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SUMMARY

This thesis describes an investigation of the orbits of meteors

cletected at Adelaide (tatitu¿e ¡5oS) using a combined. multi-stati.on e.w.

and pulse rad.ar system. The orbit survey deseribed. is the only rad.io

survey conducted. in the Southern Hemisphere to measure the orbits of

indivÍd,ual- meteors d.own to a liniting rad.io magnitud.e of + 8. The equip-

ment ¡¡as operated. for one rreek eaeh month from.,Deeember 1968 to Jr.me

1969 with a further rr:r¡ during October f969, To date ]1667 orbj-ts have

been deterrnined from six months of d.ata.

Reflections from a mininum of three and. a maximr:m of five points

along the trail ¡¡ere used. to d.eternine the rad.iant and. velocity. A long-

ôistance outstation enabled. occasional measu¡ements of refleetion point

separations as large as l-6 kms., although the najority of reliably

determined separations were.of the ord.er of 6 kns. or t"s=. The equip-

ment was simultaneously use,d tc measure meteor region wind.s and wind

shears, enabl-ing account to be taken of these factors in the d.etermina-

tion of the rad.iant and. veJ-ocity d.ata.

Distributions of the various geoeentrie and. helioeentrie quantities

shol¡ broad- agreement with those from other surveys cond.ucted. along

similar lines, althougþ the present clata eontain a significantly larger

proportion of high velocity meteors than other surveys to a cornparable

liniting magnitud.e. This ís attributeè to a selection effect in d.ata

reduction as well as the use of the exbremely clear pre-specular reflec-

tion point d.iffraction waveforr. available in a coherent phase system for

the d.etermination of velocity.



Measurements of d.eceleration have been carried. out for each meteor

of the sì.rrvey. Althougþ a wicle range of d.ecelerations ar¡d. even accelera-

tions was observed., no d.oubt in part d.ue to velocity measurement errors

combined. with small. refleetion:point separations, the longer reflection

point separations afford.ed. by the d,istant outstations have enabl-ed. com-

putation of sr¡¡face areafmass ratios from measu¡ed. mean d.eeel-erations.

Est'imates of the average mass, size and density of the meteors d.etected.

have been maile, depend.ent uBon assì,uq)tions regarding the ablation energ¡,

the ionizing effieiency and. the magnitude. The action of a height

selection effect acting on meteor d.ensity is apparent.

Conparison of the present d.ensity estinates with other d-ata indi-

cates that average meteor bulk densities increase r¡ith d.ecreasing mass.

This gives support for an aggloneration mod.el of meteor fornation, 
,

although fragmentatíon does not seem to be pronouneeÈI anongst the

present rad.io meteor popr:lation.

In ad.d.ition to the ¡rreII-knovn helion, antihelion and. apex concen-

trations of apparent meteor radlants this surve¡r confirms the existence

of a lesser concentration eentred. on the longitud.e of the apex at

ecl-iptic latitud.e - 6o0. Both this and the dpex concêntration are

virLually removed. r¡hen aceount is taken of observational and. astronomi-

eal seleetion factors although a strong exbend.ed. high latitud.e concen-

tration remains. Comparison of the rad.iant d.istributi-ons with sinil-ar

d.istributions for Northern Hemisphere data shows marked. symmetry ahout

the ecliptic.



The d.ata has been systematically seareÏ¡ed. for strea.n meteors an¿ the

significa.nce of minor associations has been re-appraised.. Altogether

)+O.\/" of the orbíts were found to be associated. with at least one other

orbit wÍthin the linits of resolution of the neasulement technique. This

figure drops to 2).8/o when associations of pairs only are exclud.ed..

Nunerous ninor streans with high inclination and. low eccentricity have

been fountl at d.eep Southern d.eclinatÍons from Dece¡lber to March, T,r"ith

littIe activity in this quarber during Jrxre and October.

In actd.ition to several previously establ-ished. cometary associations

a couprehensive search has inòicated. that 34 of the meteor associations

found. may be related to 17 comets. Associations between several long-

period. comets and 1ow eecentrieity high inelination streams appear in-

ctisputable and confirm trre origin of the 'toroidal- group' meteoïs,

previously a matter of some doubt.
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CHAPTER T

INTROIIJCTION

At the end. of the eighteenth century B::and.es and. Benzenburg in

Germarry observed. meteors simultaneously from locations several kilo-

metres apart, ffid for the first time establ-ished. that these objeets

were travel-Iing with velocities of planetary nagnitud.e and. appeared.

about 100 kilometres,above the surface of the Earth. During the in-

tense Leonid. shower of 1833 numerous observers noted that the meteors

appeared. to be radiating from a poínt. Olmsted. is accreùited. with

the d.eduction that the meteors of this shot¡er were therefore travel-

ling in paralleJ- paths, witlt the divergence a result of perspective.

The elliptic nature of meteor short¡er orbits was confirmed. by the

pred.icted return of the Leonid.s in L866, ancl associations betr¡een

several- sllsems and comets were noted. Ttre òisintegration of Bielars

comet in the micl-nineteenth century and. the subsequent spectacular

enhaneement of the BielÍd- stream gave furbher strong evidence to

suggest that streann meteors may be fragments from comets.

Visual observations are stil1 an important seetion of meteor

astronory tod-ay, anil photographic record.ing of meteor trails is a

natural exbension of this. Improvements in fil:n emulsions.aniL camera

clesign, in particular the d.evelopment of the Super-Schmidt camera,

have enabled. the photographic recording of meteors. only about one

magnitude brighter than the normal lÍnit for unaided visual observa-

tion. öpik (193\) designed a rocking mirror device to improve the
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accuracy of visual d.eterrninations of meteor velocity. lhe observer looked

at the meteor trails in the r¿irror, whieh superposed. eireular motion of

known frequency on the uniform motion of the meteor, prod.ucing an appar-

ently cyeloid. path of eharaeteristic shape. A calibrated. rotating

shutter performs the sarne function in the,najority of meteor calneras

tod.ay. A recently developed. sensitive optieal method. for meteor obser-

vation is that ,of el-ectronic imags anFlification using the fnage

Orbhieon carnera (tti.ctcs et al . A967)

The advent of radio meteor astronorry, like that of meteor astronor¡¡

itself, is linked. with the confirmation of theories by observations of

the Leonid shor¡er. In the perioð,]-)29 - 1930 a number of rad.io research-

ers noticed. transient ionization changes in the night-time E region,

which were subsequently proved. to be of meteoric origin by correlation

with visual- observations during the 1931 anð. 1932 returns of the Leonid.

sholter. Observations of meteor ionization seem to have been from the

,tisç-point of cor:munications engineering r:ntiI after ïiorld War ff r,rhen

serious astronomical studies r¡rere initiated.. The improvement in rad.ío

d.etection rates over those of rrisual and photographic techniques, par-

ticularly for low frequency radars, was quite startling. Rad.io method-s

in acid.ition r¡e?e not restricted. to elear skies and. night-time observation,

and. quicJr.ly reveaJed. the presenee of a number of major d.ay-time streems.

Rad.ar frequencies higher than about a hr¡:dred megaLrertz were found.

to be unsuited. to the study of meteor trails, although sufficÍently

powerful rad.ars operating as hígþ as 500 MIfz have been used. to detect

rhead-echoes t from local ionization near the meteoroid. itself"
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The r:sual form of reflection of raùio r{'aves with wavelengths of the

ord.er of several metres is specular in natr:re, aniL reflected. waves will

only reach the receiver tThen the trail is suitably located. along the

partiele trajeetory. As d.iseussed. in 53 the applicatíon of fresnel

d.iffraction theory in this case enables analysis of the refleeted. sÍg-

nal for cietermination of the meteor velocity. The velocity may also be

d.etermined for head-echoes of sufficient d.uration from the rate of

change of the radar range w'ith tine. A variation of the latter tech-

nique r¡as used. by Evans 6gee) who d.irected. a higþ-power rad-ar at the

radiants of several major meteor showers and. measured. meteor velocÍty

d.ireetly from the d.oppler shift in the rad.ar frequency for reflections

from neteors travelling radially d.own the bea¡n. Further reference is

made to this work in 56.\.

Early radar studies with single equipments d.et,e:rnined range for

inòividual meteors, but eould. measure rad.iant rate ùistríbutions on.ly

i.n a statistical manner from a knowled.ge of the d.ireetional eharacteris-

tics of the aerials used. GiI1 and. Davies (W>e) , ¡y the add.ítion of

tvo exbra receivers several kilometres away froq the main station trans-

¡ritter and. receiver Ì¡ere able to exbend the nethod. to the d.etermination

of inôivid.ual meteor rad.iants by triangulation, ar¡d. individual veloei-

ties by analysis of the ùiffraetion waveforms, thus enabling the ccmpu-

tation of , ind.ividual orbits.

Manning, Vi11ard. and. Peterson (19\9) pioneered the use of continu-

ouÞ wave (".w.) rad.io systerns ín the detection of rneteors. fu locatíng
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the reeeiving site in a favourable position several kilometres d.istant

from the transnitter they were able to prevent the ground.-wave from

saturating the receiver, while still using it as a phase reference with

whích to compare the sky-wave from the meteor. The d.iffraction 'ülave-

forr,s in this case occur both before and.,after the specular refl-ection

or rt I point, although as outlined. ín 53 bod.ily motion of the trailo'
due to upper.atmosphere wlnd.s v.i1I prod.uce a progressive phase change

betveen ground. and. sky-waves and. a resultant large arnplitud.e low fre-

quency d.oppler beat which generally obscures the post-to d.iffraction

pattern. The technique thus afford.s a method- for measurement of upper

atmosphere vind.s as well as meteor velocity.

By itself the c.w. technique d.oes not give any ind.ication of range.

Manning et al . (l]>Z) overca,me this proble¡r r¡ith the,development of a

coherent-phase pulse rad-ar.

Robertson, T,id.dy and. Elford (1953) at Adel-aide used. a c.r¡. system

(the fore-runner of the present apparatr:s ) with 50 Hz saw-tooth phase

modulation for d.etermination of the sense of the wind d.rift (g:.¡.:)

and. a superposed. 10 p-sec pulse for range measurement. I'or observation

of a large porbion of the sky low gain d.ipole ae::ials 'r,\¡ere used. and- an

ingenious method- for deternining the d.irection of arrival of the

received. signal was d.evel-oped. Phase eonrparisons mad.e betr¡een signals

at various aerials of an array, taking advantage of the low frequency

phase information in the wind. d.oppler, lrere sufficient to d.etermíne

r:na,rnbiguously the d.irection of arrival of the reflected. r¡ave. This
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technique is stil1 employed. in the present system (sl+.2.s). Further

d.evel-opment of the Ad.elaid.e equipment to the present ¡rulti-station

system is d.escribed. in 5l+.1-.

Despite the large numbers of meteors observed with optieal and.

rad.io techniques, very few meteorites are found.. The majority of

meteors detected. by these method.s are thought to vaporise almost com-

pletely before reaching the ground.. Recent work (trlcOrosky and. Ceplecha,

a969) ind.icates that even the brightest such meteors may generally have

properties marked.ly different from those of the compact stony and. meta.l--

l-ic meteorites which occasionally reach the surface of the Earth.

At the other end. of the seale exbremely small particles r,ril-l have

a large surface area to mass ratio and. may be d.ecelerated. effectively

to rest on entering the atmosphere without being completely vaporized..

StuQy of these particles has been made possible by the use of rocket and.

satellite-borne impact d.etectors: Sun orbiting space probes also make it
possible to d.etect streams of meteors not intersecting the orbít of the

Earth. One obvior:s d.isadvantage of such stud.ies is the restricted. size of

the d.etecting area availabl-e, making statistically reliable and- ïepre-

sentative sa,rnplíng genera'l1y beyond. the lÍfe-tine of the ex¡reriment. fn

eomparison rad.io and- optical method.s have the entire world. as a d.etector

by virbue of the enveloping atmosphere.

Inpact d.etectors may be separated. into tr¿o elasses, recoverable and

non-reeoverable, neither of whích is free from problems. Recoverable

rocket payloads may includ.e d.evices which expose surfaees above the
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atmosphere for col-lection and subsequent physical examinatÍon of micro-

meteoroids'or particle iupact craters. Berg and. Secretan (tg6l)

exa¡nined. a speeially prepared. surface after flight for eraters produced.

by nicrometeoroid impacts. The inherent surface defects of even the

nost higþ1y polished. optical surfaces necessitated exhaustive pre-flight

surface scanning to map such d.efects, as well as the flight of a control

surface not exposed. to impaet.

With the eoll-ection of micrometeoroids themselves (".g. Soberman

et a1., 1963) a ma,jor problen is the preventi.on and identifieation of

conta.nination of the colleeting surfaces by terrestrial clust, both in

the l-aboratory before and after flight, anil during the activation of the

experiment in flight, when d.ust may be transferred. from other portions of

the rocket.

Satellite-borne non-reeoverable d.evices must record. irrpacts in a

maJrner suitable for telemetry. A variety of electronic devices have,

been designed to record impact parameters and penetrating abilíties of

nicrorneteoroid.s. Thorougb pre-fligþt testing of any detector und.er all

possible conditions of operation is necessary to ensure that the events

recorded. are of meteoroÍd-al origin. Doubts exist as to the reality of

some events d.etected. using some types of acoustic sensors (Ni1sson,

a966).

Nilsson and -Llexander (f967) describe the flight on the OGO-I-

satellite of an array of sensors each with two detectors separated. by a

known distance. Velocity measurements of particles interseetÌng both
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tletectors were made by tining the partiel-e from the first to the seeond.

The sensor acceptance angle for sueh particles gave some ind.Íeation of

the ùirection of arrival, thus enabling estimates of the orbitaJ- elements

to be made.

Stud.ies of meteoroid.s of all sizes are of paramount importance to the

planning of future space ventures as well- as possible lead.ing us to an

understancling of the Solar System. Each of the branches of meteor astron-

ory yields important information in its own right, but each sees only a

section of the piêture. lfhile this thesis describes work carried. out in

the field of radio meteor astronony nany of the conclusions reached come

from the comparison of this r¡ork with the results of investigations in

other branches of the ùiscipline.

One should. remember that the d.ivision between rradio meteors I ancL

'photographic meteors I d.oes not inply a fl:nd.arnental- d.ivision in the

properties of meteors, but merely indicates the l-imits of the observing

methods, which fortunately overlap to some d.egree. Despite this,

differences in the two classes of meteors do exist. Some meteors produce

easily visible trails without mueh ionization, anil some ionize strongly

without visible rad.iation. As will be outlíned. in 52. radio meteor

studies can observe a elass of meteors too faint for photographic obser-

vation which does appear to har¡e properties quite d.istinct from the

larger photographie meteors .

52 reviews present know3-ed,ge of the asbronomicat signíficanee of

meteors pertinent to the study describecl in this thesis. An outline of
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the theory of reflection of rad.io waves from meteor trails, upon whieh

the d.ata reduction techniques are based., is given in 53. while Chapters

\ and. ! respectively d.escribe the Ad.eLaid.e Rad.io Meteor Systen and- the

method. of d.ata reduction.

Because of a lack of infornation about the physical nature of small

meteoroi.d.s, correction of observational d.ata for atmospheric d-ecelera-

tion has generally been the area of greatest uncertainty in meteor orbit

calculations. g6 is coneerneil r¡ith the information availabl-e'from d.irect

meÊsurements of meteoroid, retard.ation undertaken in this survey. As

r¡ell as eonfirming the rel-iability of the orbit computations these measure-

ments have been used. to provide estimates of meteoroíd. densities and. mass.

57 d.escribes a systematic search for meteor strea¡ns amongst the

present d.ata. Comparison is mad.e with the orbits of streams found. in

other surveys, aniL with the orbíts of comets listed. in the index-list of

pred.icted. meteor rad.iants computed by Hasegawa (1958). The d.istribution

of meteor orbits in space is exa¡rined. in Ghapter 8. fhe relationsnip of

strearn meteors and. sporad.ic meteors is eonsid.erecl, as well as implications

of the d.istributions in regard. to the origin and. evolution of the meteor

population.

The main conelusions of this stuQy are outlined. in 59, anð. while

the implications for cosmogony are by no means eonclusive, the results

of the various sections of tbis study d.o have a reassuring degree of

coherence. Reference is made to reeent work on comets which supports

these conclusions , anil suggestions are maile concerning worthr,¡hile areas

for further investigation.
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This stud.y has involved. the handJ-ing of large quantities of d.ata,

and. being largely observatíonal- in nature this thesis is necessarily

l-engthy. The mqjor portion of the data upon which the thesis is based

is not includ.ed, but may be for:nd. elsewhere (Gartrell-, 1971). A 1Íst

of meteor associatÍons found. during the systematic stream search is

includ.ed. in this thesis as an appendix.

fhe work described ís only the second rad.io survey of inðivÌduaJ-

meteor orbits to be wdertaken in the Southern Hemisphere, anil the fírst

to liniting magnitud.e \ = + 8. The previous survey (to lirn:iting magni-

tud.e \ = + 6) was also carried out at Ad.elaide and has been d.eseríbed.

by Nilsson (f96\t). ¿aait:.onal receivers and. larger base-lines have been

incorporated- in the system to enable measurement of d.eceleration of

inclivid.ual meteoroid.s. The new information on small meteoroids provided

by this survey is not only inrportant because of its Southern HemÍsphere

orientation, but shoul-d ad.d. consid.erably to our general understanding of

meteor astronoq¡.
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CHAPTER IT

RADIO METEoR ASTRoNOMY - A REVIE'IÍ

Ttre purpose of this section is to outline recent d.evelopments and.

current ideas in rad.io meteor astronorry which are pertinent to the sub-

ject natter of the research project described in thÍs thesis. No attempt

is mad.e to revj.ew statistical nethods of radiant d.eternination, nor tÕ

consider the meteor magnitud.e - flux relationship beyond. lts application

to the present suryey. As noted. in 58.2.2 amplitud.e measurements for

inùivid.ual- echoes have not yet been underbaken for thís survey, so that

no d.ireet measurement of intlivid.ual meteor magnitud.es ís possible.

bttora Sgel) conpares a number of d.eterrninations of the exponenr s

of the incremental- flux d.istribution function ex¡lressecL as a power 1aw

¿r(ez) - tl" au, Q.t)

for the numbers of meteor" Ul(gZ) prod.ucing zenithal electron lÍne d-ensi-

ties in the range 9, f,o 8Z * dAZ. Elford. finds that for sporadÍc meteors

fainter than radio magnitud" Irf = + 9, where lvþ = )+O.O - 2.5 logroeZ ,

f,he value of s is 2,0 ! 0.05 ana increases by about 0.5 for brigþter

magnitud.es.

A similar eomparison for major neteor shornrers shows the value of s

to d.rop well below 21or faint magnitudes, inôicating that these'showers

becone .relatÍvely less important with increasing magnitud.e

The main consequen"" o, sueh a fl-ux l-aw for the present survey is

that the great majority of meteors d.eteeted, will have electron line
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densities near the equipment threshold., so that the properties of the

meteors observed. wíl-I be representative of the faintest meteors d-eteet-

able by the apparatus.

Lebeòinets and. sosnova Ígea,a969) analyze in d.etail the inter-

aetion of rad.io waves with ionized. meteor trails, and. find. that veJ-ocÌty

d.eterminations from the fresnel d.iffraetion pattern may be serÍously in

error if the effects of arnbi-polar d.iffusion are not taken into accor,rnt.

For the reasons outl_ined. in 53.3.5 their conclusions are not ðirectly

relevant to the Ad.elaide nethotl of velocity cieterrnination, which uses

the ore-t diffraction patterr: and is much less sensitive to the vagaries-o
of d.iffr¡sion than the nore corìmen use of the post-to d.iffraction pattern.

Brown and. Elford (1970) hav" d.etermined. theoretically that the rate

of decay of a,n ionized. trail may be strongly affected. by wind. shear wíth-

out affecting the erçonentiar form of the d-ecay. This may resul_t Ín

serious errors rnrhere decay rates are used. to d.eterrnine refl-ection point

heights, and. may introd.uce further errors into the d.etermination of

velocity from the post-to diffractíon pattern. The Ad_e1aid,e system

cleternines wind shear for each echo and. allor^¡ance Ís mad.e for thÍs in

the analysis.

Verniani Ogeg) nas recently revier,¡ecl the present knowled.ge on the

structure of meteoroid.s. He find.s that there is evidence to suggest

that fragmentation is wÍd.espread. even aJnongst faint radio meteors. The

saJne conclusion has not been reached. in the present survey although Ít

ís doubtful whether fragmentation can be read.ily recognized from the

d.iffractj-on patterns e'l one.
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Jones ancl Kaiser (1966) hav" shown that thermal shock from atmos-

pheric heating may cause fracture of dense solid. meteoroid.s with raùii
larger than 0.1 em. llhile their results d.o not appear to be.applÍcable

to the najority of meteors d.etected. in the present survey, it is
probable that thermal shock is a contributing factor in the fragmenta-

tion of l-ow density neteoroid.s.

Verniani find.s the average bulk d.ensity of photographic meteors to

be about 0.3 gn em-3 whereas the med.ian value of density for 320 rad.io

meteors detected. at Havana, rllinoisr't,¡as close to 0.8 gn cnl3

(Verniani , a966). Ceplecha (tg6l ) tra" approached the probt_em of

meteoroid. d.ensíty d.eterrnination from quite a d.iff,erent stand.-point to

Verniani ' and. from a considera"ion of meteoroid. thermal cond.uctivity in

relation to the tenperature at r+thich ablatÍon becomes pïonoulced-, has

arrived- at d.ensity estimates an ord.er of magnitude higher. Ceplecha has

d-emonstrated. that meteors may be cl-assified. into three d.istinct groups on

the basis of beginning heíght as a fr:nction of meteor veloeity. The

three groups apparently corïespond to dífferent "classes of physical

properties of the meteoroids, ancl. Ceplechars criterion has been applie¿

with some success to the classification'of meteor str:earn members by

Cook (1970).

Results of density d.etermínations in the present survey, ho.wever,

are in excellent'agreement with those of verníaní (tg66). verniani's

medi.an radio meteor dens.ity of 0.8 gr cr:3 is slightly higîer than that

f,or the Ad.elaid.e meteors of 0.65 p er-3 consístent with the.magnitud.e

d.ifferences between the Adelaic.e and. the fainter Havana meteors.
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Accurate and, routine height measurements for each echo have enable¿

the present survey to show a depend.ence of meteoroid. d.ensity on heÍght

r¡hich indi,cates that cepleehaf s d.ensíty estimates may be too high.

Mccrosky and. ceplecha ( L959) consider the observed properties of

bright fireballs in terms of a number of variations of the single bod.y

meteor theory. They conclude that fireballs must also have low densi-

tÍ.es, and. find. that it is r.rnlikely that fragmentation or spallation

could. seriousl-y influence the bulk density estimates. They also reject

a model proposed by A11en and 3alciwín (t967) of a high density meteo-

roid frothing d.ue to the release of occl-ud.ed. gas on ablation and so

having the appearance of a l-ow d.ensity meteoroid. For a d.ifferent

reason the results of the present survey also suggest that frothing can-

not be significant for faint racl-io meteors (Se .l+).

Observations of faint rad.io meteors at Jod.rel-l Bank (lawies an¿

Gill-, a96o) have indicated in addition to the predominantly d,ireet

orbits of l-ow inclÍnation the presence of a large nrrmber of meteors in

orbits of lonr eccentricity and. high inclination not apparent at brighter

magnitudes. In contrast Nilsson (196hb) at Ad.elaid.e ín a survey to

h = * 6 observed. few orbits of this t¡re and. virtually none with eccen-

tricities less than 0.6.

Davies and. Gill- suggested that these meteors may be d.eríved. from a

hypothetical- dust cloud beyond the orbit of Jupiter, with the poynting-

Robertson effect (Poynting, 1903; Robertson, 1937) causing sufficiently
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rapi¿l orbit evolution in the ease of small particles to enable them to

pass the rJupiter barríerr at high inclinations.

Hawkins (tg6Z) reported that this el.ass of toroidalr meteor orbits

was cletectecl during the Èanrard. Rad.io Meteor project. Lebed.inets and.

Kashcheev (f967) have also d.etected these orbits amongst meteors

brighter than magnitud.e + | at Kharkov. Lebed.inets (f968) shows that

the d.ust-cloud. source proposed. by Davies and. Gil1 (i)6O) for these orbits

is not consistent with the observeti distribution, which points rather to

a connection r^rith the long-period. comets.

Southworth (1968) in ¿iscussi.ng the results presented by Lebedinets

(f968) notes that although the lIarvard.=smithsonian observations are simi-

Iar to those fromKharkov, the conclusions are very d.ifferent, no doubt

because of tüfferent correetions for observational selection.

Kashcheev and Lebedinets (tg6l) classif! orbits observed during

their rad.io survey into four basic types:

(f) Orbits sinilar to those of long-period comets, with high a

values and. arbitrary inelinations.

(Z) Orbits sirrilar to the short-period. comets with a < 5 a.u. and.

smal-l inclinations.

(S) Orbits with smal1 eceentricities and. large inclinations.

()+) Orbits sinilar to type (e) tut with smaller perihelion dis-

tances and. sizes (a"( 3 ".u.).
Tlpes (3) an¿ ()+) *. pronoulced at faint radio magnitudes and

virtually absent from bright photographic meteor obserwations, although

the Geninid.s and ô-Aquarid.s are exeeptions to the ru1e, having orbits of
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t¡pe (\). AJ-l four orbit types have been observed during tlne 1969

Aclelaid.e survey.

Ïltrereas Lebedinets (f968) finds notable clifferences between the

ilistributions of shower and sporad.ic radar meteors the present survey

has found. the d.istributions to be similar, possibly as a result of

clifferent criteria used. for meteor association.

The former snfi ôistinction .between shower and. sporad.ic meteors

a^mongstbrigþt photographic meteors may accor:nt for Davies and, Gil1

(ltg6O) considering only 2/' of their radio meteors to be of stream ori-

gin. Systematic strean searches (Southworth and. Har¿kins , :)63; NÍlsson,

fg6\¡; Baker anti Forti , L966; Kashcheev and Lebedinets, 1967) nave

fourd. between 25/, anð, 36i, of the neteors observed. to belong to streams of

sone kind.. Ttre coneept of minor strea.ns and. I assoeiationsr has been intro-

dueed., ancl stream searches have been mad.e using eleetronic eomputers on

the basis of an iciealized mod.el of stream dispersion (Southworth and.

Har¡kÍns , 1963) for accurately reduced photographic orbits, and- measure-

rnent error (Nilsson, 196\b) for less accurate rad.io d.ata. The results of

recent strean searches based r4)on versioné of the Southworbh and, HawkÍns

D-criterion by Lindblad. (f,r:n¿ Observatory, Swed.en) and- Sekanina

(snittrsonian Astrophysical observatory) (Ceplecha, L97O) are not yet

available to the author.

fhe Southworth and. Hawkins Þeriterion has been applied in a stream

seareh a.mongst meteors of the present survey. Results are in general

agreement with other, such stream searches, but indicate that a flexible
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approach to strea¡n d.efinition ís d.esirable. Definite serial associa-

tions have been found. d.eparting radically from idealízed- rnodels of

strea¡n formation and. d.ispersion, ind.ieating that mueh more consid.eration

must be given to the rnechanisms of meteor ejection from comets.

Nunerous streans have been found. amongst the rtoroid.alt meteors

w'ith orbits of t¡re (3), anA the link between this class of meteors

and. the long-period. comets has been eonfirmed.. The Southern Henrisphere

Puppid./Ve1id. strean complex and. the Northern Hemisphere Quadrantid.s are

exanples of ttoroid.al groupt meteor strearns.

