category

and the reflection coefficient is fainly constant and independent cf the

el-ectnon line density. Radio waves polanized transvenseJ-y to the column

nesonate grith it and fon el-ectron line densities gr:eaten than 5.0 x IOI3/m

this resonance makes the neflection coefficient depend on line density

and tnail nadius in a complicated manner. At the same time the
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ref1eeted Wave unjergoes a Phase change of up to 1B0o clnC so any

inter:pretation of the neflection coefficient in tenms of a line density

will be almost impossible.

8.7 Conclusions

It could be inferr"e<l fnom these profÍles that rnost ionization

i:rr:egulanities have a scale length that is glîeatêi'than l- km. Howevel:,

the eciroes analysed were chosen fcr a reasonably good signal-to-noise

ratio and thenefore would be echoes that are aPproaching an overdense

fonm. Echr:es that wene easily seen to be undenCense by the exponential

form ¡f theír decay r,¡eue, in general, too weal<. to be <iigitized until the

iast few L'::esneL cycles. liowever, aI1 five exampies show the same lack

< f sy",.=1,1 scafe ínnegulanities and it is unlikely that they all are

bor.clerl'íne unclerdense-ovendense echoes. Pneliminany results given by

,Jones (fgOg) inclicate that smaLl scale irregulanitíes about 1- km in

Iength have a root-mean-square cleviaticn of less than 309o of the mean

electnon line clensity. The five oxamples shown hene j-ndica'te that this

value rnay be an upper limit rather than a typical value.
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CIIAPTER 9

CO¡¡CLUSIOI'IS AND FUTURE WORK

9.1 Intnoduction

ft has been shown that radio echoes can be obse:eved fnom meteon

tnails at a f::eeuency of 1.98 MHz. The r:esults of a pnelim.inary study

of these echoes have been pnesented and compared with theor.etical

pnedictions based on observations at highen frequencies. As this study

is tlie first tc be made of radio echoes at such a 1ow fnequency, ít has

been br:oad1y based. It therefore nemains to outline the nr:r:its of low

frequency obsenvat:lons and to theneby indicate the dinection of futune

work.

ft v¡as shown in Chapter.5 that the::adio echo he.ight ceiling does

not increase si.gni.fic¡rntLy for radio frequencies belov¡ 17 '!Lþtz. The ma.in

advantages of low f::eg.uency observa'l-ions thus 1ie :'-n the greatly

increased echo dunations. The dis¿rdvantages, howevere comrl from radio

r.eflections fnom the E-r"egion r,rhich are eonstantly present dur.ing the

day and often extend j.nto the night vrhen sporaclic*E ionization exists.

These r"eflections ovenpower the refl-ections fnom meteor trails e sevenr Iy

r,estnicting the periods when nrcteor- echoes can be obsenved. Thrrs

obse::vations of rneteon slìor^Iers (Ctrapter 7 ) are difficult . The possibility

of work-ing at an intel:rrediate fi:equency, such as 6 Mtlz, thus combining

Iong echo durations with extended pe:riods of observing, will be

discussed in this chapten.
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9 .2 t'lindq

The 1.98 MHz wind obsenvations shown in Chapten 6 wene obtained fnom

i:ecords that we¡e also intendecl for obsenvations of the echo hr:ight

d-i.stribution, and the echo polar.ization. 0n1y one component of the wind

coul<l be meastrred because of equÍprrent limitations . This v"'as, howeve:r,

sufficient to show that the wind obser.vations agreed well with the

?-7 tr4lF.z obse'nvations wher:e they overlapped " It was also sliown that the

height range oven which the wind coufd be measuned t^ras substantially

incneased, enabling dinect conparisons to be made between the movement

of tlie neutr.al wind and the movcnent of the diff::action pattern of radio

waves reflected from tiie D i"egion and weak layers of spona,dic-ll"

(Strong reffections fnom sporadic-Ii iayers prevented any obsenvations of

meteor echoes at 1.98 l.{Hz ) . F'utur.e wind cornpanisons of this type can be

ar.ranged so that both the nont'lr and east conponents of:' tite wind a::e

measur:ed simul-taneously. This would halve the t-ime nequined to observe

a v¡incl. heig-Ìrt profile , thereby -impnoving the systern's abi.lit¡r to detect

changes in the wind pr:ofi.te.