Lovell (fgfl+) conpares an orbit for a photographie Quantrantid. cal-

cu-Lated. by Jacchia with the rad.io observations of Hár¡kins and. Almond..

Agreement is exeel-lent, although the eccentricity of the radio Quad-ran-

tid.s is much lor¡er than that for the photographic meteor orbit, in keep-

íng with the mass dependent action of the Poynting-Robertson effect.

Harnid. and. Youssef (f96:) d.emonstrate that secular perturbations may

ind.uce large changes in meteor orbits. They finci that the Quad.rantid.

strea¡n has ehanged. in inclination from 13o to J2o and- in perihelion dis-

tance from 0.07 to 0.98 a.u. clr-rring the last 1f0O years. The large in-

crease in perihelion d.istance ís particularly surprísing. Tlieir calcu-

lations ind.icate another possible source of toroid.al group meteors. ft

is eviclent that meteors in lot¡ inclination orbits are more likely to be

perturbed. into orbits of higþ incl-ination than viee-versa. One argument

against the present configuration of the Quadrantid.s resulting fron

secular perturbations is that South¡rorth and. Har,¡kins (tg6S) have found.



TT"

the Quadrantid.s to be a particrrlarly active strea¡n photographíca1ly,

with an internal dispersion comparable to the GeninÍd.s and- smaller than

almost all other strearns obser-ved. Such a sma1l internal d,ispersion ín

a strea.m which has undergone changes of the nagnitud.e suggested- by Hami d

and Youssef (f96S) seens most unlike1y. It is also apparent that seeu-l-ar

ancl perioclie perturbations shoul-cl act clifferentially on the photogratrlhic

ar¡d. smaller radio meteor orbits onee d.ifferences in these orbits become

establishedl through d.ifferential action of the continuously-present

Poynting-Robertson effect. Ttrus the observecl close agreement in inclina-

tion and. orientation of the orbits for the tr¡o types of observation,

considered. in the light of smaller tlimensions of the radio meteor orbits

again casts sone doubt on the contribution of'secul-ar perturbati-ons to

the present Quadrantid. strea¡r. Further d.etailed- stud-ies of this strean,

partieularly at faint radio nagnitud.es, may provid.e the ansr^¡ers to this

problem.

Kresár (fg68) surveys mod.ern knowled.ge of the strr:etu¡e and. evolu-

tion of neteor streams. He shows that association tests based. upon

racliant d.ata will favour retrograde orbits whereas those based upon orbi-

ta1 elements will not be sinilarly biassed. He is thus able to account

for the discrepancy in the results of Kashcheev et al . Sgel) who fi-nd

a prevalence of retrograd.e orbits arnongst shower rneteors larger than

h = * J, and the results of ,Nilsson (fqøl+¡)who finds the inclination to

be l-ess than 50o for 9O/, of rad.io shoner meteors larger than \ = + 6.
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Kresâ< (fg68) in considering the proportions of strea¡r and. sporad.ie

meteors clispersing and spiralling towarcls the Sun und.er the influence of

the Poynting-Robertson effeet find.s that "it appears inevitable to con-

elucle that nost of the meteoroids capable of prod.ucing visual meteors d.o

not accomplish the whole cyele of spiralling but are d.estroyed at larger

distances from the Suntt.

Three d.estructive processes for: meteors are consid.ered. by Kresák

(fgeA), dl involving colLision of some kind.

(f) ErosÍon by interplanetary d.ust and sputtering by solar

protons.

(Z) Destructive collision in one impact between tvo meteoroid-s

of sinilar size.

(S) Intemed.iate cases of hyper-velocÍty impact breakage combined-

with mass losses d.ue to evaporation.

Eventual- bursting as a result of solar rad.iation ind.uced. aecelera-

ting rotation has been proposed. as another means of destruction of

neteoroids (nadzievskii , 195\; Pad.dack , A969). The practical contrÍ-

bution of such rotational meehanisms to the d.epletion of the meteoroíd

population is a matter of some d.oubt

ïn a comprehensive theoretical analysis of the present observa-

tional ewidenee Dohnanyi (1:glO) tin¿s the distribution of sporadic

meteoroÍds in the photographic ar¡d. rad.io ranges to be u¡stable. He

shows that collisional processes would. rapid.ly change the d.Ístribution

of these particles unl-ess they are replenished. by a sou?ce. Meteor
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showers are found. to be a srritable source provid.ed, that the population

ind.ex u = 13/6, vl'here N - m-o*l is the influx rate into the earthts
- -) -1 .

atmosphere (n - sec--) of objects hawing a mass of m (Kg) or greater.

Following Wyatt and Whipple (:gSO), Dohnanyi computes the time re-

quired. for a shower particle to change the true anomaly of the inter-

section of its orbit with the earthrs orbit by 5o through the action cf

the Poynting-Robertson effect. Comparison with the expected. 1ífetÍme

for an equivalent particl-e through eollision processes índ.icates that

radiation d.amtrling plays only a ninor role in deter¡rining the mass ùistrÍ-

bution of photographic and. raùio meteors.

Terenteva (tg6l) in exanining the d.istribution of minor streams of

opticaJ. meteors find.s a tend.eney for syrnmetrical d.isposition of radiants

across the plane of the ecliptic at much larger d.istances even than the

l¡ell-kno¡m Northern and. Southern branehes of the Taurids, ô- anð, i-

Aquarid.s. Perturbatíons and. erosi-on by interplanetary d.ust will- be most

pronouncecL near the ecliptic plane, anil thus such branching of a low-

incLination stream may give an inùicai;ion of its age.

Terenteva notes such syrometrical- radiants may be separated. by as

much as !Oo. fhis is apparently evid.ence for the reality of seeular

perturbation such as that proposed. by Hamid. and. Youssef (f96¡) for the

Quad-rantid.s, since for a neteor strea¡r ínitíally spread.íng across the

eeliptic plane those meteors spend-ing most of their time below the eclÍp-

tic would. be perturbed. in the opposite sense to those spend.ing most tÍme

above. A division of the strean into Northern and. Southern branehes
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coul-d. thus come about even without erosion near the ecliptic plane by

interplanetary d.ust.

The delineation in the present survey of a large nu¡rber of mincr

strea^rns including many in the rtoroid.al groupt is particularly interest-

ing in view of the agreement between a number of the latter anil some

long-period comets.

The questions raised in this survey by apparent anomalies in the

relation of high inclination meteors to long-period. eomets, in general

as well as in particula? cases r mâ¡r be of fund.amental cosmogonie inpor-

tance. tr\rrther consideration is given to these questions in chapter p.



2r.

CHAPTER ITI

RADTO RET'LECTION T"ROM METEOR TTATLS

3.1 ITTTRODUCTTON

An ad.equate tl¡.d.erstand.ing of the proeêss of reflection of ,radio

l¡aves f::om neteor trails-is a vital pre-requisÍte. to the inplementa_

tion of the survey described in this thesis. A brief srr,mrarx¡ of the

perbínent points of the theory is presented here. McKinley (1961)

gives a more d.etail.ed. account.

The nein points to be eonsid.ered. are the interaetíon of the

rneteoroid. with the atmosphere which produces an ionized. column, the

effect of arry subsequent motion of the column, anil the interaction of

radio Ìûaves with the ionized column.

3.2 TRATL FORI\4ATTON

Observed. meteoroíd.s generally enter the atmosphere with higþly

supersonie velocities; between l-O kns/see and. TO k¡rs/see. colrisions

with air molecules res,r¡It in a loss of for¡¡ard. momentr:m,accompanied.

by a heating effect. öpifc (1958) ùiscusses ih detait- the interactions

possibJ-e for various eombinations of meteoric and. atmospheríe properties.

In the rnain, neutral atoms of the meteor are ablated. from its surface

by the heating effect and. travel with thermal energies relative to the

neteor unti1 co1liùing with surror.rrding relatívely stationary air atons

with resultant ionization, both of meteor arrd. air atoms. The mean free

path of air molecul-es d.eternines the probable d.istance travel-led. by a
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meteor atom before ionizíng coll-ision arrd hence the initíaI rad.ius rof the

ionized colu¡rr produced by the rneteor at any height.

The initial rad.ius at a height of 100 kil-onetres is of the ord.er of

1 metre or slightly larger (Greenhow and HaIl, l-960; Bayrachenko, A965)

while the mean free path at this height is of the ord.er of 10 ems (U.S.

Starrctard. Atngsphere, t96Z) ,

Once formed. the ionized colunr¡ wil-l eventually decay through the

effects of anbi-polar d.iffusion, and, to a lesser erct,ent, recombination

and. attachnent. Met.eors have been suggested as a souree of ionization

for the night-time E layer (Nicolet , a9r5). A meteoric origin seens

probable for long-lived. netallÍc ions associated. with the occurrence of

sporad.ic E (Tolrng et aI ., 196T), &d a correlation has been noted.

between spor.adic E occurrences and,.the Leonid. meteor shower of November,

t96j (wri.eht , 196T).

Since ablation results in a d.ecrease in the mass of the meteoroíd.

and. since the atmospheric properties change marked.ly with height, it is

apparent that the prod.uction of ionization e.'long the trail will be far

from constant. ïn .general this reaches a maximr¡¡r shortly before either

strong deceleration or more comnonly conplete vaporization terminate

the observable trail-. Vernj.ani (fg6f) outlines in d.etail the equations

d.eseribing the behaviour of an ablating meteor ín the atmosphere.

Perhaps the greatest l-initation in this work is the lack of know-

led-ge of the actual form of the neteoroid. itself . Mod.ern thought

generally favours the j-dea of a fairly 1ow d.ensity porous fragile
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structuïe for the najority of smal1 neteoroids (Verniani, 196\) and. even

for large fire-baIls (McCrosky and. Cepleeha.. a969). This structure is

thought to aecount for the observed. fragnentation of some meteors,

although the incid.ence of fragnentation d.oes not appear to be an ímpor-

tant factór arnongst faint'rad.io neteors according to l¡Ieiss (1960a) and. the

present surveJr ( ge.U).

3.3 BEFLECTION 0F RADIO '[^IA\ES BY METEOR TRAILS

The basic feature of reflection of rad.io waves by meteor trail-s

whieh makes the Ad.elaid.e-rad.io technique so useful- ís the specular

nature of the reflection process. Ttris enables us to use fresnel d.if-

fraetion theory to d.eterrnine meteor velocity at the reflection point.

and. to cletenrine the orientation of the trail from geometrieal eon-

straints.

It should. be mentioned. that while reflection of rad.io vaves from

meteor trails-is generally specr:lar in forn this need not always be the

ease. Barber, Sutcliffe and Ìlatkins (:-:g6Z) at Jod.rell Bank have observed.

at frequencies of several hund.red. NfrLz a class of echoes in which the

specular condition for ref,lection is relaxed.. These r¡ould. appear to be

some form of head. echo. Mclntosh (tg6Z, f963) d.iscusses observations of

head echoes with the 32 MIIz Springhill neteor rad.ar, anil notes that there

has been sorne confusion and. uneerbainty in the past as to what consti-

tutes a true head. echo. A recent survey of various ty¡les of radío refl-ec-

tions from meteor trails has been nad.e by Millman (fg68).

A number of workers includ.ing Lovell and. Clegg (fgl+8), Herlofson

(fg:r), Kaiser and Closs (:2>z), and Lebedinets afld Sosnova OgeA, 1969)
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have consid.ered the nature of scattering of rad.io waves by ionized.

meteor trails.: The predominant rad.io reffection is from the trail
electrons rather than,the ion cou¡lonent, and. the strength of the

refleeted. signal is ;d.epend.ent upon the electron,line d.ensity as well
as the polarísatíon and wavelength of the incid.ent rad.iation. Kaiser

and closs (]:gSz) ana Lebedinets and sosnova (rg68) give formàïderi-
vations of the reflection coefficients.

3 . 3. l- Phase Ansle s

The nain ad.vantage of the Clf method. lies in the phase infor-
mation which is retreived in ad.dition to the variations i.n power of the

reflected. signals. In the CW system the receivÍng sites detect a smal_l

portion of the trans¡dtted rad-iation d.irectly along a ground.-path. Ttris

signal is then used. as a reference against which the, refLected. sky-wave

is eor¡lared'. Ihe separation between transmit.ter and. receiving sites must

be such that the receivers are not overload.ed. by the d.irect rad.iation;

for optimum operation the grou:rd. wave signal strength at .any receiving

site 'should' be hal-f that necessary to prod.uce receiver overload. with the

receiver gain ad.Justed so that galaetic background" or reeeiver noise is
just perceptible at the receiver output.

ff the wave at the transnitting aerial has the form

Ar=Fre F
iôe'ir¡t

T

for the si{lle case of coinci-d.çnt transnitter and. reeeiver, the r,rrave at

the receiver from an element d.s of trail at a point P has the a.m¡rlitud,e

A-cx6 iúod4=.te(s)e -ds (s.r)r\ 
hnR2
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wherp A' i" the amplitude of the transmitted. wave; G is the gain of the

reeeivíng antenna; p is the input resistance of the receiver; g(s) is

the reflection eoefficient at the point P; R is the d.istance from the

transpitter to the point P on the trail.

For reflection from a stationary trail the phase angle of

the reflected wave at the receiver is

L'irn'^P
ú, = ot - -t' - ß (S.e)

l*nRo
where ß is the phase eh nge on reflection and. f is the phase angle

due to the length of the path travelled by the'wave.

Shou1d. the trail have a rad.ial component of velocity u

toward.s the transmitter-receiver site rre should. include an ad.d.itional

tine-dependent term such that

(s.s)

where t=o whenRr'=S

This ex¡lression is given since it elearly shor¡s the relative senses of

the various contributory phase terms. However, because of ad.ditionat

corplications concerning the motion of the traíl as a whole und.er the

influence of a wind it is simplest to ínvestigate the properties of a

stationary trail first and. then take account of the effects of r,r¡ind. and.

wínd shears ,(Kaiser , a95r) .

It shoul-d. be noted. that sorne workers (".g. Kaiser, 1955;

MeKinley, 196I; Kashcheev and. Lebed.inets , l96L) have employed. the

l+rR-'
úr=c.rt +-ß+$rt-.1
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optics convention for d.escribing phase, in which phase angle increases

with optical path length. In the present (electrical engineering) eon-

venti.on, however, all phases are regard.ed. at an instant in tíme, and. the

increase in path length then corresponds to a phase lag.

The distinction betneen the two systems has not been mad.e

clear in the past and. has l-ed to sone confusÍon. Provid.ed. that one con-

sistently adheres to one convention the ter-ms on the right-hand. sid.e of

eqn 3.3 will have the same- relative sense irrespective of which conven-

tion ,is enployed.; and. the d.ifference between the two a¡nounts merely to the

substitution of - rf for ú on the left-hand. side.

3.3.2 Ttre Cornu Spiral

fntegrating the contributíons from all elements ds up to the

point P (at a distance sI along the trai , see Fig. 3.1) tfre total

received. amplitud.e

A^CXTZp rsr -..,.
Ao = -* I s(s) e'v ds (¡.l+)n \nR2 J--

where the lower limit of the integral may be taken as -- since

d.A-+0 as s+-æ
H

It is assumed. that the reflection coefficient g(s) varies

sufficiently s1ow1y v'ith s in the region of Po to justífy its removal

from under the íntegral for sinplification of analysis, although the

nethotl,of velocity d.etermínation used. in this survey is quíte insensi-

tive to variations in g as rr¡ell- as irregular ionization (see 53.3.4).
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we may Ìrrite 3.\ asUsing the approximation R = R +

irþ
A =Iì..R 'R

o(c-is)
e

x1
,¡*2cos l- d.x, . nx2s1n l- dx

2Ro

(¡.1)

where

and.

x1

are a form of,the fresnel Íntegrals.

-æ

å- rì.R
!rf^6 Æ
\nR2 2

C

o

l+nR

rlo = of - Io - ß

The representation of the bracketed tem (C - iS) otr 
"n

Arganci ttiagram is a Cornu spiral, inverted. from the optics Cornu spiral

which correspond.s to the function (C + iS). Figure 3.2 shows the

fr:netion (C - iS) w'itfr the origin moved to the point (% - rdt) i.n ttre

usual manner. Distance along the trail correspond.s to d.istance along

the spiral, anq the,relativs -"nF1itud.e and. phase contributions of any

segment of the trail may be fou¡d. by joining the two representatíve

points ¡rith a straight 1ine, the length of which gÍves nmFlitud.e and.,

the argurnent of vhich gives phase. The absolute scale of the Cornu

spiraL is given by the magnitud.e of F* whieh corresponas to Å of the
,tr

d.istance bett¡een the points ('4 - r"i) and (- t4 + Þri)(= 6."ud.uced. units).
iú

The term e 'o gives the relatÍve phase of the refl-ection from the specu-

Iar refl-ection :point Ro. In an absolute reference frarne the time d.epen-

d.ent portion of of üo represents an anticlockwíse rotation of the entire

spiral about the point ('4 - >"i) n¡"itfr angular veloeity o.
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ïn the CI¡l case ad.d.itíon of the gror¡ld-wave causes total poweï

at the receiver to be given by the expression

PR*D= r*2(c2 + s2) *tD,+ eF*Fo(C cos {+ S sin rf) (3.6)

r¡here LrR, 2nD "'''o,=T_f,__e

is the phase angle of the skywaye relative to the gror.md.-wave; D is the

distance of the ùirect rad.io gror:nd.-path; Fo is the amplÍtud.e of the

ground-wave at the receiver input. fn general the time d.ependent varia-

tion of sklnrave phase keeps pace with that of the ground-wave and. the

tine d.epend.ence may be ignored.

The resultant aTrI¡litud.e and. phase at any time may then be

foutd. by vector ad.d.ition of the ground..wave vector to the sk¡n^rave vector

(see Fig. 3.2). MeKinley (:Ig6:-) calculates theoretical anplitud-e-time

curves for various values of the sk¡mrave phase relative to the gror.:nd.-

rrave and. ã ,^ = FD. These are shown in Fig. 3.3.

Since consid.erable use is made of the Cornu spiral and. the

related. arnplitud.e-tirne d.iag::a,rn, although the reverse is the true case it

is convenient to regard the Cornu spiral as having the invariant phase

and consid.er the relative phase of the grou::d.'Ìrave from this reference.

The specular reflection point is the natural origin of the time scale

for any calculations and. ís referred. to as the ttot point. fhe preced.ing

fresnel diffraction pattern is oo¡monIy referred. to as the rwhistle'

since it generates a characteristic d.escend.ing aud.io tone when a loud.-

speaker is connected. to the receiver output. Furthernore, in consid.ering
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relative times of events in the pre-to whistle, it is convenient to re-

verse the norrnal time scale so that these events take place at times

which may be regarded as positive,trith respect to the to point as origin.

3.3.3 The Effect of Ìfind and Wind Shear

For a stationary meteor trail the point of closest approach

and. the t point eoincide.- However, when the trail is formed. in ao'
uniform wind. field. this cond.ition is no longer true. Fie. 3.\ ittus-

trates the effect of a unifonn wind. in changing the orientation of the

ionized. column from the meteoroid. path AA- to the line BB- with a resul-

tant shift of the to point from Ao to Bo. Le! velocity of meteoroid. be

v and. wind. velocity u. since e = u/v this d.isplacement amounts to a

d.istance R u/V or a time d.e1ay of R_ u/V2 seconds.oo--'
Bod.ily motion of the ionized. column also introd.uces a time

depend.ence into the phase of the giorrnd-wave rel ative to the sk¡nrave,

causing rotation of the ground--wave vector of Fig.3.2 alout the típ of

the,skyrrave vector (or vice-versa). Ttre variation in amplitud.e of the

resultant vector anounts to a d.oppler beat, the frequency of whích is

related- to the line-of-sight wind. velocity at the trail.

Ît shorLd. be emphasized. here that the statement mad-e by

Kaiser (:Ig>S) tfrat for a r,¡niforr w'ind the fo:¡n and. magnitude of the echo

remains unehanged, and. that the pattern is sinply dispJ-aced. in time; is

only applicable to echoes from pr:lse-type equipments. rn the case of CW

equipments with some gïou1d,-wave present at the receiver the steady

phase shift
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will result in some mod.ifieation of the prÇ-to d.iffraction pattern, for

the sa.me reason that it prod.uces a d.oppler beat between ground. and. sky-

waves after the to point.

lhis effeet is graphically d.emonstrated. by reference to

the Cornu spiral. Fie. (f.5) sho¡¿s the displaeement of diffraetion

maxima *L, x2, x3 to x!', x2', x3'as a result of such a phase variation.

The effect is genera-lly rather small , clue to the d.j.fference of several

ord.ers of magnitud.e between ty¡lical meteor and. wind. verocities. rn

exbreme cases, hor,rever, the d.egree of twind.ing-inr of the spiral (or

twind.ing-out' ) could. cause a d.isplacement in the position of a d.iffrac-

tion maximrm by as much as one cycle within the first half-d.ozen cyeles

of an amplitud.e-tine pIot.

Tfith the Ad.elaid.e system the doppler infonnation is used. to

detemine the line-of-sight component of the wind at each reflection

point. Knowing the phase at the to point, the phase information from

the wind. cietemination is extrapolated. into the pre-to d.iffraetion pat-

tern so that eorrection for this effect is possible. (see 55.2).

The presence of wind.-shear introduees further complication.

ïn general the ionized. column vil-l become d.eforrned. and. curved.. The

effect in most cases d.oes not linit the accuracy of the interpretation

of the a^rplitud.e-time record.s, particularly when d.ealing vith the pre-

t pattern. At the speeular reflection point the angle 0 of Fig. 3.\o^
is still 'given by u/V:

l+nu

À

gu.
dt
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Wind shear is measured. with the Ad.elaid.e system, sinee line-

of-sigþt wind velocities are measured. at a nr¡nber of spaced. points on the

trail. No attenpt j.s mad.e to correct the velocity d.etennination for the

effect of shear, if present, as the eorrection in most cases is insignifí-

c€u:t: Strong wind shear will make interpretation of the body d.oppler

pattern d.iffictrlt and. re jeetion of the echo probable.

Ttre saw-tooth phase nod.ulation of the Clü transmitter d.es-

cribed. in 5)+.2.1 results in the retard.ation of the grorrnd-wave phase by

pOo approxinately 1 mÍlJ-isecond. before the sinilarly retard.ed- sk¡rwave

arrives at the sa¡ne aeri.al-.

0n arrival of the retarded sk¡nrave the relative phase of

ground and skywave reverts to norrnal. fn general the veetor sun of the

pOo phase-shifted. skynrave and. the rground.-wave will have a d-ifferent

qmplitud.e from the vector su¡r of the nomal sk¡nvave and. grounil-wave, so

that the brief phase junp will appear as a bríef amplitud.e increase or

d.ecrease on the arplitud.e-time record.. These wil-l be referued. to as

"phase spikesrl. FÍg. 3.6 represents such a case where Fr' represents

FO retarded. by 9Oo ¿nd. F'1+D the new resultant.

The post-to phase spikes will d.elineate a rphantom! d.oppler

beat pattern phase shifted. gOo (+ or -) from the main pattern. lihether

the shifted. pattern leads or lags the main waveform d.epend.s upon whether

the trail is advancing or reced.ingi and hence the sense of the l-ine-of-

sight d.rift is determined..
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3.3.\ Irregular Ioni.zation

The analysis of the meteor orbit films involves d.etermi.na-

tion of the relative positions of consecutive ùiffraction exbrema pre-

cedins the t point (see 55.2). One of the assr,:nptions mad.e ín d.erivingo

eqn 3.5 is that the refleetion coefficient only varies slor,rly in the

region near the to Point. fn tenrs of the Cornu spiral this restriction

irnplies that each contribution from a length of trail d.s has the sane

. ar:rplitud.e as that from any other d.s (apart from the R varíatíon) and.

varies on1¡ in phase. Thus lre may d.ireetly relate d.istance along the

spiratr to distance along the trail

Ttre Cornu spiral is, however, only a speeial case of a

general vector phase-a,mp1itud.e diagram, in which the amplitud.es from

segments of trail may be allowed. to vary although the relative phases

of the various segments are still d.etermined. by the geometry of the

meteor flight path relative to the d.etecting system. ff irregular

ionization should. cause one segment of traitr to reflect four times the

power of another segment of sinilar length, the length of the ïepre-

sentative vector on the phase-a.mp1itud.e d.iagrarn would. be twiee as 1ong.

This r¡ould. result in the type of defo:mation from the id.ealízed. Cornu

spiral shor¡n in Fig. 3.7. Note particularly that r,¡ith this representa-

tion d.istanee along the spiral is no longer d.irectly proportíonal to

d.istance along the trai1.

Horever,d.istanee along the trail is sti1l d-irectly related-

to phase on the d.iagrarn, a,ncl in the pïesence of a ground--wave for all.



A

t

o

to

HYPOIHEItCAt YAn¡AlrOI
OÉ glrt atotlc tR^lt

t¡ .l¡

/ / --\ \

-dÐ

to

souo grrluE rs xolra^t cotxu sPllal fot
u¡tFotlllT loÌilzEo lnAlt. oollEo cunvÊ
SxOUt CtFÊCl OF HVPO¡HEllerL 3(t t YAllAllON
rtorE oil PtlA¡C ' llltlluoE olAcnAr.

Þ9t

\
I

/

\
\I

s

{ c- ¡s)

FtG- 3. 7



33

1ike1y varÍations of g(s) tne relative times of ocóurrence of the d.if-

fraction a.mFlitude extrema shoul-d. be unchanged.. from those pred.ieted- by

the id.eal Cornu spiral with the assr:mption of constant g.
\

3.3.5 Diffusion

Lebed.inets and sosnova (tg6g) analyse in d.etail the errors

whÍch may arise in a velocity d.eterurination from a d.iffraction record

if the effect of arrbi-poLar d.iffusion ís ignored.. They find. that the

error may be .of either sign and. in extreme cases may be as high .as 3O/0,

Ïfhile their work ís certainly generally applicable, the

estimate of percentage error in velocity is based. upon the d.etermina-

tion of velocity from consid.eratíon of the post-to diffraction pattern.

rn the Ad.elaid.e survey, where velocity is d.ete:rnined. from,the pre-to

whistles the effeets of d.iffusion are far less significant. Each,

pre-t d.iffraction extremum is record.ed. at the instant the meteor pro-^o
d.uces the ionization contributing the greatest a,¡nount of the reflected.

signal . I'lhereas, the amplitud.es of post-to extrema d.ecrease as the

trail- extends to higher order zones, aÍÌd are increasingly d.epend-ent

upon the constancy of the preced.ing major portion of the totat reflec-

ted signal.

Diffusion of earlier sections of the trail- in the pre-to

case is thus both less irnportant and. less advanced. than for the equiva-

lent post-t_ pattern. For this reason the Ad.elaid.e method. of velocity

d.eterrnination using the pre-to d.iffraetion pattern is l-ess sensitive to

trail írregularities and- inherently less subject to error than use of

the post-t pattern.' o'
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CHAPTER TV

TIÍE ADELATDE RADIO METEOR SYSTEM

l+ . r rNTRoDUcrroN

The. present rad.io-meteor system has evolved. over a nr.mber of years

from that first described by Robertson, Lid.{y and E1ford (1953). fn its
initial fo:m the system r¡as used. for the study of wind.s in the meteor

region by the measurement of d.rifts of meteor traifs.

The ad.ditíon of spaced. receiving sites in ]r9j9 (ï¡eiss and. Elford.,

t963; Roper, 1962; Nilsson.. t)62) enabl-ed. the measr:rement of ind.ivi-

d.ual meteor orbits and. a stutty of,atmospheric turbulence to be und.er-

taken.

Further extensions and. refinements of the system, in particular a

substantial increase in transmitte? power and. the ad.d.ition of two more

receiving sites àt greater dístances, have been iuplemented. in the

years t96T - L969.

Meteor wind.s are stil-l measured. for one week each month on a

routine basis. fncreased. echo rates as a resul-t of increased. trans-

ni.tter polirer have greatly improved. the resolution of this study. con-

currently with the orbit survey which is d.escribed.. in this thesis an

investigatiori of small seale motion of the atmosphere l¡ir.as carríed. out.

Apart from its own merit thÍs stud.y enables positÍve corz:ections to be

mad.e to the orbÍt data for the effects of atmospheric çind. drift and.

shear, thus improving their overall accuracy. A stud.y of the d.istri-
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bution of ionization along meteor trails was also undertaken d.uring part

of the orbit survey, &d a combination of these data çith the orbit data

could prove fruitful- at a later date.

In its present form the Ad.elaid.e i[eteor system consists essentiatly

of two transrnitters, one CIrI and. one puIsed., located at the,satne site,

and. operating on si¡dIar but distinet frequeneies. A network of

receivers is located. at d.istarìces in exeess of 20 km from these trans-

mitters. There is one main receivíng statíon at which al1 record.ing is

carried out. The other stations are d.esigned to run unattend.ed.. Infor-

mation from these sites is telemetered. to the main station for concr:rrent

record.ing.

\.2 EQUTPMENT

l+.2, 1 Transmitters

f\ro transnitters are loeated on the top fl-oor of one of the

build.ings of the Department of Physies at Ad.elaid.e. The Clf transnitter

has an output power of 1.! klrt at Z6.llS Mlfz and..the pulse transmitt,er

prod.uces B u sec. pulses at a frequency of 2OO see-l, with peak power

6> xw at 2T .5\o pnz;

The output of the CIri transmitter is phase mod-ulated by a

mains-locked. 50 Hz saw-tooth waveform r¡hich retard-s the phase ¡y 9Oo in

BO p sec. and. restores it to zero over 20 nill-isec. This d.evice pro-

dluces rsense spikesr at the receivers in the manner d.escribed- in 53.3.3.

Ihese spikes are used Ín the d.etermination of the sense of the observed

r¡incls as well as for tirning in the analysis of the orbit d.ata.
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Figure \.1 shows a bl-ock d.iagra;n of the transmitters,

whi'ch are described in greater detail by Roper (tg6>).

\.2;Z Transraitting Aerials

Aerials for both transnitters are sirpJ-e half-wave ùipoles

mounted. one quarter-Ì,¡ave above the flat metal- roof of the.transmitter

room, whieh serves as a ground. plane. Tnteraction between the two

aerials should. not be significant since they are separated. by a d.istance

of the order of a wavelength and. are almost co-linear. During the latter

stages of the survey a reflector was incorporated. in the CW aerial- to

d.ecrease the ground-wave at the main receiving site to the optimun Ievel.

This ad.justment was not critical- to the sensitivity of the survey, but

rather enabl-ed firlLer use to be mad.e of the d¡rnarnì c range of the

receivers after changes in ground-wave strength caused. by an increase in

the transrnitter poïrer.

It has not been possible to measure the d.irectional variation

of gain for these aerials, but since they are accurately situated. with

respect to an excellent ground.-plane it is felt that their properties

r¡ould. be adequately d.escribed. by the theoretical configurations. The

d.angers of nakíng assumptions in regard. to aerial polar gain eonfigura-

tions are well appreciated for high gain directional aerials. Fortu-

nately the same problems are of much less significance r,¡hen d.ealing with

low gain aerj.afs as used. in the present surr¡eJrr and particularly in the

present application. In all cases '!'¡e are actual-ly concerneil r¡ith the

prod.uet of the ùirectional gains for transnritting and. receiving aerials
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(C*.Cr) and rrinor d.epartr:res from theory at low elevations become of

little consequence.

This is confirrned by the observed d.istribution with zenith

angle for refleetion points in this survey (¡'ie. )+rZ.)

tr\rrbher justifieation for this is seen in the fact that for

most of the rad.iants observed. meteors may be expected. to occlar over

large portions of the visible sky. Calculation of response of the

system as a fi:nction of rad.iant azimuth and elevati.on is therefore

d.epenclent upon integration of the probability of d.etection, itself a

fi:nctÍon of the produet Gn.Gf , oveï the entire sky. fhis integration

will nininise the effect of minor variations in the aerial polar d.ia-

grâms.

h.2.3 Main Station Receiving Aerials

.[ltogether,seven 27 Nftfz receiving aerials are located. at

the main reeeiving site. One of these is a three element half-wave Yagi

d.ireeted. horizontally toward.s the transmitter to d.etect the rad.ar ground-

wave pulse which i-s used. to trigger the rad.ar ranging equipment. 0f the

other six aerials, all of which are standard- half-wave d.ipoles one quarter-

wave above ground., one is connected. to the pulse raåar receiver. Figure,

\.3 shows the configuration of the remaining 5 aerials çhich are used. as

a d.Írection find.ing array. An analysis of phase d.iagra.rns for eaeh aerial

shows that the four possible measurements of relative phase are suffieient

to deter.r:rine r:na.mbiguously the direction of arrival of the slqr-wave.

These phase comparisons are obtained. in practice by rapid. switching



o
(¡) zEXllH IXOtE OrstRrEUrrolr OF

o¡3¿tYEo tEFt€,cilol Potxrs.

/--*- '

,/ a
a

0

I il

la
t
¡
I
,,

/
/

ao

a

t o

¿

a
a

a t
a

/60t

t
a

a
, a?

tt,,
a,

ao

(b)
, c

90

f

a

a

t

a
I
I
l-----a--

a

a
a

60
a
t

o

-

a

at
a,

a
ttt

a
aat

a

a2

t
t e

FlG. ¿-2
goo



ISKY WAYE

1

2 ì NORTH

-l
cos m

co3 rù¿ Ì

FROH
TRANSHITlER

EAST

LAYOUT OF OIRECÎION FINOING AERIALS AT ST. KILOA.

FtG. ¿ .¡ : The layout of the antennae rrsed for deterrnining the direction
of arrival of the sky wave. The transmitter is'23 km to the south.

I

I

i

l

I

I



38

between aerials at inputs to receivers. This technique has been employed

for some years in the routine record.ing of mean wind.s.

\.e,h 27 wr.z Receivers

T'he nature of the signals reflected. from meteor trails

deternines the necessarl¡ features of the d-etectíng receívers. fhe bod.y

d.oppler is in general a large anFlitud.e low frequency variation, whilst

the d.iffraction whistle may be of smaIl amplitud.e with frequencies. as

high as 300 Hz. For reasonable reception of the sense spikes a band-

rridth of at least 2 kEz is d.esirable.

Essentially the receivers require lor,¡ noise figures with

ad.equate ban&tid.th arìd a large dynarnic range.. Ttre use of logarithmie

receivers has been consid.ered. and- rejected.. For recognition and.

analysis of the features of the refl-eeted. signals it is d.esirable that

these be recorded. in linear form. The possible benefits from logarith-

nic reeeivers eoupled. with a subsequent exponentiating procedure to

recreate linearity appear to be outweighed. by the degree of sophístication

required of the circuitry.

The main station receivers have a noise figr-rre of less than

2 fu, bandwid.th t l+,0 kHz between 3db points and. l-ineaï response to in-

puts up to 30 ¡r volts with smooth overload up to 55 'p volts.

Ihe outstation reeeivers have an ad.d.itional requirement,

that of good. reliability wrd.er reasonably severe operating cond.iti.ons.

This relÍability has been obtained. through al1 solíd-state eonstruction,

al-though slightly at the expense of the other factors. The receiver
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ban&,¡idth at t 3.0 kHz is set by a mechanical filter. Noise figures for

these receivers are higher,than those of the base station, being between

2.8 and. S.\ db, ild theroverload eondition occurs for inputs in excess

of 25 UV. Nevertheless, degrad.ation of the outstation signals is mainly

d.ue to the telemetry 1inks, and. these receiver figures are quite aceept-

abJ-e for the maJority of echoes.

l[ith receiver noi.se less than 3 db, galactic noise provÍd.es

the 1o¡rer linit to the d,etectability of signals. For a 2J NfrIz receiver

with a bandwid.th of t 3 kHz this represents a noise po'lrer of approxi-

-1qmately 3 x 10 -' vatts. For the Ad.el-aid.e system in íts ,present form

this sets a lower limit of just under 1Ol3 electrons per metre for the

l-ine d.ensity of a meteor trail'for r¡hich the d.iffraction pattern is

observable. This corresponds to an average liniting rad.io magnitude,

gÍven by

Ivh = \o - 2.5 losro q (vicrintev, 196r)

of + 8. (The eonrnonly aeeepted. electron line density for transíti.on

fYom underd.ense to overdense reflection is 2.1+ x 1914 electrons/m. )

)+.2., Thê' Oútstatlons and. Teteme Links

Figr.rre \.\ is a block d.iagra.:n of the equipment comprisíng each

outstation. fhe 2T MHz reeeiving aerial is a half-wave d.ipole situa-

ted. one quarter wavelength above ground. [he specifícations of the

27 fifrIz receiver have been outl-ined. in Section l+.2.\. A clock d.ríve

switches the receiver input to a crystal controlled. Z6.llS MHz oscil-

lator once per hour provid.ing a 10 uV reference input for systen caJ-í-

bration.
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Ihe level of the ground.-wave at the receiving site should. id.eally

be half of the maximum input before overload, or approximately L2 yy,

a¡rd. where possible receiving sites have been chosen in relation to

Ioca1 features by testing gror:ad-wave strength variation from point to

point to achieve this figure. The ad.d.ition of a sk¡¡-wave to the gror:nd-

wave may cause both positive and. negative variatíons in this voltage

Ievel, depending upon relative phases, &d it is important that this

D.C.- voltage as well as frequency variations from almost D.C. up to

the maximun necessary for trans¡rission of the sense spikes be relayed.

to the main record.ing station. fhis is effected. by feed.ing the receiver

detector output into a d.iod.e ring mod.ulator which chops the output to

ground potential at a pre-determined. frequency. The chopped. signel is

then passed. through a band.-pass filter centred on the chopping frequency

(either 2.0 kifrz or 3: J k]F,z) and. the resultant sub-earrier is used- to

frequeney modulate the telemetry transmitter.

Ttre telemetry 1inks, operating in the i:6O Wtz band., are restrieted.

by loca1'regulations to maximrm d,eViatlons of i J kEz. Resultant noíse

levels, are unavoid.ably high and. may represent an equivalent mod.ulation

of the sub-carri er of 2/0. Ttris is the sa,me- order of nagnitud.e as the

modulation prod.uced. by the faintest meteors detectable in the present

survey, namely those prod.ueing electron line d.ensities of the ord.er of

1013 electrons/metre.

To make best use of, the available bandwidth the 1ow amplítud.e

d.iffraction infonmation is a,m¡Iified. at the output from the 27 Wz
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receíver, prior to transmission over the telemetry link, by an amor¡:t

such that ¡¡s nmFlified. receiver noise 1eve1 prod.uces a sub-carrier modu-

lation somewhat in excess of the 2/o modtú.ation d.ue to link noise; Since

the post-t d.oppler signal is typically an ord.er of magnitud.e larger in

amplitud.e than the pre-to d.iffraction whistl-e it is not possíbIe to

"rnFlify this portion of the echo waveform proportionately without over-

mod.ulating the sub-carrier. Fortwrately the d.oppler inforrnation is

usualty of much lower frequency than the 30 - 600 Hz range for the d.if-

fraetlon whistle, making it possible to use a frequeney depend.ent a.np1i-

fier to boost the higher frequeney d.iffraction signal r¿ithout amplifying

the d.oppler.

Fig. l+.5 shoïrs the constrrrction of the housing and- aerials for the

two short distance outstations (Streeays and. Direk). ftrese are enelosed.

ín the same und.ergror.:nd. metal boxes used. in a previous survey (Nilsson,

l-196\þ). A greater d.egree of protection has been provid.ed. against extremes

of weather and the possibility of vandalism,(one balun transformer

acquired a br;J-let hole early in the setting-up period.). All aerial con-

neetions are fu1ly enclosed. and. where possible eneased in epory resín.

Ttre meùium and long d.istanee outstations (Buckland. Park and.

Glenthorne) are less prone to vand.alisn, being located- within research

establishments. The chief ùistinguishing feature of these outstations

is that i..}:e 2T MHz aerials are free-stand.ing at d.istances of approx.

70 netres from the electronic paekages. At Glenthorne a tower has been

constructed. an{ at Buek1and. Park use has been mad.e of an existing aerial
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pole in each ease to rai.se the link transnitter aeria1.35 feet above the

ground to enable strong reception at the main station.

Commerciat FM transnitters and receivers are used. in the telemetry

system. Modifications have been mad.e to irnprove linearíty anÖ to enable

the transmitters to operate at a continuous output of up to 10 watls.

The telemetry aerials are 4 element Yagis. Table l+.1 shor¡s the

variou.s paralreters of the telemetry network.

Buckland. Park

Sheedys

Direk
Glenthorne

Telemetry
Línk

162.3\

167.02

L67.02

a62.3\

Frequency
(wz)

Horizontal
Horizontal
Horizontal
Vertícal

Polarisation

2.0

2.0

3.5

3:5

Sub-Carrier
Frequency (titz )

35

1_0

10

3'

Height
of Tx
Aerial

Above Ground.
(reet )

TASIE )+.1 PARAI\4ETERS OF TELN4ETRY SYSTEM

The Sheedys and Direk links share the same frequencies but sÍnee

the paths are at right angles, the front to sid.e rejection ratio of 36

db for the aerials ensures that the appropriate trM receíver limiter

only operates for the d.esired. signal. Buckland. Park and. Glenthorne also

share a frequency. vertical polarization of one set of aerials re-,

iniorces the .rejection of the unwanted. signal in this case.

The outputs of.the main station telemetry reeeivers are passed-

through t 600 Hz band.-pass filters centred. on the appropriate sub-
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carrier frequency for each link. Table \.1 shows that the choice of sub-

carriers in relation to link transmitter frequencies ensuïes further

rejeetion of the unr¡anted. signal at this stage.

\.2.6 Main station Reco nt

The output of one of the 27 IvfrIz'receivers at the main

station is chopped. and. filtered. at 3.J kllz, aniL along with the signals

from the outstation l-inks fed. to the channel d.istribution unÍt. Because

of the d.ifferent requirements of varior:s studies r¡nd.ertaken with the

equipment, three separate oscilloscope d.isplay r:nits are used. to record.

the data on 35 rnn. photographie filn.

The mean wind. record.ing system is operated. on a routine

basis, and d-oes not use the outstation signals. .This d.ispray record.s

the radar range information as well as the signal-s from the array of

aerials used. for d.ir:ection find.ing (tr'ig. )+.3. ).

The other two d.isplays have essentially sirnilar input,

na,:nel-y the informatíon contained. on the five sub-earriers from the

channel d-istribution mit, but treat Ít d,ifferently. The wind. shear

d.isplay is record.ing d.ata with the sarne characteristic frequeneies

(0.5 nz - 20 Hz) as the mean wind. d.ispIay, Ðd both use a slow speed.

(O.SA ins/sec. ) for the filn drive

The orbit d.isplay requires a higher speed. film transport to

resolve the frequencies of the brief pre-to rwhistle' (in the region

30 Hz - 300 Hz) ana for this d.isplay the Shackma¡r Camera has been mod.i-

fied. to give a filn transport speed. of 1.9 ins/sec.
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Although the whistle reeording sequence has the shortest

iluration, in a z\ hour record.ing period. the orbit d.isplay will typical-1y

use 500 feet of fi1m, compared. with 200 feet for the other two d.isplays

combined.. Economy, as ve1l as ease of fil¡ read.ing makes it desirable

to keep the d.isplays separate at the present time.

To avoid. the consurction of excessive quantities of film;

record.ing only takes place when an event like1y to be a meteor eeho

occurs, Figure \.6 shows the relation of the various units at the main

station. The sequenee unit continuously monitors the output of one of

the main station mean wind equipment receivers. I'lhen the signal from

this receiver varies from its mean 1evel by more than a preset amo'¿nt

the sequence unit initiates and. eontrols a record.ing sequence. A pulse

triggers monostable multivibrators whieh d.eterníne the duration of

engagement of the respeetive carrera clutehes. The sequenee unit is also

:responsib1.e for inerementing the six d.igit counters in each d.ísplay and

firing electronic flash tubes which il-h:minate them. The duration of the

mean wind. a¡rd. wind. shear record.ing period- can be ad.justed at the sequenee

unit. Because of the frequency of d.ay-time air-traffic over the station

the sequence unit has been designed. to hold. the record.íng cycle ín an

inoperative rstate at the end of one sequenee for a persistent echo until

the signal leveL reverts to normal; thus avoid.ing consid.erable film

wastage. Inevitably some meteor echoes are 1ost. fnereasing intermittent

interferenee is not overcome by this d.eviee, anil an echo reeognition

unit is planned., using logic circuitry to initiate the reeord.ing sequence
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only if a pre-determined. numlcer of consecutive pulses, presumably reflec-

tions from the pulse radar ) arre received. with suitable and. sinÌlar ra¡.ge.

The present survey has sho¡m that such a r:nit is essential if a ïeason-

able proportion of the d.ay-tine meteors are to be observed..

the orbit d.isplay has a subsid.iary sequence unit of its own.

Since the sud-d.en change ip arnFlitud.e nhich triggers the main sequence

unit only occurs in the vicinity of the to point, the pre-to i.nformatÍon

used. for orbit d.etermination would. be lost with ûirect reeord.ing. To

recover this the five char¡rel-s are contj-nuously record.ed. on a tape d.elay

which gives amPle tine prior to the to point of the d.elayed- signals when,

the normal record.ing sequenee is initiated.. Figure l+.T shows the rela-

tion of the reeord.ing period.s for the various d.isplays. During the 1.5

second- d.elay a clock face in the orbit d.isplay is illurninated. and. toward.s

the end. of the period. the electronie flash iltuminates the eounter. At

fhe expiry of.1.l secs. the ca¡nera clutch engages and. the H.T. is

applÍed. to the oscill-oscope tubes, brigþtening them. Record.ing continues

for a pre-d.etermined. time, at the end. of which the ca¡nera cl-utch d.is-

engages and. the oscilloseope tubes go,d.ark again.

Figure l+.8 shoi,rs the various eomponents of the tape d.elay

system. The high tape speed. of 30 ins/sec is neeessary to ensure an

ad.equate frequency response to hand.le the frequencies as high as 20 kEz

generated. by the tr'M mod.ulators. The signal-s from the channet d.ístribu-

tion unit are first demod.ulatecl by a standard. d.iod.e ring cireuit, then

fiLtered..with an active low-pass network with a I l<Hz cut-off frequeney
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before passing through a notch filter centred. on the sub-carrier

frequency. The d.emod.ulated. signals control the frequency of a voltage-

d'epend.ent oscillator, the oulput from which is record.ed. on the tape loop

by vay of the record. a:nplifiers. Early attempts at d.irect AM record.ing

were not successful because of numerous partial-d.rop-outs on the record.-

ing tape vhiah are apparently unavoidable. Linearity of the FM system

was excellent, a¡rd. in general no degrad.ation of the signals was observed.

through the tape unit.

Tkre use of a tape loop rather than a long reel ¡.¡as fo:r:nd.

preferable, despite problems in splicing the tape. rt was found. that

a loop bed.d.ed. into the heads with age, and significantly less d.rop-outs

occurred. after half.an hour of use than inmed.iately after fitting of a

new 1oop. Nevertheless, at the high speed. of 30 ins/sec. head. çear was

rapid. and. wear of the tape reguired. replacement of loops once every 2\

hor:rs. (rt one dayrs operati,on each section of the tape passed. over

eaeh of the )+ head.s in exeess of \o,o.0o times. ) splices eould. generally

only be relied. upon for the sane period. of time.

The tape unit used. lras an EMITAPE d.eck fitted. with I ehannel

heads on 1 inch tape. This machine,has an electronie speed. sensor to

ensure constant speed. of the capstan. The alignment of the head.s is

suffÍciently accurate to nake tining eruors negligible. A more probable

source of error would. l-ie in poor tracking of the taper'howlver, the use

of carefi-ùly mad.e tape-loops d.id. not inti:od.uce any significant errors of

this kind.
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,Llthough the reeord.ing system has not been calibrated. in toto

for phase shifts, df the ind.ivid.ual writs have separately been checked.,

for frequency:dependent phase varíation. The only significant phase

variation occurs in the tape d.elay system, anil this a.:nounts to less than

2Oo over the frequency range of interest.

No measurable d.egrad.ation of the signals occurs in the main

station record.ing equipment. The limiting factor in the case of the

outstation sÍgnals is the high noise of the ltelemetry 1inks. Ihe noise

Ieve1 of the main station velocity record. is mainly d.ue to the galactic

background. noise at the receiver input.

l+.3 FTIM RECORDS

Film record.s for one echo from the three d.isplays are shor¿n in

Figure 4,p. The velocity record (a) and. the shear record. (b) show traces

correspond.ing to the five ehannels, Buckland Park, Sheed.ys, Sf.. Kild.a,

Direk and. Glenthorne (in ttrat ord-er from top to bottom of the fil-m) . ltre

Gl-enthorne channel shorn¡s only noise for this record sÍnee the te'1-emetry

link was inoperative at. the tine ¡ The sixth trace on the velocity

record. shows an inverted, d.uplicate of the St. Kit¿a channel; while the

sixbh tråce on the shear record. sho¡rs the. varíation in amplitud.e of the

echo received. by the radar reeeiver

The rad.ar range anil mean wind. record (c) shows (from top to bottom)

a.series of d.otted lines representing intervals of.20 kn on which the

reflectíon from 150 kn slant ""ng: shows c1early. The nexb two traces

show the output from the I d.oppler.f réceivers used. to d.eterrnine the
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rnagnitud.e and- sense of the line of sight wind., whil-e the remaining

traces are used. Ín the d-etemination of reflection point d.Íreetion.

Thê sense spikes can barely be resofved. in the photograph (t) tnt

can be seen clearly in'("). Some d.istortion of these is unavoid.abte in

the various filter networks throughout the recording system sinee the

spikes contain frequencies much higher than it is necessary to pass to

ad.equately record. the velocity whistle. Consid.eration of the echo shown

inôicates that the to point l¡as reached. by the meteor on the Direk trace

first, followed in order by St. Kild.a, Sheedys and- Buckl-and Park. Ttre

sense spikes are used as concÌLrrent time references for the various

traces, as well as for ternporal ealibration of d.istance along the record.-

ing.

)+.4 GRoUND GEOMETRY A]ÍD REFLEcTTON PoINT DETERMINATToN

h.h.f Location of Outstations

A nlro.ber of factors have led. to the present arrangement of

'outstations, includ.ing the availability of power at the site, seeurity,

and. locaJ- geography. The level of the gror.md-wave signal strengthld'as a

particuaarly important consid.eration. Figure \.tO shor^¡s the resuJ-ting

d.isposition of outstations .

The relative positíons of the main , station, the Ad.elaid.e

transnitters and. the Sheedys and. Direk outstations Ì¡ere d.eterrnined'for a

previous survey (Nil-sson, 196\b)by means of a tellurometer lÍnk between

the various sites and. a prominent local ,co-ord.inated. trigonometric

station. The positions of the Glenthorne and. Buckland. Park outstations
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were rel-ated. to the St. Kild.a station by more conventional means (since

the tellurometers were not available) using a theod.olíte, heliographs,

and raùio-telephone eornrnunication. Triangulation to the nearest visíble

co-ordinated. trigonometric stations involved sighting ùistances of as

much as 15 ¡riles. Measurements were onl-y possible ín near-perfect atmos-

pheric seeing cond.itions, but d.espite these difficulties loeation of the

various survey points r,¡as achieved to within one metre for the Glenthorne

station and. with slightly less accuracy at the Buckland. Park site. The

acc'ì.rraey of tbe sLrvey nas more than sufficient in terms of the resolving

capability of the system r¿hich is practieally determined. by the RF wave-

length of 11 metres.

Co-ord.inates of the main receiving site including the most

up-to-d.ate corrections avaiLable from satellite d.eterminations of the

shape of the earth are:

Longitude: 13Bo 33' \0"
Latitude : - 3\o \2' L5"

\.h.e Location of Reflection Points

Figure 4.11 shor^¡s the paths of specularly reflected. lraves

from the trail of a,meteor whose d.irection of arrÍval would prod.uce

echoes similar to those of Figure 4.9(a.). The symbols TG, TE, T¡4, T¡,

and T, d.enote the times at which the meteoroid. generates the to reflec-

tion at the appropriate receiving sites. ltre position in space of the

*"ir, ,t.tion t^ point is d.eterrnined. by conbining the rad.ar range infor-
o

mation with the ùirection of arrival of the refl-ected. radiation at the
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main station direction find.ing array d.escribed. in Section \.2.3.

K:rowled.ge of the rad.ar range makes possible d-etermination

of the meteor velocity fYom the d.iffraction whistle on eaeh traee (ín

the manner outlined. in 55.2), and. with this knorn¡led-ge the time ùiffer-

ences (T¡ Tr) etc., mâl be related. to d.istance along the meteor trail.

fhe specular reflection constraint then enables us to d.eterrnine from the

gror:nd geometry the orientation of the traíl necessary to produee the

measured separation distances. The nethod of calculation of trail

d.irection cosines fo11or¡s that d.eseribed. by Nilsson (f96lh), appropriately

ertend.ed to includ.e the Buckland. Park station. Too fei¿ echoes lreïe

received from Glenthorne to warrant their use i-n the d.etermination of

trail- orientation. Direction cosines of the reflection points are

d.eternined. first in a frarne of reference for r¿hich the Ad-elaid.e -

St. Kilda - Sheedys outstation line provid.es one axis and. the St. Kild.a

- Direk outstation line a.rr axis at right angles. If the trail d.irection

cosines are given by (f, il, v) it i.s apparent that À may be determíned

by consid.eration of the Sheedys and. Main Station refl-ectíon points on1y,

and U by consid.eralion of the Direk reflection point once À is known.

Similarly.if Direk d.oes not return an eeho U may be found..from the.

Buckland. Park ,echo v"ith ). deternrined. as'before. In the event that.the

echo from Strgedys is no! reducible ). and. u may be d.etermined. by solving

the pair of, simul-taneous equations d.eseribing the Buckland, Park and Direk

reflection points with the adùitional informatÍon from the main station

reflection point
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Usually read.abl-e echoes were received. from the four statíons

and. it was thus possible to calculate three sets of direction cosínes

using different combinations of the stations (tfre St. Kild.a refleetion

being colmon to the three sets ) . In this case the adopted. values for

the d.irection cosines lrere found. by taking the average of the three sets

weighted. accord.ing to rneasr:red. trail separation dístanees.

A check on the consisteney of'the d.ata is available since

between the knowledge of the d.irection of arrival of the reflected. wave

at the main station, the rad.ar 
"ange, 

the calculated trail direction

cosi,nes and. the cond.ition of specular reflection there is an item of

redund.ant information; Nilsson (fg6)+þ)des,eribes in d.etail a method

used. also in the present survey of optinisipg the d.ata by treating the

cosine of the zenith angle of the main station reflection point as the

red.und.ant item.