I'c was siror¡n ín Chapten 4 that above 105 km the decay time constants

of echoes at t,98 t4FIz are close to their theonetically predicted values,

whj.ch are proportional to À2 (whene À is, the::adj.o waveJ-ength). Thus for

a given winrl , the phase change ¡¡hich has accu:lred befoi:c the echo has

decayed to 1/e of its maxj.mu¡n amplitucle (Pt), .,'"s propontional to À 
"

This effect:l,s illustrated:Ln figu:re 9"1 whene P, is plotted aga-inst

height f on 2, 6 , 20 and 60 liliz for an echo with a zenith an¡1le of 45o and
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a I^Iind of 5C In,/scc ¿r^ray fnom the sta'tion. It can be seen -that there will

be a naxímum difference of 15 km between the he-'lght ceilings of echoes

'¡bserved at 2 and 20 tIHz if the minimum phase shift r"equined by both

systems to r"ecorcl tbe win<i is the same. This is a maximum differ:ence,

under these conditions, because the treight ceiling inay be set by the

actual height distributíon of trails e aç at 1" 98 l"l|z only a few echoes

were observed above 115 kn. The above effect can be seen in the wind

results shor¡n in Chapten 6 where the winci r:eadings at 27 I{Hz a::e mostly

near 90 km, while those at 1.98 MHz ane centned around I03 km (sco the

height <li.stnibutions in Figure 54)" Incr-easing the radio fi:equency 'to

6 lvll-lz v¡ould lcwen the height ceiling of wind neasurements because the

echo dur:ation (companed to echocs at 1.98 l4l{z) is ned':ced by a facto:e of

9, while fon a given r^rind the r.ate at which the phase changes is only

incneased by a facton of 3. T]:is can l:e seen in Figr:re 9.1 wire::e the

heiglrt ceilin6¡ for wind measurements at 6 MHz is about 7 km below the

2 IIHz ce:i.ling.

9.3 iliectron É\ttachnent

The echo decay rates (at t.9B i'fljz) below l-05 kn are shcrten tiran

diffusicn theorv predicts. They r¡ene shor,.¡n in Chapter" 4 to be scat'tered

ar'<>und cî.n o.vêrâge value of al:,cut ll sç:conds. It was shown in Chapten 2

that the n.-rdial spnead of the trail is govenned by diffu.siorr fo-¡. the

finst 30 sr¿conds. After. this timr: v¡ind tunbulence becomes rno::e impontant.

Thus scme process othen than wind turbul-cr:ce must cause t-he r,apid decay

actually obsenved. In fact electron attachment lrates ol¡senved by Gtöde
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(fg6g) for. sl:lvi. -':::,:,-:ion ovendense eciroes (at 30 äflz)" ca:r he usud to

explain tÌ¡e obsenvations.

It can thus be seen that obs¿:rvations of the decay nates of

undendense nadio echoes at fnequenc"ie,s near 2 lufHz pnovÍde a powerful

measrrtre of elect:ron attachment r:ates. At highen frequencies attachment

can only be obsenved to affect the dur-ations of overdense echoes which

do not occun very fnequently compared to the occunrence of underdense

echoes. Low fnequency observat-i.ons ane, howeven, limíted to those tímes

r¡hen ionization in the D and E regions is small-. l,leasunement cf the

decay nate is also hampened by the almost inevitable fad.ing of the

netunned signal (through secondar'-y ::eftectÍons ) wi:ich occuns with most

radio meteon echoes with dunations gneater than one second. This fading

wilf adversely .affect any stud.y of rate of attachment using nadio

meteor echoes, as the effects of attachment are slow companed to the

lrate at which tnail distontions occur'. If the nadio fneq.uency is naised

tr: 6 MHz r the tnouble with ionospireríc rr:flections in the E negion can

be ovenct'rme and echo decay rates can be rneasured during bo'rh the night

and day. Flor,¡ever., becaust¡ the decay rates of underdense echoes thr-ough

diffus-ì.on will be nine times faster than they ar.e at 2 l4ïz, the rate of

decay through attachment will only compane witi: the nate of decay

thnough diffusion for- heights below 90 km.

9.4 Echo Pol-ar.Ízation

Attemots to obsenve nesonance effects preoent in tlre echcrs
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polarization wer,:', -.epol.ted in Chcrpter 4 " These i'¡etre fouri'1 to be less

pronounced than the effects pnedícted by theoretical cal-cufations

described in Chapten 2. A possÍb1e neason fon this could be that the

electnons do not have a Gaussian distributíon acr'oss the tnail, theÍn

dÍffusion being influenced by the magnetic field or: by smafl scale

tutbuLence. However', aûy conclusions dr"awn from the small amount of

data obtained (concenni.ng cchoes with an elect¡.on line density

interrnediate between unde¡:dË.nsie and overdense) must be tneated with a

great de.rl of caution. Thene l.¡ou1d be consíder:able value in observing

meteo::s at 6 tll{2, as the resonance effects would still be easil.y obsenved

and the extended peniods of observation would enable a much langen numben

of echoes to be cbserved.

A reducticn in the avenage detection time of the scanning gate

descnibed in Chapte¡r 3 woul-d make it possible to obsenve the pJ-ane

polanized wave reflected fnom the trail while the t:railrs radius was

veny small companed to the r:adio wavelength. Such obser-vations would

make it possible to detennine the orientation of the tnaiL fnom single

station obser.vations (and hence allow the detenmination of the meteonts

radiant) and rnay lead to a method of obsenving the trailfs inítial

radius.

9.5 Recoimrendations for Futu:re llonk

The companison made in thapten 6 between D a.nd E negion rncvements

and the neutnal wind should be extended to include both nonth and east
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wind components" rhis wonk would be more easíl¡¡ carnied out at 6 MI{2,

pnovided the wind can be deternined fnon echo phase shifts of about

n/5 nadians.

Measunernent of attachment nates between 90 and 100 krn should also

be extended. It was shown in Chapten 5,2 that the pnesent system

discríminates against echoes below 105 km. This could be overcone by

adopting a cliffererrt system of detecting echoes whene pensistent echoes

exist. llonk at 6 MHz would be valuable in measuning attachment nates

below 90 km.

Funthen wonk on the echors polanization should be dinecte<l towands

obset:ving the plane polanized wave initlally ::eflected from the tnail at

L.98 MHz, while resonance effects would be most profitably obsenved at

6 MHz.
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APPENDIX I\

REFLECTION COEFFICTENTS 0F RADIO WAVES l'ROl'f METEOR TRAILS

/\.1 Introduction

llhe method outl-ined in this appendix fol-lows that descríbed by

Keite1 (1955) and Lebedj.nets and Sosnova (1967).

4.2 Ecluations to be Integrated

The e"t.ec[:¡ic f:ì-e]-d E and magnetí.c field H wíthin the rneteonrs

ionízed column satisfy Maxwell-s equations wher:e

cunlH--iekË; divB=0 A.I

curlE=ikH; divD=0

These equations can be red-uced to the fonm

t't
Gnad å x CunL ll + -'- Curl. " Curt H = k2Fi A.2

ËE

Curl CunlË=ek2fi

WLrene the elec.tr.ic fic+lcl is either panallel or peÌôperrdicular^ to the

col-umn, the eguati.ons can be simplified. If cylind::ical co*ondinates

rlo 0, Z are used then in the case of par:aliel nolanization Ë = E ll = Êr,

and E

that

E = Q. E;çr"essing the fields E end H as a For::rie:r se::ies sr¡ch
vx

Ji = E = In r' cos.n o: H = H^ = ;l I" P I cos n oz kÕ n ' a ]-K"o n

then the Fourier coefficients satisfy the equation

¿2p -dP c

.-+I- * ! =-9 + (e x.2 - lil p = odl^- n dIì t O-, n

4.3

4.4



In the tr.,i;::lsr¡el.s(j i.¿,1,g H = H

become

= H_, H = !! = 0 and Equations 4.2z'xyil

116.