This nethod. essentially involves ad.justment of the measured.

mean value of velocity by a smal-l a.mowrt (r.lithin the measurement error)

to the value for which re-ca1culated. traíI d.Írection cosines are most

consistent with the rest of the d.ata. Eehoes for which the elosest

allowable agreement fa11s" l¡'ithin prescribed límits have,been assigned.

a quality marker and. the remaincler retained. for checking. ft is re-

assuring to note that the mean resultant height ad.justment arisíng from

this optimization proeess over alr¡r large number of echoes is cl-ose to

zero ) ruling out the possibility of any systematie error in the velocity

reduction technique.
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CHAPTER V

DATA REDUCTION

5.I FILM READTNG

The meteor w-ind. equipnent is run for one week each month on,a

routine basis, and. the read.ing of the wind films is carried. out by

trained- computing assistants on a specially d.esigned. fil-m-read.er (Stone,

f966) which punches the information in d.igital- form on computer card.s.

This film-reailer is a]-so used. to reduee the wínd shear films. fhe

veloeity films require better resolutíon and. have been read. on either

a Telereader or a Boscar by the author at the Weapons Research Establ_ish-

ment' Satisbury. In a Ci,'I system the shape of the recorded- waveform is a

fr¡nction of the rel-ative phases of the grorxrd.-wave and the sky-wave (see

93.3.2) and. with the ad.d.itional corçlications of sometimes fast line-of-
sight wind.s fi-rrbher altering the record.ed. waveform it was felt that the

d.egree of physieal interpretation required. in read.ing the velocity

record.s d.emand.ed.,an operator well versed in the theory. output from

both the latter film-read.ers Ì,r'as in the form of punched- paper tape, from

whích the infonnation was subsequently transferred. to computer card.s,

and. col-lated. with the appropriate ra.nge, wind. and. shear data, before

finally being written on to magnetic tape for red-uction on a cDC 6)+00

eor4ruter at the University of Adelaid.e.

Consideration is beíng given to the possibility of direct digital

magnetic record.ing to avoid the cireunl-ocutory d.ata handling that

currently linits the anor:nt of d.ata which may be usefully record.ed..
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Direct d.igitization of the wind and. shear recorils is a straight-

forn¡ard. matter and. the only obstacle to its in,plementation ís at

present a.financial one. Automatic cl-igitization of the velocity Ínfor-
mation is far from straigþt-for"vrariL, however. The information is of

higher frequency and. the arrplitud.e general-ly much l-ess. Visual ïecovery

of the positions of the various exbrema is possibl-e even when the signal

is corr¡rarable with the noise. To hand.le the d.ata with the sa¡ne resol-u-

tion on a computer would. make an absorbing study in programning.

The resolutions of the Teleread.er and Boscar were bot¡r- more than

ad.equate in terms of the time scale of the meteor film record.s, being

I/L, nil-lisecond. per writ and, t/20 rnil-l-isecond. per unit respeetívely.

Terçoral calibration of the filn recorils was d.eter¡dned. by the interva]-

between the tsense spíkesr, which are locked to the jo Hz mains fre-
quency so that on average, read.ing over various times of the d.ay, five

spikes (actually the interval between six spikes) represent 1oo msec.

Relative times of events only have.been read- from all films. To d.ate

no amplitud.e measurements have been und.ertaken.

Film read.ing r¡as automated. as much as possible for speed, but

nevertheless using the Teleread.er it was stil1 generally only possibte

to read. between thirty and. forty reeord.s in one d-ay before fatigue

necessitated. a halt in the interests of read-ing accuracy. Slightly more

coul-d. be read. on the Boscar which is a faster machine although it was

not as frequently avaiLable.
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Ït was for.rrd early in the reduction stages that not all velocity

record.s t¡hich appeared. suitable for red.uetion were also suitable for

wind. filn reduction, and vice versa, and. the follo¡,ring method. of selec-

tion of suitabl-e record.s for d.etailed. analysis was d.eveloped. for maxÍ-

num efficíency of effort.

(i) The fihns from the mean wi-nd were read. in the usual manner.

This routine wind. patrol d.oes not rely upon the other reeord.s,

and. rates for eehoes suitable for l¡ind red.uction are malry

times higþer than those suitable for velocity reduction. In

order for an echo to be acceptable for red.uction the presenee

of at least one cycle of doppler beat Ìras neeessary so that

phase d.ifferenees at the direetion find.ing aerials eould. be

deterrnined- uni quely .

(ll) The velocity films q¡ere scanned. and. a note taken of echoes for

which there rras a read.able whistle on at least three traces.

At this stage echoes for which the wind film had. also been

read. were analysed. in d.etail-.

(iii ) The shear film was read for the echoes analysed. in stage (ii ) ,

since the shear study also required. a knowLed.ge of the trail

orientation and refl-ection point positions.

(lv) The ¡¡ind. fil-m was re-exemined. to try to recover r¿ind. informa-

tion where possible for those echoes noted- in stage (ii) as

suítable for red.uction.
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the method' of filn-read.ing of suitable velocity records is as foltows:

The various wavefor:ms are inspected and an estimate is made of the

approximate location of the to point in each ease. A card.,is punehed

with echo number, time of eeho from d.isplay clock, anil five nrmbers, one

for each trace, to índ.icate uhether the first extremr¡r prior to the to
point is a maximurn (1) or a minimu¡r (2). In the absence of a red.ucible

waveform the nr.:mber for that trace is O.

Five other card.s are then punched, one for each receiving site,
giving relati.ve positions of up to aT (tnis number is chosen for ccn_

venience in punching the information on to the eomputer card.s ) consecu-

tive fresnel half-cycle maxima and. rninima, with a further number locating

a simultaneous ti.me marker (usua11y a convenient phase-spike) the pur_

pose of which is to referenee all recorded. points on each separate trace

to a co¡snon point in time. The use of phase spikes as simultaneous time

markers eliminates errors which couId. arise from misalignment of the

d.isplay oscj-lloscope traces. This form of ca-libration also obviates the

need. to know the d.isplay carrera fil-n transport speed. aceurately.

The filn read-ers were calibrated. by taking measurements of the dis-
tances between up to twenty consecutive phase spikes on each trace at the

beginning'of each fílm, the interval between phase spikes beíng d.eter-

mined. by mains frequency which generally varies by mueh less than L/o anð,

over a d.ay is control-Led. to average 50 Hz exactly.

fn d.igitizing the wavefo:ms the positions of the d.iffraction extrema

only are measured. since these r¡ill be least affected an¿ most read.íly

d.istinguishable in the presence of noíse.
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,.2 DETERMINATÏON OF VELOCTTY AI{D POSITION

As mentioned in 55. L the initial d.igital data for each trace ín-

elud.es the time d.isplaeements of up to l-7 d.iffraetion ertrema, the time

of one reference marker and a number inùicating whether the first item

is a maximum,or a rninimum. AIso kno'wn is the line-of=sight wind. velocitX

for that reflection.

53.3.3 d.escribes the effect of a l-ine-of-sight wind. on the l-oeation

of successive d.iffraetion ertrema. To correct for this we use the

nethod. deseribed by Mainstone (:)6O) of extrapolating the phase from the

t poínt baek into the d.iffraction pattern.o'
Let the time of tne ith iten be t- and. its phase be P.. In the

computer the time zero is shifted. to the point (Stt - tz)/Z whieh serves

as the first guess for the position of the to point. The initial esti-

mate of phase at this point (üo) i" 2n if the first item is a ninimr.:m ant

n if it is a maximr¡r.

Tf we consid.er time as inereasing in the d.irection of higher ord.er

pre-to fresnel zones, then relative to this nelr zero, the phase at a

tine t is given by

rl,(t) =,t,, t fl 2nrt (>.r)'o-RJ
where the letters A and, R ind.icate that the positive sign is chcsen for

an advancing wind and. the negative sign for a reced.ing wind,.

lfe may consid.er the phase in units of n and substitute nu¡rerical

values in (5,1) to yie1d.

p =2f *Al-i !-RJ u'ti/2'B (>.2)
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where u is the wlnd. d.rift velocity ín netres/sec and. is related, to the

d.oppler frequency f and. the R.F. wavelength I by

u= f . \/2

Since the d.iffraction extrema correspond. to successi.ve ad.d.itions and.

subtractions of the ground.-wave and. sky-wave vectors the phase of the

ith it"* corresponå¡*e to the d.istance of the reffecting zone along

the trail from the to point and eorrected. for the phase ehange due to

the wind. r¡ill be given by

z =i-P 1
(>.:)

I

Z. is thus the resul-tant'phase of the wave which woul-d. havebeenreturned.I

from the trail up to tne ith seetion were the trail stationary.

Returning to the original approximation for the variation in path

length R of refleeted. v'aves as a fi:nction of the d.istance s along a

stationary trail of the reflection point from the to point r¿e have

R=R + s2/zn- (see 53.3.2).oo

fhe difference in rad,io path length is x = 2(R - *o) - "2/Ro. Substi-

tutins ú - ú = Znx/\ we get'o

ú=úo.# (¡.r+)
o

where the sense of the phase change is consistent with the reversed.

time scaJ-e and. is of opposite sign to that considered. in 53.3.1.

For eomputation we consider (5.)+) in the forrn

s = =({,)
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and caleulate the points 
"i = r(Zr). Sinee ,. = Z"(tr) (eqns J.2 anö.

5.3), a plot of s. against the correspond.ing t. should. be a,straight line

with slope V for a meteor of constant velocity.

In fact we would ex¡rect the veloeity to vary along the meteor path

due to the action of atmospheric d.rag, so that the slope of the eurve

should change. Over the linited. length of traí1 consid.ered (17 d.iffrae-

tion extrema represent a d.istance of several kilometres for arì average

range trail) a sma1l but significant deceleration may occur, resulting

in a slight systematic tendency to overestimate the phase and. the velocit

at the t point as r¿el-I as the heieht of the t point itself. Since ito- o'
is expected. that the reflections will be from the vicinity of the point

of maximum ionization for the maJority of the meteors observed. it is

consid.ered. that the approximation of constant velocity and the resulting

straigþt line fit to the points (s* t¡) is ad.equate for the detenrina-

tion of the mean velocity in most cases.

Fig. (¡.f) shows the variatÍon of position of consecutíve d.iffrac-

tion maxima with respect to the to point as a firnetion of the phase .of

the ground-r¡ave relative to the sky-wave at the to poÍnt. [he poínts

are plotted against the argument of the fresnel integrals which is

d.irectly proportionaJ- to d.istance along the trail; and for a meteor with

constant velocity, d.irectly proportional to time.

Note that as the ground wave phase ad.vances the maxima move toward-s

the t^ point. llhen the gror:nd-r,¡ave has advanced. by 2n the nth *"*irl-o-
becornes the (o - r)th. The case consÍdered represents a stationary
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trail in the absence of wind- d.rift ' Fig . , .L shows that the relative .

positions of the for^¡er ord.er extrema vary much more rapid.ly with r.aria-

tion in ú than d.o the higher orcler exbrema.'o

Thus for an incorrect estimation of rlo the cal-culated- s. r,rill be

displaced. from their true positions, the sense of the d.isplacement d.epen-

d.ing upon the sense of the error 'tt úo. Since the displacement of the

lower ord.er s. is much more sensitive to variatíons in rù than that of1 'o -------

the higher ord.er s.,the plot of the point" (si, tr) wÍII be a cun¡e

which approaches the straight line for correct choÍce of rlo asymptotí-

ca1ly with increasing s.. The sense of the curvatr:re wiII again d.epend,

upon the sense of the error 'tr úo

fn the eomputer the slope of the best fit straight line to the

first three cal-ct¡lated (si, ai) is eompared. to the slope of the best fit

straight line to the remaining d.ata points. This technique requires a

nrinimum of seven d.iffractíon extrema to be present before a traee is con-

sid.ered. to be read.able. The estimate of rlo is varied. in d.iscrete steps

(n/ZO" ) u¡tíl agreement between the two slopes lies wÍthin specÍfied

eraor liníts. The perraissible range of variation of üo is sufficíently

large to allow for the possibility that the first ítem read. may not ín

fact be the first diffraction erbremum, since as may be seen from Fig.

5.1 the variation of the second. and. higher ord.er extrema is stíll a

reasonably sensitive guid.e to the choice of rlo even without the first

extremt¡n. This was found. to be quite useful in the recovery of the echo

in the presence of rapid. wind. d.oppler beats whieh-may consid.erably
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d.ísto::t the di.ffraction'ç,¡aveforrc in the vicinity of the to poínt and.

nake id.entification of the first exbremum unrel-iab1e.

The slope of the best fit straight line gives a measure of the

meteoroíd. velocity at that outstati'on r,rùile the intercept on the tine

a:cis gives a measure of the time of the to point. A mean velocity for

that'neteor is found by averaging the velocities d.eterrined. for each

outstation weighted. according to, the number of d.iffraction exbrema used.

in each case. Tine d.ifferences between the various ealculated. to points

are d.etermined. by referring them to the time of the phase spike used. as

a simul-tar¡eous time marker on each trace.

The separation along the trail of the various reflection points

from the main station reflection point are given by

s. = v(T. - Ts), j = !12,1+,5JJ

llhere V is the velocity of the meteoroid and. the T. are the times of the

various t- points relative to the conmon simultaneous time marke::.

5,3 ACCURACY OF RESULTS

The main factor d.etermining the accuracylof the rad.iant and. veloeity

measurements is the method. of inte¡pretation of the fresnel'd.iffracti.on

waveforms. Expected. errors in other data used. in the red.uctions are:

(l) The d.irection cosines (I, m, n) of the specular ref,lection

point from the main receiver (error t 0.02).

(ii ¡ The height of the reflection point (r e nr) .

(iii) Local- civil time of echo record.ing (t t minute).



6t.

Red.uetion progra-ns employed. r¡ere checked. against those used. ín a

previous Adelaide survey (Nítsson, 196hÈ)by a conparison rirn u.sÍng

Nilssonrs d.ata with the new recluction. Results ¡aere ¡rirbually id.entical"

Lack of tine has prevented. eomplete red.uction of the data record.ed_

d.uring the present survey to d.ate, with the months of April and. May not

even saxlpled. yet r Oonseq.uentJ-y there has been insuffieient time to con-,

sider reading a large number of record-s tvice for estimation of film-

read.ing errors. However, a small batch of reeords v'as read. tl¡ice as a

spot check. Results of this check are consistent u"ith those of a

larger sa^rr¡lIe carried. out by Nilsson, anil on this basis NÍlssonrs esti-

mates of R.M.s. error for his results are equally applicable to the

present survey where the closest three stations only are used., and.

certainly provid.e an upper lirait to the expected. errors of the present

survey d.ue to the íncreased. accuracy afford.ed. by the red.r:nd.a"ncy of )+-

station eehoes (in some cases 5) ana the longer base-lines availabl-e.

Estimates of stand.ard. d.eviation for the various astronomi.caJ-

quantities rare:

R.A. t 2 .Io Dec. ! z.zo Ver. t 2 .I km see-l.

e t O.O5 iÌ\o' ur60 L/atO.I2

It is evid.ent from Table 5.1 that there is in general better agree-

ment betl¡een the two veloeity d.eterminations for any one station than

between the values of velocity measured.,at the various stations for any

one record.. Inspection shows this trend. to be general for all the d.ata

and not merely a feature of the particular echoes shorrn; ff we were io



6z

TABTE 5.1

t\z6z (")
(¡)
l¡l

18266 (a)
(r)
l¡l

rSse? (a)
(¡)
l¡l

18\oL (a)
(¡)
l¡l

r8\Sr (a)
(r)
l¡l

:.8ir6 (a

32.7
32.5

.2

\5.'
\S.l

.a

r)+. ¡
51.8
2.5

6g.z
68.9

.3

r8. o
r7.3

.T

62.9
62.9

.0

(¡
la

Eeho No. North

5t-. B

,o.6
1.2

T'11.5

72.6
r.9

r:6.z
rT.6r
6t .t
rB.4
2.7

\3. T
4l.s-T3

32.2
32.r

,1

Sheedys

6t.T
6t.t

-
31.8
31_.7

.1

\r.l
U.g
ã

¡)+ .0
5\.6

-
66.7
65.e
1.1

6
6

rB
rB

0

St. Kild.a

-
6s.z
66;9

1.'7

-
59.6
56.)+

3.2

\t.z
)16 "3

o

Direk

Tabl-e 1,1- corqlares the value of meteor velocity
d.eternined. for each trace for 6 meteors r¡hi.ch
passed. all stages of the red.uctíon progralr on
both readings 

"

The letters (a) an¿ (U) aenote the first and
second. reading of the data. l¡l is the abso-
lute value of the veloeity d.ifferenee between
the tvo read.ings. Velocity is in km sec-l.
A histogra¡r of the values lAl firom Table 5.1
is given in Fig . 5.2
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assune that the velocity d.ífferences from trace to trace on ãr$¡ one

record. were entirely due to record.ed. noise 'and- that the true veloeÍty

was constant and the mean of the various estimates for that reeord. then

ít would. be possible to assess the ad.d.ítional- r¡neertainty in velocity

from this effect in normal statistical terms. However, as the veloei.-

ties may in certain cond.itions be ex¡rected to have true d.ifferences

through d.eceleration it is not possible to readil-y assess ind.epend.ently

the contribution of noise to the uncertainty in any velocity measr.re-

ment. The R.M.S; d.eviation of the measurecl fresnel pattern from the

best fit theoretical pattern is calculated. separately for each trace.

(see Iigs. 8.ro - 8.rr. ) Generatly this shows good. agreeuent betr^,'een

measurelnent and. theory. Ttre phase spikes nhich serve the d.ual purpose

of time 'reference and. calibration markers in ad.d.ition to their use in

deterrnining direction of motion of the line-of-sight wind. are a neees-

sary ewil, since with the linited. bandr¡idths avaitabl.e in the system

some loss of sharpness of these features is inevitable and. sma11 local

interruptions in the d.iffraction pattern eonnonly result.

Table ).2 conpares the trr¡o sets of observed. trail separa-

tion d.istances of the various reflection points from the main station

reflection point (xms). The letters (a) a,nd (t) ai.stinguish between

first and. second. read.ings of the sa.me echo. lnl is tfr" absolute value

of the d.ifference between the two read.ings. A histogratn of the d.íffer':

ences is shown in FÍgure 5.3 showing a stand.ard. d"eviation of .the crd.er

of t .2 kms for the effects of film readíng on estimation of separation.
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ft should. be remembered. that these separation distances are not d.ireet1_y

measured., but must be infer:red. from measured. time d.Ísplacements between

to points, assuming a constant average velocity along the trail.
Irregular ionization along the meteor train will affect the ampli-

tud-e rather than the phase of the reflected signal and. will not alter
the positíons of the d.iffraction erbrema. Ad.ditional uncertaÍnties in
the measurement of reflection point separation which will- arise fz.om

departures of the recorded. d.iffraetion whistl-es from the theoretical

waveforms come from noise; mainly introd.uced. by the telemetry links

from the outstations.

These distortions to the record.ed. r¡aveform effectively eause the

least squares fit straigþt line to lie away from íts proper position,

thus introd.ucing error into the estimates of velocity and..the position

of the to Point. The d.iffraction exbrema corïespond.ing to the fresnel

zones near the to point are the most sensitive guid.e to phase a.::d. henee

the location of the to point. These zones also have the broad.est

extrema, and. hence the greatest probability of error ín d.etermination

of positions.

As can be seen fron Fig. (:..f ) smafl erïors in estimation of

position of a loi¡ ord.er extremum will prod.uce only a small shift ín

phase, as the spacing of the points giving best fit coïrespond.s to a

sma1l vertiea^1 d.isplacement of a horizontal l-ine intersecting the loei

of the various extrema rrith ehanging phase. Tt is also apparent that it
is not strictly necessary to incLud.e the first fresnel zone in fitting
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TA3LE 5.2

the points to the theoretical pattern, although some accïracy may be lost

r¡ithout it. rn certain cases, notably where the presence of an unsu-

ally rapid. bod.y d.oppler has caused. d.istortion of the first pre-to zone

beyond. recognition, it is still possible to recover the necessary infor-

mation from the echo for orbit d.eterrnination pr:rely by consid.ey"atÍon of

the second. and. higher ord-er exbrema.

lüíth the present record.s it is generally possible to d.eterznine

easily the relative positions of many more than the 17 such exbrema
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hand.led. by the d-ata reduetion progr¡.m. (On rare occasions echoes with

in excess of 50 d.istinguíshable fresnel zones may be observed.. ) ft is

apparent from Fig . (S.f ) tfrat with the 17 extrema read. it woul-d. be rnost

unlikely that distortion of the record,ed- wavefonn would.,resuJ-t in the

best fit to the theoretieal pattern in such a marrner that the two could

be an entire zone out of step. In general this wou1d. only be likely to

oceur where the record. quality was so poor that the computer program

processing the data woul-d. reject the record. as unsuitable for further

analysis anyway. There is a possibility, although only slight, that a

recorcl with such an error coul-d have sufficient other complementary

errors to enable apparently reasonable values to be eomputed. from j.t.

For the majority of echoes, however, the worst error likely to be

encountered. ín estimation of the to position should. be mueh l-ess than

the length of the first fresnel zone ) which for the Ad-elaid.e survey

a¡nounts to a d.istance of approximately 0.J kms for a¡r echo of ave"age

range. The expected error wil-l lie somewhere betr,reen thís value and

that of 0.2 krns intrcd.uced. by film read.ing. [he abitity of the system

to measure to within a few d.egrees the rad.iant positions of knor,m

meteor strearns using computed- reflection point separations of only

approximately 2 kms ind.icates that the overall expected. error is nearer

0.2 kms than 0.7 kms.
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CHAPTER VI

ATMOSPI{ERTC RETARDAT]ON

6.t rNTRODUcrroN

The computation of a meteor orbit from,the initial observation may

be èivid.ed into three secti-ons, na,mely caleulation of the observed. velo-

city and. rad.iant from observational d.ata, exbrápolation of the observed.

velocity to a geocentríc veloeity outside the earth's atmosphere, and.

finatly conversÍon from geocentric to heliocentric coord.inates for d.eter-

rnination of the orbital pararneters.

The l-ast stage of this conputation presents no probl_em (see, e.g.

Porter, a952) an¿ the first is limited only by the quality of the obser-

vational d.ata. rt is the allowance for the retard.ing effect of the

atmosphere wherein the greatest uncertainty lies. To some d.egree this

is d.ue to a l-ack of knowled.ge of the properties of the atmosphere at

meteor heights ¡ but primarily the uncertainty is d.ue to a tack of knolr-

J-ed.ge of the structure and. corryosition of the small meteoroid.s eom-

prising the major portíon of the radio meteor population.

Various workers have approached. the problem in d.ifferent ïrays. Gil_l_

and. Davie s (t9r6 ) estimated. the velocity d.eerease d-ue to retard.ation from

a consid.eration of the correlation between the scatter in measured- veloei--

ties of members of known meteor streans and- the reflection point heíghts "

Lebed.inets (rg68) has employeil a correction of the form Av . I . Evansv
ígee) d-escribes an experiment in which a narrow-bea,¡n high-power radar

operating at 68 cm. wavelength was directed. at the rad.iants of a number
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of intense meteor sholrers. Head. echoes were d.etected. from meteors travel-

ling raùially along the beam and. Evans ças abl-e to measr:re vel-ocities and.

d.ecelerations accurately by means of the d.oppler shift in the rad.ar fre-

quency. Unfortunately this ¡rethod, being restricted. to head echoes, is

linited. to investigation of the members of najor streams. Its undeniable

advantage is the great accuracy of the d.irect measurement of velocity

afforded by the d.oppler shift .technique, enabling sensitive meas,-lr"ement

of smal-l velocity d.ifferences..

With the ad.d.ition of long-distance outstations to the Ad.elaid.e

meteor system we hoped. to be able to foIlow a meteor over a path of suf-

ficient length to observe d.istinct d.eeeleratíons d-espite the relatively

large probable measurement errors of the red.uction proced.ure. From such

observations one would. be able to improve the accì.lracy of orbit computa-

tions, as well as learning something of the properties of the meteoroíd-s

themselves. Despite poorer accuracy this method. has the advantage over

that of Evans in that ít is equally applicable to sporad.ie meteors, and-

that d-ata may be col-Iected on a routine basis.

6.2 DERTVATION AND SoLUTTON oF TITE DRAG ESUATIoN

With the Ad.elaid.e system .r¡¡e are able to d.eteyrnine:-

(f) The position in spaee of a point on the meteor trail.
(Z) Direction cosines (orientation) of the trai1.

(¡) the meteor velocity at up to five reflection poínts on the

trai1.

()+) The time taken for the meteor to travel between these points.
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(t) The separation along the trail- of the reflection points

(inferred. from 3. & )+. - maxi.m:m separation possible approxi-

matelY ZO km).

(6) Liniting obser'¡abl-e trail electron d-ensity.

llith this information ít shotil-d. be possible to measure d-ecelerations

at least for some meteors on a routine basis. From the d.eceleration the

surface area/mass ratio for the meteoroid. can be computed. and. if we

make some assumptíons ccncerning the ionizing efficiency the meteoroid-

d.ensity may be d.ed.uced..

First it is necessary to assume srritabl-e mod.el-s for the meteor and.

the atmosphere through which it passes. The atmospheric mod.el assumed

is the u.s. stand.ard- Atmosphere (lg6z). About meteors we know less. '[,]e

are uncertain of their shape, conçosition, and. likel-ihood. of fragmenta-

tion. ft is necessary to consid.er an rteffective spherícaL meteor'r rn¡ith.

an ttequivalent rad.iust', atrìd. inùirectly gain inforrnatj.on about the true

meteoroid. properties from an analysis of the d.eyiations of measured-

results from pred.ictions.

From a consid.eration of the conservation lar,¡s i-nvoIved, in the abla-

tion process Vemiani (l)6l) find-s that the aeceleration d.ue to atmos-

pheric drag ean be er¡rressed as

p (6. r)

¡¡here
g = gravitatíonal acceleration

H = atmospheric pressure scale height
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p = atmospherie pressure

pm = meteor bulk d-ensity

r = equivalent rad.ius of meteor (detined. through the

relation m = + nr3p- , where m is the meteor mass )J 'm

v = meteor vel-ocity (wÍth respect to a stationary

. atmosphere)

y is the d.rag coefficient of Verniani (equivalent to

the K of öpik (rg:8) ).

F is a shape factor defined. by o = FI+nr2 , where o is

the meteor cross-sectional area (Note: F = \J where

J is öpikrs shape factor).

FollorrÍng Evans (g6e) we take the value J tu 0.5 ascrÍbed by öpik

to an t'average solid. meteoroid of not too unusual shapett and. consid.er

that y = 1 in this case, since it is thought that the majority of

meteors d.etected. with our system are sma11 ssmFared with the mean free

path of air molecules at the heights consid.ered-, so that air-eaps lrould-

generally not be formed.. With these assr::nptíons (6.f) becomes

"=#*, ß.2)
'm

.þwhere o = + is the air d.ensity.'gH
A more complete expression for the aeeeleratÍon should, includ.e

gravitational acceleration, but for all but the sl-owest meteors at the

upper lilnít of the meteor heíght range (v and p both smatl)

lel
']12 orL .m
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and g can safel-y be ignored.. This is cl-ear from Fig. 6.1) whÍch shows

the variation of lal vith height for various meteor vetoeities and. a

1ike1y range of values of G (the surface area/mass ratio).

ft should. be emphasized. that account is taken elsewhere of the

prolonged. gravitational- accel-eration acting upon the meteor outsid.e the

atmosphere which prod.uces the phenomenon knor+rn as zenith attraction

(see, e.g. McKinley, f96f).

Rotation of the earth about its axis introduces the need, for a

fi:rther eorreetion of the meteor rad.iant position and veloeity for

diurnal motion. This rotation of the axes of observation makes it neees-

sary to consid.er also pseud.o (coriolis and. centrifugal-) forces acting

upon the particle Í.n any complete d.escription of the equations of motÍon,

but for a,11 likely meteor velocities the resulting apparent aecelerations

are smaJ-l corçared. wÍth g and. once again may safely be omitted, from the

d.rag equation.