4.5

4.6

4.7

A.B

4.9

4.10

11 e

Ì
de
a; dT

dn
n

+ f.t2-gtl, =o( nJn

4re2N 11

and 
H = H" = Il t., cos.no; E = r, = #ll *rrt cos.no

The dielecüric constant e is defined by

k2mc2 (1 - r*)
whene e and m ane the erectnonic change and nass; k is the nadio wave

nunben; c is the veioeity of light; v is the erectnon coll-ision

fnequency; and o : 2nf wher"e f is the nadio fnequency. For a Gaussian

electnon density dist¡ribution ac::oss the column

- {þrz

e(n)=1-

o o

whene a is the electnon line density, and no is the r:adius of the column

to the poínt whene the electnon density has fallen to I/e of its ¡naxí¡nr¡nr

value.

A normalized col-umn nadius can be used such that

1:
'tl

o

In this case Equation 4.8 becones

r(p) = ftur+(- o2),

and Equations 4.4 and A.S beco¡nu 
o

d2p - dP

r+- id- [e(t'o)2 S] Pn =Q A.I1



and

T -0

r-L7.

A.I2
ð,2t

n
AT [.{mo',' - #)

dT
n+ +

dp n

Because e(n) is a complex quantityo both functions P' and T' wil-I

also be complex. If they ane wnjtten as

i1
n

P +-i.b
nn 4.13

Trr=ct+id'
then .in openator- form ttre Equations 4"4 and A.S become

tn (or,) = M (brr); tr, (brr) = - ¡f (An) e.f'+

and

ar, (Crr) = Itr (dn); Gr, (.ln) = .- I'l (Cn) e.fs

Let e(n) = eo + ie,. Then fon the longitudinaÌ case these oper"ators aneK1

F =*,*!9.--+k2e-- -!:'n drz rdn -R r

!l = e, k2 o ,\.16

and fon the tr:ansverse case

g-
d
dr 4.17

I

G =f -1nn.ÊF

l¡=u+-{*tl

cllì

d

d e
d
Fdr,

Eguations 4.14 and 4.15 can be nu¡nerically integrated out through

the ionized column to a point n = x where e(x) = 1 (to the accunacy of

the solutÍon). This is effective-ly fnee space. The fíelds can then be

matchecl to the extennal- fields which ane made up of an incident plane wave
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and a neflected c-' -.rdÍcal lrave. The íncident wave can be expanded as a

senies of Bessel functions of the finst kind

ErNc = exp(ikx) = I; = o rr, Ít,Jr, (kn) eos n 0 A.1B

whener isNeumanntgeonstantandT =lforn=0. T =2 fonn=0.nn'n
The reflected wave can be expnessed in te:rms of Hankel functions which

have amplitudes q_ + i s_ . Thus the ex ennal wave is
æn

n*(r) = Ir, = o rn .In (kr) cosnt n ü = 0 (er, + i srr) Hr,

^ ÆEñ--
l{= t O{ -"--'z

whene the Hanke1 function

ii (kn) = Jr, (kn) + i Nn (kn) R.ZO

and N'. (kn) is a Bessel- function of the second kind. fit the boundany
n

this field will be both equal to, and continuous with, the ínterual

field. This condition yields two complex equations which can be solved

to yield two complex constants which determÍne the amplitude of the

r,eflected wave, and the arnplitude of the wave inside the column. The

plane wave scattening coefficient defined by Eshlernan (L952) can then be

caLculated. ThÍs is defined as

F(R )o

(kn) cosne
4.19

Ä. 21
F

o

where f(R^) is the scatter.ed field strength at a distance Il^ fnom theoo
columnl and F^ is the incident field stnength at the column. The-o
neflection coefficients ar:e thus

pr,¡ -kJlP
Arr =ll=e.n rrn nn

-Hn
(1) p I + k g 1 p

nnn
cosn0



(|N
À¡=grn

nn cos n0

t19.

A.22
tt¡ -kJIrnn

AI (1)Tr+k.H
n n

H
n
11

n

4.3 Numenical Solution

As r appnoaches zero, Equations 4.4 and 4.5 becorne Besselfs

equation for the Bessel function of the fi:rst kind Jr, (kG . n). Tbus

the functions Pn (n) and Tr, (n) can be set equal to Jn (k¡6n) at the

stant of the numenical integnation. When e(n) is negative the angument

of the Bessel function is complex. The exp:ressions valid for small

arguments can in fact be used so that

Po (n) = To (n) = I - (k G . n)2/+

P (n)=T (n)=(k/;.n/2)t/tt! fonn=0 ¡\.23
nn

ane satisfactony initiat conditions whe::e n = 1.0 x t0-6.

Integratíon was penfonmed by the Runge-Kutta method with the step

size automatiealJ-y adjusted to give the accunacy nequined. The nurben

of Founien eoefficÍents nequired depen<ls on both the accu¡racy needed in

the answen as weII as the va.].ue of kro (whene no is the radíus of the

Gaussian to tbe I/e point) ueing computed. The reason fon this is that

the Dessel function does not achieve a significa¡tt value until a point

is neached close to whene the angument beco¡nes equal to the onden'

Beyond this point the function pises napidly and then undengoes

oscillations of dec¡reasing amplitude. lf the Bessel fimction is

vintually zero throughout the column it wíl1 not be significantly

affected by the column and will have a reflection coefficient that is

virtuaS.ly zeno,
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Refiection coefficien'ts have been computed fon a numbel' of clectnon

-line densities for waves polanized parall el and perpendicu-1-.ar tc-., the

column. Jn the case of p;ir:al-tel- Þol-arizetion, the amplitude and phase

of thr-: noflecti-on coefficients follolt those deducecl. by Lebedinets and

Sosnovie (Is!ô7 ) , iioweven, in the case crf perpendiculan polarization the

ampJ-itucles of the ::eflection coefficj.ents appean to be consistent witÌì

ttreir cal-cul-ated valueso whilc the Þhase an¡glcs; do not. Figures 4.1

anrl A. 2 shc¡w the two sets of '¡alues . Thene ane two aspects to the

dís;.lgreernent over phase angJ-es, finst in the ì-imiting value of phase fon

l<r'^ -+ 0. Vaiue.s obtained in the present investÍ.g{aticn ccnverge tc; a
o

ccnìmon po.int in the san(, ínanner as tlie phiiie angl.es cafculated fo:r

pa:ralÌ,:l polar'Í-zation, Tlie second r.egion of clísagreement lj.es in the

sign c''f the complex par:t cf the r.efiection coefficien't. In the present

case th j.s s-i-gn is negatÍ-ve o so that the phase angle for lo-u.¡ e.lectnon line

densitíe.s approaches gcc instead of 270Ò ,,

Tlie fjrst po:Lnt of i.isagneement is not particu.l-arly iurpor,t.ant fnom

an observetional point cf viev¡, because 'Ehe amplitude of the r-eflection

coefficient as l.oo * C is very close tc, zero, so the phase could not be

observed, In faet-, the veny snall values of neflectjon coeffícient may

be r:espc,nsi.ble fon the behaviorrr of the phase in Figur.e 4.2 as er:ro:rs in

their: calculated values of amplitude cc.¡uld be lar"ge. 'Ihe seccrnd- point

of disagreement is, howeve::,, sígníficant. /\s stated in Chapten 2, the

pnoblern can br: soÌved in the case of a smail el.ectr"on l-ine density by
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only conr'idening the finst three Founien coefficients. Thr,: nersults of

these calculations agnee with Lebedinets and sosnova (1967), so the

elrrìo]r appears to be in the pnesent calculations. As onJ-y the amplítudes

of the reflection coefficient ane used by the author:, and these agree

with those published by the above wonkens, the difficulty with the phase

angles has been ignored.
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APPENDiX B

Reprint of papen -
rrRadio Echoes fnom Randomly lonized Meteor Trailsn

by N. Bnown and lI. G. Elfond.




