-From the lar^¡s of eonservation of energy anil momentr¡n Verniani (fqdf)

shows that

-v æm=m exDó
and. hence

a

-v

lrhere

æ
(6. s)T=T EXDó t2E

ltr--, r are mass and. equivalent rad.ius of the meteoroid. beforeæ

ablation

E is the ablation energy per unit mass and. can be written

as v-
A
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.Q, is the latent heat of vaporization of the meteoroid..

l\ is the coefficient of heat transfer.

Jacchia (]rg\g) gave a value of 30 kr2 =""-2 for Ç. Evans (tg66)

for:nd. E to have an average value of 15.4 tm """-2 for some Geminio and

Quad.rantid. meteors. tr\rrther, Jacchia (1958) has observed. a slight in_

crease in 6 during the ablation of photographíc meteors. However, for
the present purposes we nay assume that it will remaj.n reasonably con-

stant over the trail- separation d.istances usually observed..

verniani (rg6r) derives from eqn (6.r) an expt-icit form for the

aeceleration

"=#v2e*p [jrr] [tr,Fr, -rr(-rq] (6.)+)

where E" (x) is the exponential integral

t

aat.x>0.-E'

rf v- Ís known, a comparison of (6.)+) r¿ith (6.r) shor,¡s that we have

sufficient inforrnation to d.ed.uce the surface area/mass ratio G. How-

ever, since v- is not directly measured. in this survelr vê find. it use-

ful instead. to d.evelop eqn (6.2) in the fol-Ior¿ing manner.

Consider a meteoroíd. travelling through the atmosphere. Ìle may

assume without loss of accuraey that, over the rength and_ height range

to be consid.ered., the path is a straight line. Let the angle of the

path to the zenith be X. In general the meteor r¿ill- be approaching the

earth so that x, T and- cos x < o. Let the quantity x be the posÍtÍon
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vector of the meteoroid. along the trajectory, d.efined. so that x becomes

increasingly posítive as the meteor progresses. Fig. 6.2 shows two

points on a meteor trajectory. The meteor arrives at the pcint po,

position vector xo, height ho, at tine to, and reaches p, position

veetor x, heigþt h, at tine t. Then

(" - *o) = (f, - no) sec X which is > O for t - to r O.

Ttre meteor velocity Ís posi.tive in this reference system. The d.ecelera-

tion due to d.rag is in opposition to the velocity.

The notation employed is such that

and

d2xa=v=x=---rt¡dt.

Let H_ be the atmospheric scare height at h and assume it to beO-O

constant over the línited- height rangq invol-ved.. Ìüe have assumed. F and

y to be constant for all meteors und.er consid-eration, and, throughout the

ablation period.. fn ad.d.ition we must assume that O, and. { are constant

for a particular meteor d-uring the ablation process.

Since the atmospheric pressure scal-e height is assumed. to be con-

stant over the timited. height ïange under consideratíon we may write

d.x

dtv=x=

o=oexo'o [r"" - ") -;t] (6.s)

(6.6)

In the sarne mânner that eqn (6

r=r

.3) was d.eríved. rre may show that

--2 -- 2V-V

exo oì
I2E )
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Substitution of (6.j) and (6.6) ir, (6.2) gives

..3*=-d
v2o

(J

""'mo
rCOSY_ xr n++

i=-Ar,2exp ?h-B*l

_COSV
R ='.-

H
o

Th

y¿ v2

ï28 )

dv
ã; oru may rearï'ange

t,

( )l
exp x

t""]

(6.1)

(6 "r")

(6.8)

(6.9)

(6. ro )

o

1.e

r,¡here

and

o

x

9o -,2
_3.

¿
A

p
e)æ ["ot * ÊrJTmo

Putting ri for ji and. using the relatio, I =v
(6.1a) to gi-ve

dv -Bx
ctx

whích may then be integrated. to give

u2
L¿L

-d-V=-[
v

,?
12E
v

xpg

f; -Bxe dx
o

v2 If

x
o

-Bx

o
cos x

On makíng the substi'r,ution " = #t, whence d.z = 2z * f U.9) becones

" u2
tæ-E' tdlEI

1 f"
2A
Bl_ -e

fn full, this expression is:

E
1{ rÈl - o, r".2t\I24 "i IT?EJ i = Gooo e:ç [#) þ* (ff(xo-x)J 

'l

where t^ = * is the surface area/mass ratio a-s - ppro r-s lne surrace area/mass ratio at the loÍnt xo.
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Theoretical curves d.escribing the relationship between the varÌüu.s

quantities in Eqn (6.r0) have been computed. and. are shown in Figures

3(a) - (¿). These curves clearly il-lustrate the ad.vantages of large

outstation separations for this work, althougþ it should. be realized.

that very few meteors prod.uce trails which are d.etectable over lengths

greater than 20 km. Àssuring that the measurement errors in veJ-ocity

and time are nearly ind-epend.ent of separation d.Ís'tance arrd refl-ectÍon

point height it can be seen that the probability of reliable d.eceÌera-

tion measurement increases i,rith increasing reflection pcint separation,

and most strongly with d.ecreasing refJ-ection point heÍgþt.

6.3 ACCURAcY ol RESULTS

Fis. (6.\) shows the variation of error in the measurement of the

surface area/mass ratio (which will- arise from erroïs 1n measurement of

velocity and- posirtion) as a function of the height of the uppeï r'eliec-

tion point. The ervor has been calcul-ated. for two representaiive veicci-
-1ti-es, 30 km """ 
t 

and. 60 km sec-l, assurning an absolute error in measr.rr-

Ìng the d.ifference of the velocities at tr¡o reflection points of 3 km

-"1sec . The depencLence of error in G upon error in measurement of +uyail

separation d.istance Ís such that the cuïve for v=30 kr =."-1, D=20 km Ís

equally applicable for any d * d.' = D vhere d. ís the true separali,on

d.istance and d.'is the absolute eïTor ín d.. Thus the 20 rcm rurve repre-

sents a separation d.istanee of 20 km assunting no measurement error'e cl

equalty well a separation of 18 km with an error of 2 k¡r.
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6.)1 MEASURED VALUES OF SIIRFACE AREA/MASS NATTO

With the Ad.elaide system we have enough information to solve (6.f0)

for G for each meteor for which an orbit can be calculated-. Thís caîe-u-
tJ

lation has been made for all the meteors in the present survey. The

Tange of computed- values for Go exbend.s from very large negati'r,'e r-iì]mbers

(inôicating a measr:reil aeceleration) througþ to very large positive

numbers. However, the majority of the extreme values are attríbuiabie

to d.ifferenees in measured. velocity at closely spaced. reflectic'n pcÍnts,

givÍng the appearaTrce of rapÍd. decelerations (or accelerations).

At least two estimates of Go were avail-ab1e for each meteor reduced..

Average values for Go r,¡ere ealcul-ated- for each meteor, rejeeting out-

rigþt any measurement with a separation distance of iess than i kilo-

metre, anil weighting the remaining values exponentially Ín proportion

to separation distanee and. ìnversely accord.ing to heÍght of the reflee-

tion point relative to the main station refleetion point.

Histograms of dístribution of measured. values of G for 5 km. inter-

vals in height are given in Figs. 6.5G) - (f). The distributions iii

each case have the appearanee of an error scatter eentred. arowrd. a cen-

tral peak. SnaIJ- sarnple sizes ín some cases make statÍsiieal interpreta-

tion d.ifficult, but nevertheless Ín ad-d.ition to' corroborating the esti-

rnates of error shor¡n ín Fig. 6.\ a comparison of the various histograms

reveals elear trend.s in the d.ata.

ForAv=v1-v0<<vg
--2 .-2
,t1'. .to'..- a2E l- .tlt. ,tn'"1trr.-J - Ei[z.l:v I lexp l.- ì - exn l+ì l.l€' uO2 L ' 'L24' - 'J2E')
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Using this approximation it can be shown that

r rrÀv r
',.341 l.rzgJ

2v0 + Av.,
1) exrifff, nx]

o
\o"1rjG Lza r

t¡here Ax = xl - x0 . Errors in the d.eterrnination of G arise primarÌJ-y

from errors in Av and. Ax.

From thís it foll-ows that whereas Ì¡e ca,n ex¡lect errors in Av and.

Ax to be distributed. normally in the statistical- sense, erïoys Ín G wÍtl

be exponentially d.epend-ent upon these original errors so that the spread.

of val-ues of G wil-1 not fol-lor¡ a normal distribution. To prod-uce a histo-

gram of normal d.ístribution for G it woul-d. be necessary to first loeate

the mean and- then logarithmically contract the d.eviations about the mean

in a sr¡-itable manner. Since the value of the mean is d.epend.ent upon the

measureil d.eviations Ít would be difficu]-t to apply this proced.ure-l--c +;he

analysis of the present distributions.

ft is not possible. to calculate sinrply the logarithn,ic mean for G

since the calculated. values of G may be posÍtive, negative or zeïo.

Ad-ùitional problems should. be considered Ín the treatmer.tt of the

d.ai,a. ït is ceztainly reasonable to expect that there wÍ1r be some

true variation amongst the values of G in any sample, even assr:ning that

the majority of the meteors observed. have the linriting magnitude for the

survey.

Pokrovskiy (:rg6l+) postulates a number of mechanisms whereby the

atmospheric interaetion could. even cause meteoroid aceeleration.

Possibly then not all of the measured. accelerations in the presenL survey,

represented. as negative G values, are attributable to error alone.
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The range of 5 km. from whieh d.ata was dravn for each hÍstograrn

is a large fraction of an atmospheric scale height, anil signíficant

changes in atmospheric cond.ítions rai1l be evid.ent over this range.

Finally, there is some uncertainty as to the ranclornness of the eï"i'oï'

d.istribution. rt Ís likely, in view of the ability of the red.uctj_on

prograJn to optinise d.ata with sna11 initial eruors more effectÍ',rely

than other d.ata with slightly greater errors, that the reliability of

the more central portions of the histograns is signíficantly greater

than that of the limbs. These consid.erations are given weight by the

similarities of the histogrâms themselves. Al1 have positive mcd.al

values, and. positive mean values for the central portions. The Ínclu-

sion of extreme values in d.eterrnination of the mean without any weight-

ing to subdue their ínfluence can significantly alter the mea.n, in two

of the d.istributions even makÍng it slightly negative.

The various d.ifficulties and- uncertainties outlined. above sevel"ely

l-imit the amount of information available from the d.ata as l¡e1l as making

rigorous statistical treatment Írnpracticable. Nevertheless br"oad. trend.s

in the d.ata are clearly apparent ancl are worth presenting.

Smooth curves have been fitted. to the various histogra^:ns on the

assunption that the true distribution of G in any height range is uni-

mod.aJ-. The peak value of the fitted. curve ås then taken as the repï.e-

sentative value of G for that ùi.stribution. The curves have been fii:ted.

visually and. have no mathematical significance. Their purpose is to give

some weight to the values near but not incl'ud.ed in the mod.aJ- vaiue of the
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histogram, anil so compensate for bias in the resu]-ts which eould oecur

through choice of the grouping interval if the nid.dl-e value cf the mod.e

a]-one were taken.

Fig. 6.6 shows the relation of the mod.al values thus obtained for

the varior:s heíght ranges. The quantity plotted. is rp = J ror ease of
Li

comparison with values obtained. by Evans (tg66) ro" some ind-ivid.uaJ-

Gerrinid. and- Quad.rantid. meteors .

The basic agreement between the present results and. those cf Evans

is clearly apparent. Evansr d.ata shows the sa^me tendency fcr increasíng

rp with d.ecreasi-ng height, and- as he mentions,some of this spread. could.

be due to inaccurate measurement of height. Nevertheless the variation

in heigh't rau.ge shor¡n is certainly far too great to be entirely attri-

butable to error and- the described. trend. is clearl-y real. The Ad.elaid.e

d.ata has extremely refiite height measuïement for a meteor rad-æ system

(rrithÍn t 2 km). Evans estimates his apparatus to have a liniting

magnitude sçnsitivity of Mr, = * 5. for directty approaching meueors i,¡here-

as the Ad-elaide slrrvey has a lirnitÍng magnitud.e near \ = + 8.

Evans estimates the mean value of the ablation energy for hÍs

meteors to be 15 )+ Km2 =".-2, whereas the va-l-ue used. in the calculation

of G for the present d-ata is 30 L<rrrz sec-Z. Ad.optíon of Evans I val-ue for

the Ad.elaid.e d.ata would resrrlt in even cl-oser agreement between the twci

sets of cbservatÍons than at present.

The observed. variation of rp with height whieh is also apparent i.n

Evans I data is the reverse of r,¡hat would. be expected. for a population cf
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meteors with id.entical properties (in which we wouLd. ex¡lect ablation tcr

ileerease rp wíth d.ecrease in height) and is evid.ently d.ue to the opera-

tion of a strong selection effect on a meteor population with a w-id-e

variation in properties ;

Ttre notion that the selection could. be related. to limiting magnÌ-

tud.e with the smaller, fainter, larger G meteors being arrested at the

greatest heights is irreeoncilable with the d.ifferentia^L mass flux Iaw

-êN(n) * û ", s n, 2 and the observed frequency d.istribution of reflectíon

point height.

ft is apparent that -uhe selection effect operates on the meteor

d.ensity variation. Verniani (fg6l+) tinas a similar variation of d.ensity

with height of maxinr:m light for photographic meteors from the data of

Hawkins and- Southr¡orth (1958), although the range of variation is not as

great as for the present data.

l'lhile one should. guard against trying to read too much from subtle

variations in data originally based. upon rather sweeping assumptiorrs, and

whil-e Evansr estimate of limiting magnitude is certaÌnly d-erived. in a

d.ifferent manner to that of the present d.ata, it d.oes seem reasonable ùo

assume that the Ad-elaid.e meteors have a smaller mean mass than those of

Evans.

I'le may d.eterrcine the meteor mass from the relation

1 -2, ." qn
**=Èunr '(l +2f)3fsecx (6.12)
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in which

f = 1 + SQ * n)q v]2 (weiss, 1958; verniani, 1961)

where ß is the probability of ionízation of a meteor atom, p is the mass

of a meteor atom, H is the atmospheríc scale height, fo is the maximum

electron li-ne density along the trail, X is the zenith angle of the traíl

and. E ís the ablation enerry per unit mass. n is the ex¡lonent of the

relation
B = ßovr (6.13)

arrd- from Verniani and. Har¿kins (tg6\) we take ßo = 1 * tO-20 j n = \.

If we assume that the najority of meteors are observed. near maximum

trail electron line d.ensitl eo,"*, then for a ty¡licaI meteor of magnitude

I\=* 7 at gOkn heightwith v= )+Okmsec-1 ¿11¿cos X= 0.6¡ êen (6.it2)

predicts m-+:.01 gr (lvh = + 8 is the lim:iting magnitude of thÍs survey

anô the majority of meteors d.etected- r¡ou1d be sJ-íghtly bríghter). ftre

val-ue of rp = .1 gn. "oi2 fo" this height range in the present suïvey

then yieIds, taking

m
max

B

T2
m

æ
(Verniani, 1961-)

reff. ru .15 em

p tu. .65 gm. qr:3

whieh is in good. agreement with the tentative estÍmates of d.ensíty

obtained by Verniani (]-g6l+) for the tn = * I rad.io meteor data of

Hav'kins and Southworth (f9æ), as rrel1 as the more pïecíse estimates

of Verniani (tg66).
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These results are based- upon the sarne basic assumptions as thoee

of Verniani (196h, 1966) and. agree r,,¡ith those results rather than the

higher d.ensity estimates of Ceplecna (ry6f). Ttrus Ceplechaf s critieism

of Vernianits assr:rnptions which he suggests 1ead. to an und.erestimation of

the density by a factor of five applies equal-ly to the present resu_l_ts.

If the majority of meteors observed. are near the 1ímitíng magnitude

for the survey, then from eqn (6.t2), assr.¡rning n,\, )+, we see thai everi

the sJ-ight tendency to smaller observed. velocities at the lowest heigþt

ranges apparent in Fig. B.f wiU be suffÍcient to require meteors ob-

serveil at l-or,rrer heights to have larger masses than those observed. at

greater heights. Neverthefess the density seleetion effect apparent ín

the variatíon of rp with height wilJ- yield. d.ensity estimates much closer

to those of Cepleeha for meteors observed at lower reflection point

heigþts;

Ceplecha (fgfO) notes that air d.ensities at meteor heigþts may rrary

over a short period- of time by as much as 6O% trom the stand.ard. atmos-

phere. This alone can cause ord.er of magnitud.e errors ín applicatÍons

of the theory in ind.ivid-ual cases. The mean values of surfac e areaf

mass ratio calculated in the present survey, hcwever, are from d.ata ccl-

leeted- over continuous record.ing periods of a week oï mo?e for 6 mcnths

and. as such, provid.ed. thai the standard atmosphere represents the true

mean, should. be insensiti-,re to aÍr d.ensity fluctuations of this order.

Certainly the best ne can d.o in the light of the necessary assump-

tions is to compare our measurements with those mad.e el-sewhere using
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sÍmilar assumptíons. until more is known of the composÍtion of the

various t¡>es of meteors and. the nature of the atmospheríc interaction,

mass aniL density estimates by the present method can be no more than

a corrFarative guid.e;

Ceplecha Ogef ) approached. the problem.from thermodyna¡ric considera-

tions, anil found that if the temperature for all meteors was raÍsed. to

the same value at the beginning of light ernission a parameter k, coulo

be d.efined. where
q

k, = 1og py * â 1og v- - Þ. Iog cos X (6.fh)

where v is velocity above the atmosphere; X is the rad.iant zenith

angle i 0g is atmospheric density at the beginníng height.

The quantíties on the R.H.S. of (6.1l+) are all measurable and. thus

k, mal be d.etermined. for meteors for which these quantÍties are kncr,m.

From the relation generatine (6.r\) comes the more ?'physical" d.efiniticn

of kr, 
,r_

k, = 1og lË. L, 1og Àôeb (6.r>)

where r, is the temperature at beginning of líght (assumed..eonstant) ,

Â ís the heat-transfer coeffÍcient, À the heat cond-uetivity, ö the

d.ensity, c the speeífic heat of the meteor and- b the air d.ensíty grad.Íent

(which only varies slowly over the height range consid.ered.).

Thus it may be seen that, apart from any d.epend-enee on rB and. b,

k, is d.etermined by entireLy intrinsic properties of the meteoroioal

material-. Ceplecha has measr¡reil the distribution of k, for a nr¡rber of
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sa¡npl-es of meteors and- has found. the existence of three d.ístinet mari-ma

representing three d.istinet ty¡res of meteor cornposition. Tlie positíons

of these maxima are ind.ependent of the velocity rarìge of the sampJ-e use<i.

By calibrating the k, faetor against neteors of known eonposÍtion, in-

cluding an artificial íron meteoroid. (VtcOrosky and Soberman, 1963),

Cepleeha d.eìernined approximate d-ensities of 4.0 gm cd3 , 2.2 gm cn:3
)

and 1.)+ gm ct'' for the three compositional t¡lpes.

In an attempt to rel-ate the present meteor sample to the sariples

measured. by Cepleeha a k factor has been d.eterrnined for eaeh meteor by

assr.::rr-ing (for lack of a better assumption) that the observed- reflection

point height for the majority of meteors is related. in some simple way

to the height of cormren""*"ní'of pronounced ionization. However, the

'd.istribution of k so obtaíned. has a single peak the value of which

d.epend.s on the vêlocity range consid.ered.. This is apparent from a con-

sideration of Fig. 8.f which shows only ø very slight d.epend.enee of the

mean refl-ection point height on neteor velocity for the present meteor

sar:rple, in contrast to the ùiscrete band.s of beginning height whích

shoul-d. depend. quite ôistinctly on veloeity and. whiqh are Ímtrrlied. by the

three d.istinct k, value's observed by Cepleeira (fg68).

Ttrere are several possible ex¡llanations for the failure of the

present sam¡r1e to agree with Ceplechars results. Strong height seleetion

may overwheln any tend.ency for the observed. d.istribution to vary as
' 

-D - - ¡--- !i: ^ -r ^ i --- -j.,gB * t--'' ancl even more so for the suggested variation pg * r_-

proposed. by Verniani (D6f). Even for a limited. veloeity range the
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accuracy of the d.ata. nay not be sufficient to resolve two or three d.is-

tinct peaks. Possibly in any of the velocity ran6ies consid.ered. onl-y one

of the three types pred.ominates. It is possible that the specu-J-ar reflee-

tion constraint effectively obscr.rres any simpte relation between begin-

nÍng heights and. observed. ref'lection point heíght.

Verniani (llg6l+) notes an increase in average d.ensities of rad.ic

meteors over those of photographic meteors by a factor of 2. The

present results corroborate this trend- for Íncreasíng density with d-e-

crease in mass, as ilo colryarisons of the present results with those of

Evarrs (tg66) if tne magnitud.e estimates of both sets of d.ata are rel-j.able.

Since Ít d.oes not seem 1ike1y that naterial of higher density should.

have a greater probability of forming smaller meteoroid.s an e4planation

of this trend is proposed. in which it is assuned. that (at least foz' the

magnitud.e ranges und.er d.iscussion) tne chemicaJ- composition of a

meteoroid. Ís ind.epend.ent of its size. The basic proposition of this

model is that the small nreteors are more regular Ín shape than the large

ones. Even a.mongst ices the d.ensities suggested. by verniani seem in-

applíeab1e to eompact objects. ft seems possible therefore that the:re

exists some extremely smaJ-l but maeroscopic range of ccmpact partieles

which may be considered. as the 'building blocks' for agglomerations of

irregular shape which constítute the larger meteors. The aveïage

d.ensity of these larger aecr:mulations r¡ould. be lcwer than that of the

contributing particles. Such a model, d.epenùing on the forrnation of t?re

basic partieles themselves, could. also erçlain the observed. ðifferenti-a1
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number mass law in terms of the relative probabilitíes of forrratisn of

accumulations of certain numbers of particles.

Comets would. fit into this scheme as rare,and. exbremely great

agglomerations or concentrations of agglomerations of the same parbicies,

whether of the form of a d.ense cl-oud. or of particles actually jcÍned.

together or a combinatíon of the two. The formation of a meteor streaJî

from total or partial ùisintegration of a comet und.er the aetÍon cf

strong forces elose to the sun wout¿ be merely the break-up of one îarge

agglomeration into many smaller ones, or the rstripping offt of some

smaller agglomerations from the central swarrn.

There is consíderable uncertainty as to the orígin of, the cometary

constituents lead.ing to gas prod.uetion, and r¡hi1e Richter (t963) cor,-

sj-ders it most probable that gases have been formerly occlud.ed- and. ad--

sorbed into the d.ust particles of comets he find.s the meehanism cf solar

heating with the re-enission of s'uch gases to be ínadequate to explain

the observed. life-times of eomets. The recent discovery of inmiense

atmospheres of hyd.rogen surround.ing Comet Tago-Sato-Kosaka 1969 -æa

Comet Sennett (Bertaux antl Bla^mont, LSTO) givesstrong support for the

ticy eometr mod.el of lihipple (1950,r95r). cond-ensation of gas molecuies

onto the particles in the form of a surfaee ice may be a eontinuing pro-

eess at large d.istances from the slm. The origins and..rates of ecnC.ensa-

tion of such gases aïe shroud.ed. in d.oubt

The observation of ocelud.ed. gases in meteorites (Richter, 1963),

although these bod.ies are presently thought to have properties d.istirrct

from their less d.ense meteoric corxrterparts, raises the question of the
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possible significance of gases in much smaller rneteoroid.s, partíeu-ì-ar1y

in the light of the inad.equacy of the solar heating mod.el to extr;laÌn

cometary gas ernisslon life-times.

Some features of the orbital- d.istributions d.Íscussed. l-ater ir,. thÌs

thesis suggest that comets may havê originated. within the solaz" system,

and. that comets and. metecrs may be largely couposed. of pumice-like

material; It is possible that collision between prunice-Iíke partie1-es

i-n a comet woul-d. release consid.erable quantities of trapped. gas , anil

that such a mechanism could. explain the observed. ecmetary gas e¡rission

life-times.

The íntra-solar system origin at the sa,¡ne time írplies the ejection

of material from the solar systen in hytrlerbolic orbits, suggesting that

particles of sinilar composition might be expeeted. accord.ing to the

aecretion theory of LyLt]-eton (f9)+8). Lybtleton suggeststhat particies

may be gathered by collision processes d.ue to grarÍtational- T"oeussÌng

in the vake of the sun as the sol-ar system passes through an intersteiiar

d.ust cloud..

ït should. be emphasized. that the above discussion does not preel-ud.e

the existenee of meteors fron other sources, as evid.eneed- by metecr,ites

of possibly asteroid.al , lrrnar and. terrestrial origin, nor cloes

Lybtletonrs theory preclud.e the exÍstence of comets such as the J'upiter.

family which appeaï (Mars'den , A969) to te rel-ated. to asteroid.s t:f the

Apollo type or rrÍ"u-rr"".=".
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Ceplecha (tg6l) suggests i-lnaL 5\/, of the Super^-Scnrnid.t me-reoí,s ,*j"

Mecrosky and. Posen (tg6t) are of asteroid.al origin whereas j'acchia,

Verniani and- Briggs (t96>) fin¿ only one out of 413 preeíseiy r,oclr,-red.

Super-Schrnid.t meteors to have an appearalLce consistent r¡¡iih as¡er:icir.i

origin d.espite an observational bias in favour" of such metecrs.

It is d.ifficutt to reconcile the observed variatiorr of G as a.

fr¡nction of reflection point height with the d.ensity esuimates ¡t'

Ceptecha (tg6l). The higher d.ensities apparentty observed at I{-hrêr

reflection point heights would- need. to be incleased. proporii.cnately i-f"

the upper height range densíties were scaled. to correspcnd to thsse oJ'

Ceplecha, and. would. then become improbably J-arge.

The agglomeration or fragile struciure meteor mod.el- implied by the

ìow d.ensity measurements of the present survey suggests a high proba-

bili+-y of fragmentation. However i^Iei'ss (t96Oa) d-oes no| find. lrc,gnenr-a-

tion tc be pronormced. for faÌnt rad.Ío metecrs. A high probabiìi';¡ .-f

f:'agmentation shculd. be observed. as a positíve skew of the hÍ-eùogr"ams of"

measurecl- C (¡ig. 6.5). No such sker,¡ is apparent, indi,rar,irrg rhal -.he

probabiÌÍty of fragmentation is at ïeast sufficientiy sma.li 'ùc estape

d.etection in this way. Occasicnally during fiim-reao.ing the pre-L^

d.iffraction waveform rras observed. to have a well--defined- beat f'requsn-y

envelope. This coul-d. be the result of one partic-Le breaking inLc Lw¡

particles of slightly d.Ìffering velocity.

No such diffraction patterrì l^/as considered. suitabl-e for reciucûi'-rr.

The incidence of fragmentation cn this basis alsc is ihought tc be sÍrâii,
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although it is d.oubtful whether it eould. conmonly be recognized. in this

manneï.

It is possible that the observed. d.ensity variation with height is

merely a selection effect acting upon a range of d.ensÍties oeeurring

natural-ly anongst the particles before entering the atmosphere. The

observed. frequency d.istribution with height.woul-d then be related- to a

probability d.istribution of meteoroid. d.ensity centred. near the value of

.65 gn cm-' found for thj.s sr.rvey for meteors near 90 lcms heíght.

An alternative or ad.ditional mechanism for the observed. d.ensi*"y

variation with height ndeht be possibl-e if we eonsi.d.er that the Ínitial

meteoroid has a low d.ensity porous or extended. structure. Since heatÍng

takes place very rapidly on collision with the atmosphere it does not

seem reasonable to assune that the meteoroid will heat through evenly in

a time much shorter thari its time of atmospheric flight exeept in the

case of exbremely smal1 pa, ticles.

Jones and. Kaise r (t966 ) have shovn that so1id. meteoroid.s of rad.'ius

greater than 0 .1 cm nay: d.evelop a marked. rad.ial thennal graoient with

resulting stresses suffieient to produce fracture before aþl-atåcn com-

mences. McOrosky and Ceplecha (tg6g ) fin¿ that f rz.gmentation d.ue to

thermal shock of this kind becomes decreasingly important as the body

size increases.

The present d-ensity estimates ind.icate that the majorÍty of meteor-

oids observed to M* = * I cannot be of homogenous solid. compositíon.

Nevertheless, it is evid.ent that thermal grad.ients will stil1 be
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generateÖ e\ren in erbended structures anð. may still be ircportant in the

fragmentation process .

It is'possible that heating initially melts only the outsid.e

layers of the meteoroid., which in a porous or cellul-ar structure would.

cause part of the material of these layers to collapse invard.s wÍth

resultant increase in the apparent overall meteoroid. d.ensity, at the

same time as other material from these layers'is ablated.. The observed.

d-ensity vari.ation vith height woul-d. be attributed. to the progressi'¿e

nature of this mol-ten collapse as heating continued.. It is ínteresting

to note that the proportionate change in d.ensity with height noted. by

Verniani (lg6\) for larger meteors than observed. in the present survey

is somewhat sma-11er, consístent w-ith thís theory.

Since eqn (6.10) has been formulated. on the. assumption of constant

bulk density'it ís not strictly valid if the bulk density of individual

meteoroid-s varies. However, in view of the other uncertainties of our

basj-c meteor mod.el- there seems to be little point at present in mathe-

matically eonsid.erj.ng a more complex mod.eI. Certainly sinee the majcrity

of d.eceleration measurements r¿ere mad.e over d.istances of oniy a few kÍ1o-

metres it is reasonable to assu:ne that over these distances the d.ensity

variation may be small enough to still permít sensible applÍcation of

eqn (6.10). fn this event therê wouldbe a systematic tendeney for the

measurements of bulk d.ensity thus obtained. to be too large

The change in properties provid.ed. by a molten or plastic outer

layer eould. r¡e1l- be sufficient to inped.e fragmentation of smalJ- metecr-
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oid-s while not being ad.equate to contain the stronger mechaníca1 forees

r¡hich night be ex¡lected. in a larger bo y.

Ihe concept of ind.ividual meteoroid. d.ensity variation d-oes not

ex¡rIain the observed. frequency distribution with height, and it seems

1ikely if this effect d.oes occur at all-, that ít must occur in con-

junetion with the initial d-ensity variation which is the d.ominant

factor.

It should. al-so be pointed. out that the observed d.ensíty variations

with height are the reverse of what migþt be ex¡lected. if the frothíng

mechanism proposed by A1len and. Baldwin (llg67 ) contributed. significantly.

McOrosky and. Ceple cna (t969 ) outline some of the uncertainties "of the

classical theory of meteors and- consitler the application of .a nunber of '

models to the observed- behaviour of bright ¡i".-þ¡1,1s. O..pit" ttr"

initiaJ- appeal of the mod.el of Al1en and. Baldwin of a d.ense object which

appears to be l-ess d.ense beeause of surface frothing on heatine (a

phenomenon which may be observed r¡hen a substanee with occlud.ed. gases ís

melted. in vacuo) UcCrosky and Ceplecha d.o not consid.er the magni¡ude of

such a frothing effect to be great enough to explaín the observed.

propertíes of fire-balls and. find. most evid.ence to support mean densi-

ties of 0.1 gn "flfor group C and. 0.6 gm *r-1 fot gïoup A fire-ball-s"

Ihus their analysis ind.icates meteoroid. d.ensities eonsistent with those

apparent from the present survey.
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6.5 cALcuLAEroN oF UNRETARDED GEocENTRTc vEr,ocrry

For a given value of Go Tre may write

L'
o atx=x

o
x 2p v

2 o o

T?rus eqn (6.1+) becones

HoG
_ o'oo==::

cos x

cos x

which yields

an approximate form of

'HoG
o'o o

cos x

v2oì
i:2¿t

v2 v2. (r, irJ - rr[_sg))( (6.::6)

(6.tt)

Assuming the sane bonstant) value for E usecl to calculate G we may

solve (6.:-:6) for v_

. This can only be accomplished. read.ily if the term involving expo-

nential integrals is replaced. by an approximate form. Ife assune (as

will generally be true ) tfrat 'the percentage d.ifference between v_ and- vo

is smal-l-, so that

o

v--2 Y2 F .y'2 v2-
{'r(rþrJ .'rÇLrJt"3 þ* tts, - "* t-5]

and (6.16) becomes app"orimately:

- 
HogoGo 

= r2E
f"4p

v 2 v2
tzE )

IoO

(6 .18)

since the estimate vj of v_ is not quite correct and. since (6.r'f) is onIy

v2
o

a2E

v2
["*

v 2-v2
æ .]12E )



o?

rre could. improve upon ihis with a one step'iteration by puttíng

(v 2 + v'2)oo É "o ul,*2 = oo' * 121 \n tt
GH

(6.rs)

(6.eoi

\o "2L)

where the approximation

u-2 = uo' * 12{ In
uor* 6Ern [r-

2\E cos X J

12f cos ¡

v2+v'2
æ

v2
2

shoul-d- be good for all likely d.eeelerations, i.e.

t'
p õUurfooo

From this value of v-2 it is possible to deterrnine G-,

Gr^ oott =-=@T
æ

G exoo^
v2 V

o
IzE )

2
6

Combining (6.20) and (6.21) we get

C -t lf -å 
ooo-t='ooo'-

æ lzEcosX -cosX
r v2 GH.., -ll- o o o'l r

|- ræ eo 
"o=¡Jl

In view of the inability of the present survey to measure G wíth

suitable accuracy for each meteor d.etected., it has been necessa:"y to

assume a value for Go in computing the geocentric veloeåty of the metecr
,"?,

abor.e the atmosphere. Calculations have been mad.e for all mete,crs for
.^ -1 ^ -"tem¿ gm -, anil 50 cm¿ grn *.two values of G

o

Further analysis (see 96.)+) suggests that this correetion wouið

best be mad.e employÍng a continuously varying G which încreases with

reflection.poinl height. Lack of time has not permitted general re-

calculation of the meteor orbits using this form of the d.eceleratiorr,

however recalculation of the orbits from two months of d.ata showed



litt]e ovel'¿.1 Ì cliffer,'ence between Lhe orbi-r,s d.eLernuneci by a.i)sr;ÍÌirrg
- -1G = 5 ctnz gnt '- for al-I ine-t,eors and- thor¡e d.e'Lermirred wil,h i,ne var.i;r.b_re ti.

The majority of the fealures of the genera,L orbila-L pal,ame¿e_r rijsr,r.l-
butions ere not sens-i.t,jve to the diff--rent va-j ues of G empicyed, i;h;):rgn

the choice can ce't,.l.inly have a s_lgnificant effect on süme ne:ie.,'"s,

parbicuÌar-l-y t,hcs-' at low refrectj.on point heights. The resu_Its rr. Ê6.4

çertainJ-y ind.icate thar bhe ad.option of the vafue of G = )o cn2 g:n I fc.:

a1Ì meteors wou-l'd -Learl to significant errors in the computaLiúrr or. r,-.
Fig' 6.7 shor¿s the frequency of the various veioc-ity ccrrectj,:ns i.u-r- i.ne

tr¿o values of G used.. For G = ! most meteor ver_ocities.were al_ter"ed. by

]-ess than 1km/sec, whereas for G = 5O the bu-lk of the meteors had velo,¿-

ity corrections Ín the ra,ge of r km r""-1 to l+ trn =".-1.
As indÍcat"¿ ir, 56.)+ measured values of G at low heights ir; ger-,erai

ma)¡ be smaitår than 5 
"m2 

g^-1 by u.= much as 5070. This is eor-rubi:r,aied

by ihe d-istribution of hyperbolic meteors found. as a f'unct,ìci-r cf height.
The hyperbc-lic orbits conrributing tc lrig. g.3 v¡eïe computec_ wi,Ln t;: >,
arrd the bulk of t,hese above Bo kns Ín h-^i.ght would have had i-it|le .i.r íiu

ve-Lot:it¡z correctlort Íor alrrosplreric retardation. A compar,iscn iv,.r,h Iìg.
B'z , which shows the distribution of ref'-lecì,ion polrrr heìght fur a-r.L

meLeors d-el.ected iri the present surve]'.'shor,¡s cteariy an alicmai.:usiy

high percerLtage of hyperbo.Lìc rneteors wi'r,h Ioi,¡ reflecLior¡ porriL heLgntr,

particu-ïar-iy for i,he und.erdense and inLermed.iate rype meLecïs. Tnis

indicai,es that the cause cf FÞDarent h¡rperbotrcitJ fcr some ofl, Lhe¡c

meteors may be l,hai the assumed surface area,/mass ratio aT ) cn2 grll
a+; -Low heights is probably sti_i_t too high.
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One of the fi:nd.a¡nental assr.mptions mad.e in using the d.rag equation

to d.etermine G is that the nean free path of air mol-ecrrles at the height

considered is large compared. Ìrith the meteoroid. d.imensions. At the

lowest refleetion point heights this cond.ition may no longer be met ."

particularly by larger meteoroid.s, and an air-eap may be formed- reducing

the d.rag coefficient from an assu¡o.ed. rxrity vaLue to as little'as .5 (see

öpik, 1958). Failure to accor:nt for eiir-cap formatíon could. thus result

in und.erestimation of G by as mueh as a factor of 2.

6.6 SUMMARY

Thê purpose of this chapter has been to analyse the information

avail-ab1e from observations' of atmospheric retard.ation. The measured..

variation'of surfaee areafmass ratio for meteoroid.s with height of obser-

vation is in good. agreement with that found by Evans ngee) and is the

reverse of that ex¡lected for a sarple of meteoroid.s of r:niform size and.

homogeneous compositi on .

. fndepend-ent confirmation of the measurements of surface area/mass'

ratío comes from the cal-culation of unretard.ed. geocentric vel-ocity for

all meteors assurning G = 5 em2 gn:1 at the refl-ection point height. this

assumption results'in an anomalously high nunber of hyperbolic orbits for

meteors with reflection poínt heights below 83 t<rn in good. ,g""u*.r.t

with the measured. val-ue of G'for this height, and. confír¡ring that the

average val-ue of G at lower heíghts is less than 5 "*2 gC1.

An estimate of the.d.ensity foÍ the present meteors observed near 90

kn is in good- agreement witol neasurements of Verniani, (rgel ,lL966) ana
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suggests that the majoriiy of meteoroids are of low derrsity, wi,h a

tend-ency for bulk densiiy to increase toward. fainter magrjitiud.es.

Furiher support for the realÍty of -these densily est inåLes c'ijmor

from the apparent variation of d.ensity as a funcùíon cif height in lh:

present survey. The estimates of d-ensity correspcndir'g r,o mete:;rs

cbserved at the l-ow end. of the height range are suff"ieientiy higLr ic-,

ind.icate that the low val-ues of bul-k d.ensity for:nd for meteors aL

greaLer heights must be real.

The apparent density variati-on with height d.oes nct favour" thc

frothing mod-el- of Ai-l-en and BaJ-dw¡n (l)67 ) and suggests that the

meteovoid.s may be initially extend.ed. agglomeriiíc orpurnÍce-like s;r'u--

tures. Purnice--l-ike composition seems most probable, since ir "is gcn-

sistent wÍth ihe inferences of the observed- meteor orbíf di-str,i.butir,:-

d-iscussed- in the folÏow-ing chapters, and surnmarized. in Chapier 9.
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CHAPTER VII

NETEOR STREAMS

T "L TNTRODUCTTON

This chapter deseribes the d.el-ineation of meteor streams ín the d-ata

from the present surr¡ey. Sections 7.2, 7.3 and. J.\ d-iscuss probl-ems con-

eerning the d-efinition and. íd.entifieation of meteor associations, whil-e

the remainder of the chapter examínes the relation of specific sireams

found. in this survey to other streams observed- at Ad.elaid.e anÖ el-sern"here.

A search for possible cometary associations vith the present meteor

streams has revealed. a nurnber of associations which raíse interesting

questions as to the meehanism of ejection of meteoric materíal- from

comets. These questions are discussed in 57.8 and. further in tnapter p"

It should. be noted. that not all the data record.ed. in the present

survey has yet been analysed.. Table J.1 lists the overall reeonoing

period.s and. shows for which of these the d-ata has been analysed to d.ate.

It is apparent that the observed. d.urations of a nurnber of streams are

lirnited. by the recor"d-ing period-s and do not indicate the true cluratÍon

of strean d.etectabílity. An example of this is given by the C-Fersei.C.

stream, at present detected- onJ-y in June. ft is antícipated. that more

members of this stream trill be found amongst the May d.ata when that, is

analysed.
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1968 Decenber

L)6) January
" .t,'ebruary

" March

'? April
tt Mry
tt June

It 0ctober

9-t6
20-25
10-17
L6-22
L3-20
11-18
T-L\
5- 9

L5-L9{

Recorded.

Data

9-L6
D1 - t?tFLJ

10 - r_7

L6-22

z - r)r

1q - 10

Analysed.

TABLE 7.1

*The echoes from the latter stages of
the January record.ing period. were
rend.ered. unsuítable for analysis by
el-ectrícal storms and persistent
interference.

7.2 ASSOCTAT]ON TESTS FOR STREA}4 METEORS

A major problen in lhe analysÍs of d.istribui,Íons of' meNeor

orbits concerns the d.iffererrtiatÍon of strea¡n meteors from the spora-

d.ie background. Several workers have atternpted. to fÍnd. some objeetj-ve

criterion for testing the association of two meteors (southwsrth anC.

Hawkins , L963; Nitsson, 7)6\b), *d indeed. such a eriterion, with the

assistance of an electronie computer, is almost essentíal- for the ecm-

parison of the large numbers of meteors detected. by a radÍo survey sueh

as the present one.



99

Southworth and. Hal¡kins devised- a.¡r associatíon test which amounts to

a measure of the d-istance between two orbits in a )-d.ímensional spaee,

based. upon the five ind.epend.ent elements specifying the orbit, suitabty

weighted.. For two meteors (¡ A e) to be consid.ered assoeiated. the

d.istance D(A,B) between their orbits in this space must be less than

some pre-d-eter¡rined. vaJ-ue D^ where

(z.r)

in which the C. are suitable independ.ent functions of the orbj.tal ele-
J

ments and- the c- are normalizing functions vhich should. be inversely
J

proportional to the ex¡lected. stand.ard- d.eviation of the corresponding

C. in a strea¡n.
J

Nilssonrs association test required. agreement between eaeh of the

orbítal elements of two meteors ín turn to within tvo starrd.ard. d-eviations

for that element. ft can be seen that this test ís sirnilar in many ways

to that of Southworth and. Hawkins but d,iffers in that it consid.ers eaeh

orbital element entirely on its owne T\¡hereas the latter test allows

slightly larger d-ifferences in one element Íf a€ïeement between the

other elements is particularly close.

The second. basic ùifference between the two tests l-ies in the

choice of the association limits. Southworth and. Hawkins 'd-evised- their

test for applicatÍon to the orbits of accurately red.uced. photographic

meteors and considered. the observed. spread. in the orbits of stream

meteors as being generated by some id.eaJ-ized. d.ispersing mechanísm,

{I
j=1r5

D(A,l) = "¡rþ¡(a) - c"(B)J'i%
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whereas Nilssonrs association l-imits assumed- id.enticai orbits for stream

meteors ancl were based upon the larger expected. observatíonaj- errors of

a radi-o survey.

Observationaf errors notwithstand.ing the major problem in d.etectíng

meteor associatÍons is to deternine how wid.e to cast the net. !'Ìhat

should. we regard as acceptable d.ifferences between meteors elassed- as

members of the same strearn? fhe meteor popuJ-ation ís a dynamie and.

evolving entity. It is apparent that strearns aïe formed. at d.iffer'ent

times and. that members grad.ually d.isperse und.er the influence of both

the spread. in energies of the member particles at stream forrnaticn arrÖ

the subsequent action of various exteznal perturbing forees " It is

natural therefore to expect a greater dispersion of orbitaf elements

amongst members of an o1d stream than amongst those of more reeent

origin.

The question of separate or conmon origins for strean anð sporadÍ"e

meteors is itself an important consid.erati-on. Are sporadie meteors the

remnants of streams dispersed. beyond- reeognitíon? Couid. they be mernbers

of a vast background. of as yet unresol-ved. minor streams? Tt ís evid.ent

that some sporadic meteors belong to each of these :ategories. One cf

the questions r¡e seek to anslrer is whether ail speradie meteors have

originated- this way, or whether in faet there exists a class of truly

sporadic meteors vith origins quite d.istÍnct from the stream metecrs.

Hai,rrkins (tg6Z) *iscusses the "toroid.al group" of spcrad.íe meteors

of high inclination and low eccentrieity whieh becomes increasingly
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apparent at fainter magnitud.es, and. suggests that intensil"e sbr.ldy cf'

this system with high-power racLar equipments is necessåry to d-eterm.i.ne

its cosmogonic signifÍcance.

Kascheev and Lebedinets (tg6l ) and- the present sur.rey have d-etected

a nrmber of streams with characteristics similar to the toroid.al- groïrp.

The apparent absenee of larger photographic meteors in these strea¡:s

d.istinguishes them from the wel-l--known major streams , and it is possÌ-ble

that they result from aetion of the Poynting-Robertson effect on ol-0

strea,¡ns with perihelia greater than 1 a.u.

Eshl-eman and. Gal-lagher (f962) from rad.ar stud.ies of 15th rnagni-

tud.e meteors (trail electron line d.ensities 1010 m-1) find. evid.ence

that the sporadic background. is in reality a mÍxture of short-l-ived.

showers, with about 10 shower groupings being simultaneously preseïrt on

average. These stud-ies also show nr:mber-velocity and. number-mass distrí-

butions in accord with those found. for larger rad.ar meteors. They

suggest that these interplanetary dust cloud.s may eonstitute a vast

family of small, ùi1ute , subvisual- comets. . Such a eoncept is net in-

consistent with the agglomeration theory of meteor compositiorr d.iseussed.

in 56.)+.

Photogratrlhic meteors of varíous streams may sometÍrnes be Íoentífiea

compositionally by characteristic light intensity profíJ-es and spectra

(UcKintey, L96L) but classification of radio meteors is entirely depen-

d.ent upon the comparison of orbitaJ- elements or rad.Íarit d.ata" Fo:: the

present purposes a meteor stream may be d-efined. as a sÍgnifican"u concen-

tration of orbits in orbit space.
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The scatter between measured orbits of strearn meteo;:s wilJ- Ìn parL

be d.ue to measurement errors as well as the true d,ifferences between the

orbits. The effect of the forrner can be estimated., arld for rad.io meteor"s

will be relatively large. The true differences will d.epend. u¡;orr the

nature and. d.uration of the d.ispersion mechanism. Since a stream is

characterized- by en increased. d-ensity of orbits compared. with ad.jaeenl

regÍ.ons of orbít space it is apparent that rand.om observatÍonal errÕîs

where the association lírrÍts are based. upon stream d.ispersion alone wtil

move more true stream meteors outsid.e the accepted. linits of strearn

membership than the number of sporadics which through ehance oï error

will be inel-uded in the stream classification. fnereasing the assoeia-

tion limits to includ.e probable measurement error may recover most st"

these meteors but will also increase the probability of ÍnclusÍon of

spurious meteors in the sarnple.

I,Jhere a najor stream is involved. this effect may be estimated. by

varyíng the linrits of the association factor and. observíng the r"esul-t-

ing changes in the strearn configr.ration. As the assocíatj.on faetcy j-s

d.ecreased- in size from more than ad.equate dor¡n to a repr"esentati_-ye

vaJ-ue for the partÍ.cuJ-ar strea¡n only sma11 changes in stream strueture

should. be observed.. The effect of further decreases i.n size from thi.s

point on should. be to d.ivíd.e the strea,rn into a nurnber of sma"Tler orl,as

and. rapid.ly obscure Ít altogether.

Southworth and. Hawkins (:gæ) have measured. a number of knr¡wrr

streams for which they had. suffícient meteors in their sam¡1le, and. have
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determined- their D criterion for each of these streams, measuring Lhe

values D between the meteors in the stream and. the mean orbi-i fo:l the
m

stream as well as the smallest value of D for which each member of the

strean was found to be associated. with at least one other member ,ef ihe

stream. 0n the basis of these measurements they chose a value for D

which they applied. to their sample to test for new strearns.

Tt should. be noted that there is a fund.amental d.ífferenee i-n the

application of the D criterion to two meteor orbits to test fo¡r assoeia-

tion within certain lirdts, and- the application of the sane criterierr to

the nembers of a stream. Stream meteors may be consid.ered. as either

d.irectly or serially associated. For direct association a1l members of"

the strea,rn must lie withín a certaÍn ùistance D, of the mean orbÍt for

that stream. For serial- association it is not neeessary for two

associated- meteors to be within a distance D" of eaeh other, but merely

that each shoul-d. be a member of a group of meteors each of which is

l-ess than D^ from at leasi one other member of the gr"orlp " fhe l-atter
Þ

ease thus represents a forrn of "chaining" where two neteors whieh

wor:-ld- not be found- associated- by the first test are linked. by a.n ínter-

meùiate meteor. This fcrm of the association test ean be me;sl usef"ui,

but obviously must be applied. with care " tr'or dispersirig meehanísms

sueh as the Poynting-Robertson effect which may act d:it-f"erential-J-y cn

the mass d.istribution of a stream an association test cf this type may

be more sensitive ín stream d.0úectíon, ancL may includ.e less s¡iurior:s

stream members than would. be found. merely by increasing the al-l-owabie

D and. testine for assoeiation rrith the mean.
m
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With a sufficiently large sample of meteor orbits it cc"trl-a be most

interesting to map the orbit association d,ensity d.istríb'uti.ons for a

v-ide range of values of D". For smal1 D" values we woul_d. ex¡leet to

d.elineate the strea¡is of recent origin, ancl as the value of D= ís i_n-

creased. we might hope to resolve more d.iffuse and. henee probabl-y more

aneient strea:ns. To do thÍs effectively, however, we must be abte to

jud.ge r,¡hether a grouping is significant, or whether it has mereJ_y

arisen from chance. The likelihood of chance grouping will eerbainly

increase with increasing D.. The significance of the major meteor

streams is beyond. doubt. ltre would. like to be as sure of the signifÌ-

cance or othezwise of the minor and. more d.iffuse associations.

7.3 THE SIGNTFICANCE OT' S}IALL GROUPS

Southworth and. Hawkins (tg6j) and Nilsson (rgeL¡) aetermine the

likelihood. of spurious streams in their d.ata by searehing for streams

in equivalent artificial sets of d.ata. The artificial d.ata was c,cn-

structed. in each case by shuffling and. re-assigning the apprcpriate

orbital elements . SignifÍcant m.:mbers of spurious strearns wer"e fori,:1.d. in

this way, ffid these r,¡orkers have al-l- comnented. that the nr¡mber of sueh

strea:ns found. will be an upper 1ínit to that in the true sanp]_e, sÌnee

the artificial sarnple is based upon the orbital elements of a set of

d.ata containing a significant proportion of streams any.way"

Despite its obvious limitations , in vier¿ of the consíd.erabl_e

r:ncertainty in our knowled.ge of observational sel-ection effects rthis

method. is probably the best available for d.eterminíng the level_ of
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stream significance in any sanple. Neverthe.l-ess it Ís ¿erLainJ-;y neees-

sary that we should. be clearly aware of these lirnitaticris.

ft is apparent that any meteor component not rel,a+.,ec -;r-r str"eams wi.j-ì

still- be subject to perturbing influences so that ever¿ if Í"i:s rLis-btj_-

bution were to have originated. in a rand.om manner, whi-ch seeris'u:rì-ikely,

Íts present d.istribution wí11- favour some regions of orbit str)ã.ee mÕye

than others. Ad.ditionally when eonsideration is given to the prsbabiiiùy

of collision vith Earth per unit time, and. the probabí1Íty of obse:"va-

tion, it is apparent that some meteor orbÍts wil.l be fa:r n¡cre reao.iJ-y

detected. than others. Thus a pair of associated. orbÍts d.etecied. in a;i

observationally sparse region of orbit space r^¡il1 be of g:reater si.gnifi-

car.ce than a pair of associated. orbits from a read.iry cbservabl-e regÍon.

Comparison with an artificial sampl-e as d-escribed. doove may possi-bly

yield. an estÌmate of the totaJ- nunber of spurious associaied paiz,s,

triples and- so on in our true sample, but certaíni_y d.oes nct gi,re ar,y

ind-ication as to the d.egree of reality of any ind.ivid.uaj- ass:cåation,

which wili d.epend- s.trongly on its orbital configuration" This i"s iiiils-
trated. clearl-y by reference to the spurious strea.rns d.e-beeted. by.

southr,,¡orth and Har,rlcins (rg6¡) Ín their artificiar sarnpJ-e. They fc-r¡nd.

eight associatÌons: five pairs¡ and one eaeh wiih three, four an¿ Èive

orbÍts. The larger assoeiations each had. eccentricities nea.r .59 and

the pairs had higher val-ues. Mean inclínations apart from one'pair with

a value of 10o were all 60 a" less. we may infer from theÍr test that

any association in theír data r¡ith higher inclination i-s I-Íkeì-y to be

sÍgnificant, even if only for a pair cf meteors.
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Tn 58.2 a n'úfuer cf factors are introd-ueed. f:r eorrecti-,:r, ¿f

observed- ù1s't rÍbuiicns io those actually occurr"ir,g 1n space 
"

It is evident that Eqn (8.3), vhich is based- i-rpon the mathenaiir,ai

ex¡rectation of col-lísion of a particl-e with Earth peï ìr.ni-t üirne iltteLrt,ai

may be simply extended tc represent the likeiihocð of :oll_isi::: with

more than one mernber cf a siream. The probabilÍ'ry cf ccll_isi,:,n i:l Eartn

with n meteors of a siream is given by

kn2v 2
t ^ 1- ,-, -312(2-=-p)'à.

a-
óP (n".Lcj \. ( "¿)nn Sin i Sin0

where 0 Ìs the angle between tangents to the orbíts of the stream a;id.

Earth at interseetion, and. the notation is othen¡ise as for Eqr, (8.3).

The factcr k takes into account qnantities sueh as the apparenl :,Lream

wídth a¡rd i;he vol-ume nut¡"t d-ensity of meteoroid.s wíthin the stream ai

1a.u.

ft shouid. be noied. that P(n,k) as given by (7.2"1 is not rroï'ma-.llized,

and. in fact becomes und.efined. for i = 0 or 0 = 0. fhe or'l"glnai i:..:zn cf

the mathematical exirecta-cion derived. by öpík (tg>i) tYcm whÌch a weíghi-

ing faeioriof the i'orm of (8"f ) has been d.erived. by M:ippie (f95+J, is

an ull-ncrmalised pz"obability of collision betweei' -twc b¡ciies årr -;r'bj-cs

about a third bod-y (in ¡his case the Sun), per heliocenLyi-e re";c.l-',rcå:::i

of eit'her parui-cle. This expectation is based upon mar¡y yeyci-uti¿ts cf

the orbiting b,:d-ies as well- as seeu-l-az" variation ci'the pertheij-¡n J-ingi-

tud-es and ncdes. It d.ùes nst gÍve the absolute normali.sed. prcbabiiity

of collisicn ir, the present ease with Earth d.uring the first pasJa€e riÌ'

a metecroid within 1 a.u. of ¡he Sun.
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This i-imitaiicn cices noù aff'eci the vaij-dtty of WhippÌers LLs'i .:,i ihe

inverse form as a weighiÍng factcr, but does restrict pl'actica.-ì- r-se -r'

fi.2) to the d-eterrninaÌ;ion of probabii:-ty ratics be:"r,r¡een d.ifferer-'c

streanns or stream config-araÍ-ons, in vhich the neeci. fcr norma.rliza,*uj-c,:r ;s

el-ininated-.

From ccmpavison of the rel-atÍve strengths of the hel-icn a¡irl al;ti-

hel-Íon ccmponents of the appareni rad.Ìanc ðistributicn as a fu¡.cticn':,f'

ecliptie J-ongitude NÌtsscn (f96)+¡) d-ed.uced. that the majorit'¡' af ase.:::La-

ted pairs he d.etect,ed. were d.ue tc chanee while the iarge:r assocj-¿.'b'ois

were probabiy sígnificant. hhiie Nilssonf s conclusions mâ;y welî a¡.pl¡

to the meteors cf 1ow incl-ination which pred.ominabe in *¿he heiion a.ild

a¡rtihelion ecmponents and ¡rhich also eonsbÌtute the major s-brea.rs geney,a-

tÌng the asymmetrÌes ir,i the rel-aì,ive strengths of tliese cornponen:s, .l_t

is clear tha+; they have liit-Le bearÍng on the signifÌcanee of assc;ia-

tions arrongst meieors such as the toroid-a1 group with trigir in:l-j-r-ra"t-l-in.

That Niisscn seeÍls tc have over'l-coked. this pcinb is u¡rj-erstanclaoie in

víew cf' the rel-ativeiy smal-] rruïlber" cf t.rvcj.ùal meteors tbserve,j. b.¡ hí,rr

at 14- s + 6.
_tf

Ii shoui-d. aJ-so be emphasized. thar ihe preserir weil-d.et'trred- si..reams

are not an absolule yard-stick agairrst \,rhich one can ro.mpare "che sig-

nificanee of" other associ-aticrls ) even thr:ugh systematic seay'¿Lriíig irraJ

reveal- n'rlmeroLrs -ilesser streams r,¡ith "r"he s ame deg:r"ee cÍ' ¿isse c:i-aiÍ ln.

fn some condÌtions we rnigþt expect more d:iffuse assocÍatj-cr;s t,.J be just

as significant, and. hopefuJ-ly r,¡i-,h suffÌeient data we might be abie +-:
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tÍons rrith the mcïe eompact strea,ns.

Record.ed. observaiions of varÍous meteor strearr¡s and. cornets inCi-cate

ihat at least some sireaJns å"re stíll being formed. and that me*¿ecr

streams cân generaily be expected. tc age rapiùì-y Ín a tíme scal-e shoy't

corrpared with the apparent age of the solar system. We do riot kncw

whether comets and meteors form a steady-state system or v¡hether ihey

are d.ecaying rern:rants fz'om solar system formaticn. However we ca.ri

reasonably eqpeet that streams wíi1 beeome more ðiffuse with age ar,ri.

eventually beeome i.nd.Ístínguishable from the sporad.ic baekground, paz"-Ìi-

cuJ-arly at faÍnt raùio magnítud.e.

7.)+ ASSOCTATION STGNTFICANCE AND SAJVFLE STZE

frrespective of the reiatÍve d.epend-ence of the sigrrificance of an

associatÍorr cn Íts location ín orbit space Ít is apparent that j-t is of

benefit to a stream seareh to co¡ùine orbit eataiogues, srrd- seareh

through as large a meteor sam¡lle as pcssibie" As the sampie sj-ze is

increased- genùine str"eam assoeÍations shculd. general-ly beceme iner'eas-

ingty signifícarit whereas chance assoeiatÍons should. merge in'b,r the

background..

One lîrnitati.cn to thÍs proced-ure, hcwever, ís the probabil-Ìty of

exístence of númerous rnî.nor sireams vhÍeh may be strcngly grouped. in

theír orbÍts, like the eoncentration which enhances ihe T"eonid nre-uecr

stream onee every 33 years, and- whieh l¡ould therefore teaö to be made

less significant by averagírrg over a long period.



iû9

Tt is apparect that ihe mosi satisfactory way cf ínereasj-ng 'uhe

sa.m¡rle size ís to increase the sensitívity of the rad-ic system to

z'ecord. more meteors o\rer any given period. of time " An aite:r,natí*.¡e and.

possibly most Ínteresting way of achÍeving the sarne end. and. gainir,g

further informatir¡n at the same time wou-].d. be to eo-ordinate the recsrd-

ing period.s for a nr¡nber of rad.ar equipments thrcughout the r^re:rlc.,

enabling ùirect eombinat,ion as well as d.irect compariscn cf the eaba-

logues.

7.5 A SYSTEMATIC STREAM SEARCH

The d.ata obtained. Ín the present survey has been systematíeatr_l_y

searched- for streams in two r\i-ays. Sorting on each crbita^l- etrement irr

turn, with the all-swable differenees for assocÍatícn set to s3-ightly

mcre than-uwo standarô d.eviatíons in each ease, resi;lteð, in 32f, of the

meteors being asscciated-. This figure drops to 2Il' when assocíatigns of

pairs only are exclud-ed-.

The d.aia was also searehed. for streams using the D eríteyicn method

of Southworuh and. Hawkins, setting D(A,B) = O.ï as +;he associatierr lÌ-nii-u,

and- then' augmentíng tùts data w'íth adðî.tional streams d.eteeteo with the

va"i-ue of D(A,B) set aL t.2. The latter r¡rere eheciied. for ar,¡r duplÍ-eatic11

of the D < .l- streams and. also for associatíons Ín whieh tehain.i-l-lgrhad.

become obvious. This seareh found. \O/' of the meteors tc be assc¿ia:ed,

or 3Of, excludÍrig paÌrs. Generaliy the same streams ïîere ð.etectecL by ihe

tro method.s, al-though Ìn some eases there were mínor irariati-ons in s'r;T:-

grouping. As ihe latter test is apparently more sensitÍve, rhe resul-ts
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from that tesi are presented. here. It is ínteresting to note thaL pro-

portÍonately less pairs weve detected. by the D eríierion method., nainly

.d.ue to the ineiusion of sÕr¡e of the pairs into larger streams. These

assoeíatÍons are lísted. in the Append.ix.. Pairs are inel-ud.ed., since tl:ese

may well be signifÍcant at high inclinations , but are probabl-¡r l-ess so

for orbÍts cl-ose to the eeliptie,

7.6 DISCUSSÏON OF PARTÏCU.LAR STREAMS A]ÍD SOME POSSTBÏ,E COMETARY

ASSOCTATIONS

7,6.1 The GeminÌd. Meteor Stream

The GenÌnid. meteor strea:r. is one of the most iniense observed.

in the Northern Hernisphere , and- has been wel-l- stud.ied. in a nurribey of

surveys " It has been observed. to have a eompaet raðtant (i,,Ieíss , l9r9)

and. thus provid.es a useful- check on the accuracy of rad.iant d.eterrri.nation

of the present,si.:Tvey. Table 7.2 compares the mean rad,iant and. ortít of

the Gemínid.s observed. at Ad.elaÍd.e d.uring 1968 with resul-ts from other

workers. The agreement is generally good-. The mean d-eel-inatíen i-s

somevhat lower than that observed. in the majority of cases, and. "i,he

inelination âIso correspondingi-y lor,rer. The low vaiue of åeetrinatj.on

has been attrÍbuted. by NÌlsson (f96)+¡) to tne unfavcusabte loeabj.on of

the radiant for observation from Ad-elaid.e, resulting in larger than

noriral observatÍonål er?ors, whi.ch on the basis of the conrparison of the

present results woutd appeaï to have some systematÍe bias'tcward.s l-ower

d.ecl-inations. This is dÍfficu-1t to eiçlain if the rad.iant is vínbuaI1-y

e point source o but wouJ-d be relatively easily elçJ-aÍned in tenns of the

variation in sensitivity cf the Ad.ei-aid.e system at l-ow elevatíons if"the
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Geminid- radíant at these magnitud-es -!.Ëre exbend.ed.. A relat,ively weak

subsid.íary rad.íant at lower d-eclinations voul-d not affeci Ncrthey"n He'rnÌ-

sphere results greatly but cou1d. signifícanily influenee cbservatj-ens

from Adelaid.e;

' AssocÍ¿iiicn Lz..L> l-ies close to the Gerninid rad.iant bu+., ùhe

velocity measurement seems significantly higher. Although sma.J-l-, the

possibílíty of meâsurement error in the red.uction csnrrÕt be ru.l-eÖ aut

entirely in thÌs case.

Differences between the d.eclinations of associations 1-2.01,

l2,LO and- 12.11 and the mean d-eclination of the Geminid. rad.iant are too

great to be attributable to eïroï a1one. These associatÍons apparentfy

represent a r.r¡eaker, d.íffuse stream probably assoej-ated. with the Gerinid.s

but 'with lor"¡er inclination.

Poole (tg6l) reports the deteciion at SheffÍel-d of a seeonÖ

rearlyr radiar.Lt associateð u'iih the Geminid-s with símii¿r d.eelirratien

but a value of righi aseensíon approxÍmatety 15o less, whieh agrees weli

in R.A. with association L2.02 of this survey. Tt is mcst Ínteresting

in this regard to note the simílarities between the Lremirrid-s änd. the l-t

Canis MÍnorid. strea.rn recently d-iscovered. by Hind.iey and. Hou1d.en (fgfO).

Tabl-e 7.3 compares vÍsual- and. photographic observa"i,icns of this strea¡rr

with the GeminÍd.s, eons'íðering the latter with nega-uive ineiirraticn a^nd.

the nodés ínterchanged..



TABLE 7.2

Radiant and. Orbít of Gerninid.s

Source N O¿ ô V ïla q l_ (¡ (,

This Survey (1968)

Ïlhipple (rg¡l+)

McOrosky & Posen (f96A)

Jacchia & f'lhipple
(:-g6l)

Southworth & Hawkins
( rs6s )

Nilsson (rg6h¡)

Kashcheev & Lebedinets
(ry6r)

20

13

T2

20

16

22

l+of

112.3

LAz.T

111. 3

111. )+

r12.6

109 .l+

11. )+

+30.2

+32.)+

+32.5

+32.'

+32.3

+30

+32

i+

o

36

36

36

¿

l+

J

z6 "z

36 .3

:l+. e

s6.o

o'71+

o .73

0. 71

o"7l+

0 .73

0

U

T9

fo

0

U

0

0

r'ì

13

th

1tl

0 .11+

0.r_4

15

14

0.90

0.90

0 .90

0 "90

0"90

0.88

0 .89

o
LB.2

23.9

23.r

oaQ

23. 3

17. h

23.'.r

o
326 "7

321+ .l+

321+.2

32\.3

3ZU.t

325.L

325.8

26L"3

26:-.2

260.2

260.2

26L.1+

259.8

259"6

HF\)
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{aBLE 7.

11 Canis Mi-norids

Gerriníd.s

l li-5
r 115

11-1

L2
13

32

6

3B

36

V

.53

.73

1
a

)+

08

1}+

q

o6,

oñ

Ro

33

-22

1

"i5 I
151

1\7

(,

78
80

OU

f)

As Hind.ley and HouJ.d.en ncte, the new stream is onJ-y the

second. such found- for which q < .1 a.u., the other being the ô-AquarÌd./

Arietid- stream. Several other assocíatÍons vith símiJ-arly smal-l peri-

helíon ùistance have been detected amongst raùio meteors by the pi'esent

survey and. by Kashcheev and. Lebed.inets (ry6f ) . Nevertheless, this type

of orbit is suffÍciently rare to suggest when coupled. w"ith the al-i-gn-

ment of the nodes and. argu:nents of perihelion that the Geninid-s and. il

Canis Minorid.s may be rel-ated. i-n some way. Tt Ís possibS-e toe that

other strearn actiwÍty d-uring the same period with rad.iants i-n ihe same

quarter of the sky (Tabtes 7.11 & 7 "L2), includ.ing the Monoeez"ot.i-ds,

may have a rel-ated origin. Al-ternatÍvej-y the streams mây hal'-e been

generated by members cf a comet group. Groups ef this type are net

nnknown, ancl in partieular the Kreutz group of sr-ur-grazing eemets

(Marsd.en , A96T ) , as the name suggests al-so have smal-l perihetion d.is-

tances

' Hindl'ey and. Hou1d-en have suggested a possible assoeiation

of the l-t Canis Minorids wÌth Comet Mellish 1-9LT T, whíJ-e extensiire

searching has faíled. to fÍnd. any eomet associated. wÍth the Geninid.s.
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llliipple (]?r\) seems to have been the first to note the

sirailarity between some meteor orbÍts and. that of Comet Mell-ish l-917 T 
"

His two meteors which agree with the eometary orbi.t partieul-ar]-y weJ-J_ are

definitely Monocerotid.s, and. Ít j-s apparent thab the agreement between

the Monocerotids of Table 7.11 and. the orbit of ihe eomet is even Letter

than that of the 1l- Canis Minorrd.s.

Table 7.\ l-ists the orbital elements of Comet G. Kireh

t68O wtrich shor,i¡s some tend.eney for alignment with the GeminÍós and.,an

r:nusualry small val-ue of q.. The rad.Íant d.ata is that pred.ícted. by

Hasegawa (]Ig>g) for a stream associated. r¡ith this eomet. The simj-j-arity

suggests that the comet which may be responsible for the GeminÍd.s may

well have been a long-period- cne, despi-te the sma1l val_ue of a for the

stream, anil could explain vhy the seareh for a comet wj-th the stream

orbit has not met vith suecess.

TABTE 7.1+

Comet G.Kirch i-680 1-33

0,

+2L

C)

('1

V
6

t+26 "T .a06

q.

999 6o.l

ì

351

ÜJ

¿l¿

n

Nileson (rg6ha) reports observaticn dirring september,

196r or the Sextanj.d meteor stream also observed. by Weíss (lg6O¡) auring

1957, and- notes its si-rnilarity to the Geniníds. A seareh amongsü the

present Oetober d.ata has not revealed. any Sextanid.s , although the earl-iez"

october d.ata not yet red.ueed. may be more fruitful . However, three
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associated pairs lrere found. in Oetober r¡íth smal1 perihel-i.orr d.Ísta¡¡.ees

and perihelion longitud.es within 3Oo of that for the MonoeerotÍðs

fhese associations are listed. in Table 7.5

TABrE 7.5

10 .12

10 .14

10. 15

5'
56

58

q

+18

+3
+T2

o

28

4r
)+)+

V
æ

I 211

\g

6t+

L/a

16

1\

04

q.

.80

OD

.98

¿

l+S

\8

6

T

B

l_

L>2

1l+3

T6z

üJ

Ð+

2l+

23

Assoeiations 10.lh and- 10.15 show sirnilarities whieh eon-

firm their significance. The values of V* are eirn:ilar to those for the

Monocerotid-s, although the sirnilarity between the Monoeerctid. orbít a;rd.

that of Comet MellÍsh I9-rT I (ta¡fe 7.11) suggests that yet another eomet

may have given rise to associations 10.1)+, 10.15, and- possÍbJ-y l-0"i-2.

The mean R.A. for the twenty Gemini.ds of assoeiatierr L2.05

ís
ry = 'l 12 ? + 1.1(O - Z6r.S)0

whieh corresponds more elosely with the majoríty of measurements thaxl

Nilssonrs d-eterminatíon of

a = 109.8 + t.1(o - z6o.r)0

The mean daily motion of the rad-iant eoíneid-es with that

observed by NiJ-sson and is greater than that measured. by l,feiss (t959)

and. Kashcheev and. Lebed.inets (fg6T). Little relianee can be plaeed. on

this measurement, onee again beeause of poor observabíJ-{.ty of the raciiant
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at Ad.elaíd.e. The resul-ts do ind-ieate, hor,tever, t}rat 'uhere are no selious

systematic errors in the red.uetíon procedure, and- provid-e a lor,rer lLinÍt

to our expeetations of accuracy for rad-iants more suÍ.ted to obeervatj"on

from Ad-elaide.

T .6.2 The Virginids

0n1y minor activíty associated. with the Virginid- stream

was observed. d-uring March. McKÍnley (1961) l-ists the d-ates ín between

whích meteors of this stream may be d.etected. as March 5th to Apri.J- 2nd..

Table 7.6 tists three associated pairs and. one u.nassoeiated meteor" from

the present survey wÍth other observations of this stream for eomparison.

f\ro of these associatÍons have higher inclinations ihan previousJ-y ob-

served. 0f partieul-ar interest Ís the close similarÍty between the

March associatÍon 3.03 and. association 2.07 in February, also listed,

and. between these orbits and the lower ínelínation VÍrginíd.s. ïf these

higher inci-ination streams ar"e elassifíed. as a branch of the Vi-rginid.s

our observations extend. the d.ates of d.etectíon forr,¡ard. to February l-2th.

Cook (1970) refers to a stream deteeted by Linôbtad (rgfo) tå * stream

search a,rnongst photographic meteor orbits. Lindbl-ao?s paper i-s r:.ot yet

available to the author, however Cook l-ists this s"i,îeam as the Northern,

Virginid.s, wÍth o = 173, ð = + 5 and. V- = 36 k* ==*-1, and. notes that j-t

was d,etected over the period. Feb" 3rd. to Mar. 12th. Without eomparison

of the orbital elements it is not possibi-e to say how closely this stream

correspond.s to associatíon 2.OT of the present survey. Hower,'er, the

agreement in the period. of d.eteetíon which is sÍgnifieantly earlíer than
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previous observaticns of -,,he Virginid.s is some measure cf ind.epend.ent

confirmation of the existence of this stream.

TABLE 7"6

This Survey 33201

3.17

3'22

3'd+

3.03

2.OT

a2.r3
'i^lhipple (rq5)+ )

MeCrosky & Posen
(:l6:_)

Jacchia & \,lhippte
(tg6:_)

Nilsson (r96t+u )

Kasheheev & LebedÍnets
(ry6r)

Source

1

2

I

-
5

)+

¿

)r

,

3

3

9

N

190

183

L9T

20L

203

aT\

237

182

LT9

alo

1_89

188

CT

-)+
-3
+l+
+9
+3
+t6

ô
-O

+4

+1

rì

\

+1

Ò

3\

30

31

3h

33

33

31

32

20

29

3)+

31

V
æ

)+O

?D

52

)+ )+

6t
6z

B5

D\

.)t6

1V.Jl

1. ^.+¿

.5r

1
a

.30

.\r
"32

.30

.¿5

D?

.23

")+z

. )+i+

)rc

.¿o

.Jb

Y

8B

86

8)+

86

öô

85

8o

9A

80

ôao5

89

Õn
<)¿

e

l-

I
l-\

2l+

L9

20

IO

o

l-

a

3

6

1

200

10,x

300

302

3L2

313

hh

281+

285

LO2

301+

t

U

3>(

LTT

358

358

358

325

26L

35\

351

170

355

5)o

n

Nil-sson (fq6\¡) suggests a possibl-e eorrneetion between his

March Vírginid. daia and an assocÍatíon of thyee Íle-uoois obser*u"ed- i-n

December. Associatíon L2.Le in the present survey, again only for a

pair of orbits, correspond.s quÍte well to the March assoeiations 3.22

and 3.2\ except for small-er síze of orbit, and is partíeu1arly cl-ose

to 3.03. Nilssonrs December association símilarly has a smaller mean

orbit than hÍs VirginÍd.s.
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7.6"3 The Arietids

Six assoeiations were detected. d.uríng J-*ne çith rad-iants and

vel-ocities near the generally aeeepted values for the Arieti-d. stream. As

can be seen from Table 7.7 four of these correspond. reasonably weJ-J- to

observations by other vorkers, while'two (6"0f and. 6.12) have sÍ-gnifí-

cantly lower d.ecfinations. The latter two must be eonsÍd-ered. real since

each has six members. Good agreement in longitud.e of perihelion as wel-ï

as size and. shape of orbits suggest that they are genuinely connecteÖ

with the Arietids.

No evidence of the progressive increase in inclínatían with

passage through the stream noted. by Lovell (l]>l+) was found. in thÍs

survey. However the consÍd-erable spread in inelinatíon found- by other

workers is extend-ed. even firrther by our observations.



TABLE 7.7

1 UJ
a)N 0t ô V f

a
q_Souree

1Bo

1\
2B

11

3l+

29
90

19

20
23

27

30
D\

')<

Beo

8r
8r
BO

Br

8r

T7
T7

8g

B,
It
T3

T7
Bl

\z
l+3

\r
l+3

hr
Il3

3B
39

)+r

l+\
)+o

3B

39
l+o

.28

.51+

"37
.ol
.65

.5r

.o f

.62

.T'

. )+l+

.ol

.36

.60

.60

. ol+

.02

.oB

.02

.06

.12

. l_0

.09

.o)+

. o)+

.06

.09

.10

.08

.98
oo

o6,

oo

.96

OD

.g\.

.g\

.97

.gB
o6,

o?

.g\

.96

z "I+

r8.o
r? .\
30 .9

-gB.z

-o>. 3
rB. o
2r.o
l+6 .0

sB.q
33. l+

31. 3

18.7
22.8

3

9

32

l+

6

o

-
6

7
a

q9

380
rB

\r
l+ l+

\g

39

\B
l+l

U+
l+3

50

)+7

tt6

36

h3
52

+tB

+L9

+23

+19

+9
-2
+22
+Z\

+26

+2,
+26

+26

+23
+25

This Survey 6.03

6.oh

6 "o>

6.06

6 "07

6 "tz

Lovell rrg>\, {ß77
Davies & cíl1 (rg6o)

Nirsson (rq6)+¡ ) {2i'.2'.i

Baker & Forti (tg66)

Kasheheev & iLebed.inets '
(tg6t)

Mean
June 1T-20

ts
l-r
\cJ
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7.6.\ H:rperbolic Strea¡ns

Altogether eight assocíations between meteors wi.th hyper"boJ-ie

orbits have been t-ound in the present surrey. Four of these are wÌthin

probable measurement erroz¡ of the parabolie lirÉt for elosed- orbits, but

the remainiler are more strongly hyperbolie and. seem unlikely to be en-

tirely attri.butable to error. Nevertheless, similarity between some of

these associations and. ad.jaeent ei-liptic strearns sugges+,s cornmon orÍgins

and. d.oes not favour the possibility of ínterste_llar origin. Babadzhanov

and. Kramer (tg6l) d.raw similar conclusions from observations of hg:er-

bolic meteors a.:nongst the Perseid-s; Seven of the assoeiatícns alle

between paírs of meteors on1y, although two of the pairs probably belong

to the one stream. The remaining association is between seven meteors

alt of which are h¡4perbolíc.

Table f.8 eompares the orbital elements of assoeiatÌon 2.37

with the nearby assoeiation 2.15 of elliptic orbÍùs"

TA3LE 7.8

2

2

L5

3tr

)+

2

N

254

2211

d

-86
_85

ô

)+)+

l+g

V
æ

.08

_.23

I
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o5
'o)r

q

o?

I.211

IU ¿

fo 0
c

l_

3300

^^_035(

üi

thho

i-)+ii"

CI

The main complex of hy¡lerbol-ie assocÌa*uíons observed oee"¿:tved

in Oetober and. seens to be relateÕ to the Orionid- stream. Síx Oríonid-s

r,¡ere observed. in this survey, anil the mean crbit found for this stl'ea.rn
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j-s in good agreement with observations by other workers (see Tabl-e

T.e) .

TABLE 7.9

This Survey t0.01

Ïlhipple (rgll+ )

McOrosky & Posen (:rg6:-)

Jacehía & Whipple
(rg6:-)

Southworth & Hawkins
( rq6: )

NÍl-s son ( rg6)+u )

Baker & tr'ortÌ (tg66)

Kashcheev & Lebedinets
(tg6t)

Source

6

2

h8

q

12

ö

T

6t

N

ql
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95

95
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93

d

+1)+

+a6

+'1 5
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+16

+1\
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+L6

ô

/õoc
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6B
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V
@

.13

.L6

.02

.06
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.L6

.26

.2L

1
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.65

.51+

.58

.57

.,7

.50

.16

.57
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.85
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.01

.96

.97
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.83

oo.oo

1

e
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88
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Table T.10 eompares the orbital- elements for ihe Ûet'obe:r

hy¡lerbolic associations with the mean elements for the Orionåd.s. Assoeia-

tíons 10.09 and. i0.10 were both d-etected on the sa,rne day and the degree

of eccentrieity of the orbits; if due to reeent pert'irrbati"en, coi;.J-d be

related. I'iere the observations mad.e five d-ays later ít nríght have been

possible to attribute such perturbations to the close proximity of"bhe

moon to the rad.iant.
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TABLE T.1O

r_0 .05

10 .07

10.08

10 .09

10.10
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T
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N

940
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8To

89o

9oo

o¿
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-0
+80
+6
+15

ô
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T1

rB

T9

V
æ

. rl+

- .05

-aR
-r.23
-1.10

1
I

.68

.63

.72
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rAo
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Hajduk OglO) nas studied the structure of the grionÍ¿

and n-Aquarid meteor stream, anil find-s that the Oríonid- stream ís

filamentous with filament d.íameters of the ord.er of 106 km. Simi-

larities be'tveen the Orioníds and the less lrell observed ¡-Aquarifls

appear to confírm the aseocíations of these streams wÍth Comet Halley"

To the best of the author!s knovled.ge the assoei-ations

10.09 and. 10.10 are the most hyperbolic meteors ever fortnd- to be re-

lated- to a meteor strearn assoeíated- w'íth a periodíc comet' ftrese

assocíatlons indíeate eoneLr.lsivety that strongl-y hyperbol-ie meteoys

observed at Earth may be the result of recent perturbatione arrÖ need'

not impi-¡r an interstelTat" origin" PossÍbly the hyperbel-ie meteors

have resu-lted fz"om collisions between tl¡c or more large Ovioniôs;
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7 .6.' The Monoeerotid. Stream

Although no MonocerotÍd.s were found. to be assoej'a.teå by the

systematic stream searches, three meteors were observed. wÍth raclía¡nts

and- velocities corresponding to thís strearn, One of these meteors Ís

slightly hyperbolÍc, but the mean orbit is not. Ä,greement between

present observatíons and. those of past surveys is good., as shown irr

Table 7.11. The orbit of Comet Mellísh A9AT T is al-sc gi-'ren for com-

paríson.

TABLE 7.10

This,Survey L2.09

llhÍppl-e (rgfl+)

\n]hipple & Hawlcins
(:glg)

Southworth & Haukins
( rg6s )

Nilsson (rE6h¡ )

Comet Mel-lÍsh 191T Ï

Source

3

¿

1

o

N

ro 60

103

103

]-:42

l_02

106

d

+6
+8

+8

+8

+10

+6

9

U

\z
l+3

h3

)+l+

)+z

ho

V
æ

13

.u)

"18
.0)+

1
a

a9

T9

'1 c¡

Ib

l_l_

L9

q

oR

1.00

oo

oR

oo

1 .00

39 "9

35"0

"ôR

?qt

39

'{D

(_)

I

]-

]I28

l_28

1anaJ!

l_39

L2T

t¡

82"
Q,no¿

82

T8

'fo

88

ùú

Ni.l-sson (fg6+¡) observed. in two successive years a rad.iant

which is d.efinÍtel.y d.ístinet from, but may well be rel-ated. to the

Monoeeroti.d stream. Assoeiatíon L2;02 of the present su.i'\rey låes ellose

to this rad-iant, and- has perihel-ion longitude close to that of iVíl-sson's

assocíations 60 .12.9 and, 6t. 72 "2 as wel-I as the Monoce:r"¡"Lid,s. ThÍs

suggests that the present association mair al-so be related. to this ecm¡rrex



t2+.

-1However, its mean observed. velocity is 10 km sec less than that for the

other associations, sc the simílarity cou1d. be coincid.ental-. Tabl-e T.i2

compares the radiant and. orbit d-ata for these assoeiations. ï'ur-bher

confirmation of the radiant is gíven by the visual observatíons from

lfaltair, Inùia recorðed- by Srira,:na Rao, Rama Rao and. Ranesh 6geE) who

have noted- activity in two successive years.

TABï,E 7 " 12

This Survey
12.02

Nitsson r6O "12.9
(rg6\¡ ) t6r .12 .z

Srirama Rao et a1.
(tg6g) 11963

t rg6h

Source

o

i+

)+

L'
)+6

N

9ro

o6
95

B8

93

CT

+

+
+

1go

15
15

+22
+1-8

ô

32

\z
\z

17

3T

,05
"09

1
a

33

.20

. l_1

q.

Bt

99
99

T.10

18
22

T
6

1

1170

r_31
]-35

u)

8zt

77
T)1

o

T "6.6 The Southern Ta"urids and Ç-Persei.d.s

Ttre D(A,B) -o .1 stream search deteeted. an assoej.aiion of 55

meteors eonsisting of h9 Southern Tai:rid.s and. 6 Ë-Pevseid.s. Tabl-es

7.13 and. f.1\ eornpare the respeetÍ-ve eornponents of this assci:j-atíon w'j-th

other observations. Tt shoul-d- be no+-ed, that the mean orbits of the

Ç-Perseids for the d.ata of Nilsson (fg6\¡) ana Kasheheev and. Lebed.j.nets

(tg6T ) are for observations over May and Jime, lthereas the observaticns

for the present survey are linited. to June only rxitil- the May data ís

red.ueed.. The longitud.e of perihelion for this stream i.s obse:rrned. to
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increase during ihe period. of observatÍon, hence the higher value f'or ths

present survey. To d.ate only half the October d.ata has been analysed."

ït is anticipated. that more Southern Tauri-d-s viil be found. arrongst Nhe

remaíning d.ata.

TABLE 7.13

This Srirvey D"Oi-

llhípple ( rg:4 )

McCrosky & Posen
(ll6l)

Jacehia & Ïlhipple
(rg6:-)

Southworth & Hawkins
( rg6: )

Nilsson ( rg6l+¡ )

Baker & Forti (tg66)

Kasheheev & Lebed.ínets
(rg6t)

Souree

l+g

B

LT

13

11

TT

6t

T3

N

)+)+

,3

)+3

3B

2B

59

6z
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0

+11

+r4

+11

+TT

+18

+10

+B

+9

ô
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2T
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.53
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1
a

3T
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L55

r )rc
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L55

L65

l_33

ïï

Rad.iant and. Orbit of Souther"n Taurid.s

TABLE 7.l-\

This Survey D.01

Nil-sson (rg6)+¡ )

Baker & Forti (tg66)

Kashcheev & Lebedinets
(rg6t)

Souree

6

D7

5T

OU

N

65

5L

,5

qt

d

+27

+22

+21

+23

ô

30

30

5U

V

.58

.19

"5>

.o"¿

t_
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.30
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e
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?c

5"7

l_

o-L

fJ-

t5

fr

¡¿

150

L¿(

L32
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'lI

Rad-íant and. Orbit of l-Perseid-s
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T .6.T The An a) Stream

Assoeiation 10.11 of two meteors only appears to belong to

the formerly spectaeular And.romed.i.d stream associated. wÍth Conet Bie''l a

a852 ITT. Table 7.15 eonpares the orbítal elements of this assoeiatioÌ1

with observations of photographic And.romed.id-s by Har,rhins, Southworth and.

Steinon (:rg>g), 
"od 

Southworth and Hawkins (tg6=). Mean radiant data

for the observations of lfawkins et al (i¡ia.) a"" not given, but the

ind.ivid.ual rad.iant coordinates cover a broad area in gerreral eorrespoTr-

d.ence to the other rad.Íant d-ata presented, includ.ing that of Hasegawa

(fq¡8) for the theoretical strea;r raðíant assoeiated. with the comet

orbit.

Analysis of ihe remaining Oetober data for the present

suïvey may possibly yÍeld. further Bielid.s. Agreement in inclínatÍon and

longitude of perihelion of our results with the photographie observa-

tions Í-s qui.te good.. The present assocíation has a mean orbj-t whieh is

considerably smalJ-er than those of the pther observations lísted-, as

welf. as that of the eomet. This night possibl-y Índ-ieate that the radio

meteors observed. beiong to an ol-d.er branch of the strearn at a rnore

ad.vanced stage of evolutíon.
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TABrE 7.15

TtrÍs Survey 10.1-1

Hawkins et a1 (tg59)

Southrrorbh & Har¡kins
( rg6: )

Comet Biela 1852 TTI

Source
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The Andromedíd (Bielid ) Stream

Table f.16 compares three associatÍons found. by Nilsson

(tg6Z) in Canis Minor and. Ifyd.ra wíth three paírs of orbíts observed. in

this vicinity by the present survey also during october. The agree-

ment confirms the reality of this stream.

TABLE 7.16

26.a
Nit-sson (tg6z) {26.2

26.3

10 .16
This Survey {rO"rf

10.18

Source
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3
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T?re ni.nor rad.ient in Aquarius obserl"ed. by Nilsson (196f+b)

d.uring March was observed. agaín in this survey. NÍlsson (tg6z) no"bed.

activÍty in this radiant also d.uring February, whieh he felt eoul-d.

correspond- to the day-tirne appearance of a strea¡n observed- at nigh"b in
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Jufy. Although Nilsson only observed, two meteors in the July rad.ian"i:

these correspond. elosely to three from the l-ist of photographie meteors

published- by MeCrosky and. Posen 1196:), confirrning the stream" ltrhile

the present survey d.id nct d.etect the activity from the rad.j.ant in

Aquarius d.uring February, an association of 7 meteors from thís r"aðiant

was observed in March" Table 7.1f compares the radiant and. orbi-¿ d.ata

for these associations. The present d.ata confirms both the March and

February associations of Nilsson. There is some d.íscrepancy in the

longitud.e of the aseend.ing nod.es between the February-Mareh d.ay-time

stream and the probabl-e night-time appearance of thís strea.rn ín Jul-y"

However, as it is appare4tly a broad. stream this may still be aceeptable

the correspondenee of the longitud.es of perihelion is excell-ent.

TABLE 1

x This might be 6 instead. of f) since the incl-ínation is small .

This Survey 3.01
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Source

T

3

q

3

N

338

3]-7

307

:l+o

u

B

-11

-t\

8

ô

35

33

DO

32

V
æ

.60

.3\

.)+l

1
a

.18

.38

30

q.

89

oñ

8'T

õloo

e

1.8

^2

h

2q

1

359

329

2TTX

3t!

a

'+z

J4

hr

53

iï



'1 20

7.6.8 Strearn Radiants Possi Associated. wíth Comet
Lexell- ITTO T

Nilsson (fg6l+¡) tists three raùiants for ihe period 13 - l-6

June, I96L in Ophiuehius and. Sagittarius which may be associated, with

Comet Lexelt a77O f. Nil-sson (fg6¡) prewiously d.iscussed. the possible

association of the Deeember Seorpid.s with the same comet. Southworth

and. Hawkins (fg6S) ùiscovered. a stream rad.iant for fíve meteors over the

period. 21 May to L6 June, which they have named. the 0-OphiuchÍd.s. More

recently Cook (l970) has l-isted- the radiant of the p-Sagittariíd stream

d-etected. by Lindblad (1970) tor four meteors and. has noted. the assoeia-

tion of this strean with Comet Lexell. Terenteva (1968) lists a fa.rni]-y

of six minor streanns deteeted. over the period. 16 June - 16 August for

which orbital- elements and. computed. values of Tisserand.ls criterion

suggests an association with Comet Lexel1.

Cook (1970) has classified- a number of meteor strea¡ns Ín

terms of the d.iscrete beginning height criteria of Ceplecna (t967, 1968)

and. has ascribed. to the p-Sagittariid.s a classification of type A or

1ower. ft is most unfortu¡ate that Cook was unable tc elassif$ the four

Jr.rre O-Ophiuchid,s in the list of Southworth and. HawkÍns (ig6Z) for eom-

parison in view of their possible related origin.

McKiniey (rg6f) and. Ellyett and Roth (L95r) also give

raùiants for streams in this region for whích velocity measurements are

not available.
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TVo June strea¡ns vith radiants in thÍs generai- vicinity were

observed, in the present survey. Stream D.02 r¡ith six members in JuLne

incl-ud.es one meteor (wo. 18o,l+3) observed. on February T?tt-t. Table J.18

compares the rad.iant and. orbit d-ata for these meteors and. an association

(e.or) of 
,three 

meteors with an adjacent rad.iant also from February.

TABLE 7.18

6.ot
D.02

180\ 3

2.OL

Source
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357

a5
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The sinrilaríties between the orbits of Table 7.18 seem too

pronounced. to be coincid.ental-. The longitud.es of perihelion are perhaps

the most reliable guid.e to eommon origin. n for D.02 Ís approximately

as far behind. n for comet Lexell- as Nilssonts scorpíd.s are in frcnt.

I¡iere it not for D.02 the longítud.e of perihelion of assoeiation 2.01

would. not have l-ed. to the consideration of its possibie associaÌ:íon with

this comet.

Tabl-e l.l-p cornpares the orbital elements of streams 6.Ot

with Comet Lexell. The agreement in n is excellent, but the d.iscïepancy

in CI is consid.erable. 0n the other hand., since the inclination of the

strea¡r is so 1ow, good- agreement exists between the nod.es of 6.0l and
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Nil-sson's Seorpid.s if we reverse the noiles of 6.01 and- consíoer the in-

clination as negative.

Ït is unfortunate that the present observations have d.one

Iittle to solve the problems outlined. by Cook (1970) in conneetion with

this stream complex. Cerbainly, hor,rever, these observations g"ive fi:rther

eonfirmation to the existence of the conplex in ad-dition to extend.ing its

observation to February. There seenrs little chance of being trÍd, of '

these stre¡ms as Cook '1ight-hearted.ly suggests woul-d. be a convenÍ.ent way

of, remov-ing the theoretical embarrassment attaehed to them.

TABLE 7.19

ITTO I
6.or
Scorpi d.s

?c

2.3
2.6

a

6T

52

q)

q

T9

7T

80

e

1.60

-,] ?

2

1

L32c

80

T\

3560

357

338

Ît

7.7 TOROTDAT METEOR STREAMS

)uring tr'ebruary intense actívity was observed. eentred. on R"A. LTgo

Dec. - B3o. Altogether \J meteoïs weïe found. to be assoeÍated- applyi.ng

the Southworbh and. Har,¡kins D criterion of D(A,B) < 0.2. Agreement

between the orbitaf, elements for the association (e.fl+) is generally

good., although the range of inclinaticns is far greater than that nor-

nalIy ind.icative of a stream, varying fron 33.60 to l-:06.60. fhe spread

in longitud.e of perihelion is sÍmilarly 1arge, although some of this
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spread may be attributed to the generally low val-ues of eccentricity for

the mernlcers of the association. Nevertheless there is a sharp peak at

the mean value for the assoeiation of r = a25o.

If sorting and assoeiation testing Î¡ere to be based upon the

meteors all satisfying a criterion of the form D(MrN) for assoeiation

with a mean rather than D(ArB) for association with at least one other

member of the association then it is apparent that unless ¡(U,W) were to

be made exbremely big the present association of \7 meteors wc¡ul-d. be

broken into a number of smaller associations. ïn this case it is

necessary to d.ecide whether it is the overal-l d.istribution of the

meteors which is ira¡lortant, or whether the smaller associations are

ind.ivid.ually ímportant. Certainly in this regard. it ís worth noting

that the D(ArB) criterion may find. associations arnongst quíte d.iffuse

orbits over a wid.e range of values without the l-ikelihood- of includíng

extraneous orbits which would. occur if the O(trt,tf ) criterion were used

and. set large enough to includ.e all the same orbÍts. Tn other worils ,

rn¡here, sâJ¡ , a particular type of d.ispersing mechanisnr has caused- a pro-

gressive spread in one or more of the orbiial elements of meteors in a

stream, the D(A,B) criterion can ftrack do'rvrrt the mernbers of the stream,

whereas the D(MrN) eriterion must assume an id.ealÍzed. d.Íspersing mecha-

nism and. look for strea¡ns only of a tregularr shape.

Of course there is the possibility of rchai-ning'usÍng the D(A,B)

críterion incautiously, in which the association test, if bhe l-irnlts are

set too large, can use sporadic meteors as I stepping stones I to link
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one part of orbit space to almost any other, with rather meaningless

consequenees. Nevertheless, in vietr of the lack of sírnilar large groups

of associations ín the d.ata of other months it seems reasonably safe to

assume that the broad. overall association of )+7 meteors is meaningful in

this case, particularly in vier.¡ of the general sinilarities in peri-

helÍon d.istance and eccentricities.

There is a general profusion of assoeíations of orbíts with ïow

eccentricíties and. large perihelion d.istances with raüiants at d.eep

southern d.eclinations d.uring the months from and. includ.ing December tc

March, 
"rla 

rel-ativel-y little activity in this region d.uring Jr-rne a,r:.d.

October. It will- be interesting to observe the activity in this quarter

for the months of April and. May when the d.ata is analysed.. The fact

that the present assocÍation of l+J meteors has not tchained.f wÍth other

associatÍons such as 2.13 nearby gives supporb for its reality.

Figure 7.1 shows the observed. d.ístribution in inclination for

me¡rbers of this association. ft can be seen that the majority of

meteors have inclinations between 3Oo and 8Oo i¡itn two d.ístínet peaks

near !!o anð.75o, ínöicating in aJ.l probability thai the assocj-ation is

a combination of two similar broad. and. probably related. streams.

Figure J.2 shows the numbers of meteors of this assocíatíon observed-

for the varÍous days of observation during February. fhe equipment was

operated. for a few hours only on the 10th and. 17th, and. eontinuousl-y for

the d-ays in between. There j.s some ind.ication of a slow rise ín the

meteor rate to a broad. peak over the period. 13th - 15th although it Ís
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not possible to say for certain when and- how sud.d.enty the rate d.rops

after this poínt.

ft is interesting to note the relative lack of meteor associatíons

of this kind amongst the data of Nilsson (tg6\A) which is the only

available survey of ind.ívidual meteor orbits covering the same range of

d.eelinations with which comparisons of the present data may be mad.e"

The Puppíd. shower observed by Nilsson and. prewiously by Ellyett and. Roth

(1-:g>>) and. l.leiss (t9rTa,t96Ot) ís an exa,mple of such a meteor strea,¡n"

This shower probably is related. to associations L2.06,I2.0J, and. 12.08

in this su-rvey, although i:2.06 agïees with Nilssonrs elements for this

stream wel-l in e and. n but not in i, whereas the tr,¡o associations 12.07and

12.08 are closer to the inclination of ?Oo but have exceptionally J-ow

eccentricities, so that perihelion longitud.e is no longer a reJ-iable

guide;

Table J.20 compares Nilssonrs detennination of the Puppid. rad.iant

and. orbit d.ata for his 1960 and. 1961 observations with those for the

current associations 12.06, :r2.OT and. 12.08.

TABTE 7.20
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Rad.iant and. Orbit of the Puppid-s
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Few strea,¡¡s were d.etected. d.uring January although this is not sr-:r-

prísing in view of the small number of orbits red.uced. for this month.

The present 78 January orbits are only a sam¡lle of the d.ata available

and. it will- be worth read.ing the Januarr (and February) rirn record-s

again in more d.etai1.

rt is interesting to note i.n view of the meagre d.ata for January

that association 1.01 correspond.s well to an assocj.atÍcn of 3 meteors

with a rad-iant in carina detected. by Nilsson (:1962). The two sets of

rad.iant and. orbit d.ata are corpared. in Table 7 .2L. Although the present

data is insufficient to draw firm conclusions it appeaïs that this

stream which rae shall tentatively refer to as the Carinids may be more

pronounced at M- < + I than lr4^ < + 6.-KH

TABLE 7.21

Nilsson (tg6z)

ThÍs Survey 1.01

3

3
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Þ6
l:60

0
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a
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.98

q.

59
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T)]

1

n

T

u)

'I 10

r22

o

Raùiant and. Orbit of the Carinìös

r¡Íl:ile the PuppÍd. and. carinid. strea¡ns appear to be quite d.istinct

they have many sirnilarities, the greatest d.ifference being the res-

pective longitudes of periheLion. fhe Carina radíant was also observed.

to be active ín December by Nilsson (fq6)+¡) and ín February in this

survejr. Both of these associations have orbital símilarities to the
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Puppid.s and CarinÍ-d.s, and. agaín ùiffer most markedly ín perhelion longi-

tude. Tabl-e '1.22 Lists these associations.

TÆLE 7 .22

Nilsson ( rq6)+¡ )
6o.tz.7

This Survey 2.13

)+

9

N

15)+o

15z

CT

-o
-61

_65

ô
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V
o

3)+

\z

1
d

ô'1
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c.

69

.ou

67"

6z

]-

o
323

33

û)

760

r\l

n

Two Ad.d.itionaJ- Associations in CarÍna

Until more d.ata is gathereil concerning all- of these associations we

can d-o l-ittle more than note their similaritíes. It seems reasonable to

refer to them as a lrfarnily" of strea"ns in view of their apparentJ-y simi-

lar origins. trihether their origins are more closely linked. than that

remains to be seen.

Nilss on (t962) aia not find. arSr shower meteors with orbits of

eccentricíty less than .6 atthough he subsequently (lg6\a) resolved. the

Puppid-s with" eccentricity of .53 to .)+B and. the Carinids with eccentri-

city .59. From this he deduced that the short-period. highly inelined

orbits of low eecentricity which appear to become more prorninent with

smaller magnitudes (Hawkins;:962) d.o not contrÍbute to the total d.is-

tribution as showers, but rather as meteors in ind.ívid.ual and. separate

orbits .

ft is pro-bably d.ue to the ability of the present survey to resol-ve

meteors of limiting magnitud-e + I conpared. with NÍlssonrs limiting
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magnitude of + 6 that the present resul-ts lead. us to the ïeveïse con-

clusi on.

Although velocity selectíon effects favour the observation of

short-period lct¡ eccentricity strea,ns with higþ inclination rather than

low inclination the relative d.earth of highly retrograd.e orbits trf

sirnilar shape in the observations suggests that the pred.ominrance of

this type of orbit at high incf.inations is not merely a result of obser-

vationaJ- selection. rt is vorth notíng, too, that the astronornícal

collisÍon probabilities work strcngly against d.etectÍng streams cf this

type as can be seen from eqn 7.2, since the Earth rrrill tend_ to pass

through them more nearl-y normally rather than al-ong the strea¡r axís and.

hence in the shortest time possible.

Figure 7.3 conpares the ùistribution in inelÍnatíon of assocíated.

meteors for varí,ous ranges of eccentricity. The reality of the

toroid.al group is clearly apparent.

Kashcheev and. Lebed.inets (ry6f) record eleven associations of hÍgþ

inelination and. low eccentricity, of rahich seven have values of q > "BT

a.u. A nr¡nber of the rad.iants for these associations are rrisibl-e from

Ad.elaide. Table 23 cornpares associations 10 .06, 10.\J and 10.18 fz'om this

survey r¡ith association )+O of Kashcheev and. Lebedinets. These ssmFrÍse

three of the four low eccentricity associations observed. d.uring October,

all of whieh have positive d.eclinations. Association )+O Ís the only

association of 1or,¡ eccentricity meteors observed. by Kashcheev and-

Lebed.ínets during October.
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TABLE 7.23

Kashcheev and.
Lebeùinet s (ry6f )
(Assn. )+0 )

10.06
Thi-s Survey{rO . rt

10 .18
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325
359
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23"

23
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The agreement between the two sets of d.ata is sufficíently close

to suggest that they are observations of the one stream. It may be

signifieant that thís strea¡n has not been observed. photographically or

with less sensitive radar equipments, since this eould indicate that the

l-ow value of eccentricity may be a result of prolonged. actíon of the

Poynting-Robertson effect which has red.uced. the orbit size for the

smal-ler members of a meteor strearn originally reaching perihelion at a

d.istance exceeùing 1 a.u.

ft is understandable that the toroid-al meteor streams of February

have not been previously observed. in view of the extremely southern

radiant d.eclinatíons, hor'rever the l-ack of publishetl observations of

strea^rns d.uring this month is noteworthy.

This survey has record.ed. a number of February streams besid.es those

of hígh ínclination a1z'eady d.iseussed.. 0f these, assoeiation 2.18 shoi^m

in Table J.2\ appears sufficiently significant to suggest that the reascn

it has not been d.etected. previously may be once again because it is

cons*,,ituted. entirely of small partieles.
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7.8 A CoMPR¡I{ENSTVE SOUTTmRN HEIIISPHERE SEARcH FOR COMETARY
ASSOCTAT]ONS }TTH METEOR STREA}4S

Hasegawa (fgf8) has preùicted. stream rad.íants for comets in the

Bald.et and. de Obal-d,ia catalogue (ig>Z) i¿hieh pass within 0.2 a.u. of the

Earthfs orbit. A search for comets associated. with the streams of the

present survey has been cond.ucted. by eomparison first with Hasegawars

raùiant d.ata, and. subsequent comparison of the orbital elements of

prorrisíng associations with ihose for the appropriate comets gÍven by

BaJ-d.et a¡rd- d.e Obald.ia.

This constitutes the first comprehensi.ve search for cometary assoeÍa-

tions in the Southern Hemisphere, althougþ Nilsson (tg6l+V) compared. hÍ-s

suïvey d.ata with the list of 19 meteor rad.iants for eomets given by

Porter (lg>Z) an¿ reporbed. the association wÍth Comet Lexel-l- LTTO T

discussed- ear]ier.

Particular attention has been given to the streams of high incl-ina-

tion and. 1ow eccentrÍcity, and- a number of associations have been found

with long-period. comets. Dif ferences in Q may be erçecteð to oceifr where

the stream orbit j-s contracted. markedly by the Poynting-Robertson effeet.

For a d.irect orbit such a contraction should. cause 0 to increase if

.2\
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perihelion oecurs south of the ecliptic plane. fn several cases agïee-

ment is good- in most elements but not in the alignment of the line of

apsides. For others only the inclinationsdiffer signifieantly" I¡ihere

the generating comet is of long period or parabolic and. the stream of

short period some smal1 d"ifferences may arise through the differentiai

action of secular and other perturbing forces, although such d-ifferences

l¡il1 rarely be sufficient to explain the discrepancies.

Larger d.ifferences may be countenanced. by considering that the

pazticles have been ejected with substantial velocities relative to the

comet some tin:e prior to perihelion. This mechanism can prod.uce varia-

tions ín al-l of the orbital- elements, including inclination and. argument

of perihelion, but shoul-d. have least effect upon lì if the stream is

generated near 1 a.u. from the Sr.¡n. Southworth (fg6:) has d.eterrnined

that the Perseid. orbits suggest an erçlosive origin for this strea.m 1.5

a.u. from the Sun and. 1.3 a.u. north of the ecliptíc plane, approrímatel_y

1000 years ago. It is possÍble that such explosive origins for mereor

strearns are the rule rather than the exeeption, although with eonsid.er-

abl-e variation in d.egree.

The association of Comet Mellish I9I7 T with the MonocerotÍd.s has

already been notecl, as has that of Comet Lexell LTT) T with the Seorpid./

Ophiuchid eomplex.

Table 7.25 IÍsts 17 comets and. assocíatíons from the present

survey which may be related.. fn several instances the agreement is so

good. that no d-oubt arises. fn others the d.oubt eannot be elininaf,ed.
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although the sinrilaritÍes still are most pronounced. Nevertheless, as

noted by Kashcheev ancl Lebedinets (tg6l) ttif the cometrs orbit passes at

a large distance from the Earthrs orbit, the orbit of the refated s-úï'eam,

to be observed. at the Earth, should. differ noticeabl-y frcm the ccmetts

Itcrbat.

For this reason rather than being over-cauiious, all reasonable

associatíons have been l-isted Ín the hope that some of these may stÍ.nru-

Iate fi-rrther investigatíon. fn three instances two comets are listed,

as possibly being associated with the one group of streams, al-though Ìn

each case the agreement is generally better with one comet than the

o'e;her. We might well ask: if two comets why not three? Possibty the

streams are associated. with neither of the listed. eomets, but vlth a

third, or possibly the streams are the remnants of a comet whÍeh beJ-onged-

to a comet group containing the other tvo. Just as the eomplex rad.iant

activity in December has suggested our und-erstand.Íng of the relation of

meteor streams with comets is stil-l over-simplified,, so tco night we

expect that our knowJ-ed.ge of the relati-on of comeis to each othrer mÌghr

be very incompiele.

Although associatíon 2.2\ contains two meteors. only some confirma-

tÍon of its real-ity is gi'ven by the simil-aríty of the orbit tc that of

Comet Heffenzried-er t766 Ïf. Further confirmation ís given by

Terenteva (tg6l) who d.escríbes a farnil,y of ninor strea.ns possibly asso-

ciated. with this comet includ.ing two, the n-Leonid.s anó the hO leo

Minorids, to which the present association 2.e\ Ìs intermed.iale.



1}+)+.

Terenteva (W6f) makes some interesti.ng comments on the structure

of tfamiliesr of n-inor streams and rel-ated. comets which are consistent

wÌth the observations of the present survey. fn particular a number of

minor streams give the appearance of a filamentous structure within a

larger radiant area. Al-so noted. is an apparent tend.eney for stream

rad.iant synmetry about the eeliptic. fn view of the contrad.ietions of

time-scale noted at the conclusion of this chapter, Terentevars comment

that although the minor strea,¡ns are apparently in a relatively later

stage of evolution in reality they rnight be younger (than the major

streams),is worthy of serious consideration.

Among the probable cometary associations l-isted. in Tabl.e 7.25

there are a nurrber between long-period. eomets arid. high ínclinatíon

streams which d-eserve special note. The agreement in Q for associa-

tions 2.a5; Z.Zg åna 2.\2 withl Comet Schwassmann-l^lachmann-Peltier 1930 I

is partícularly close. fn vÍew of the cl-ose proximity of the inclina-

tion in each case to 9Oo the agreement in this element nrust be good. íf

the association is to be regarded. as valíd..

Assocíations 12.06, L2.OT and 12.08 eoïïespond to the Puppid/Ve1id

complex already d.iseussed.. fn.this case the association of the eomplex

with Comet Thiele 1906 Vff is more likely tha.n with Comet Johnson L935 T

beeause of the agreement in Q. Probably more Ímportarbbr ttre simiiarities

in q between the meteor associations Ímp1y that the streams may have

contracted. und-er the Poynting-Robertson effect from the cometary orbit

with larger q rather than having increased. in q from the smaller val-ue.
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The assoeiation between 3.0)+, 3.05 and. Comet-Pons-Bouvard.-O1bers

f8O\ fs particularly ínteresting. Both 3.0\ and- 3.05 are undoubted.ly

signifícant with 10 and. 11 menbers respectively. 3.0l+ Ìs a good-

example of a rtoroid.alr meteor strea.m, and- yet there ís no d-oubt that it

is rel-ated. to 3.05, which certai-nly is not. Ihe association with Co¡ret

f8O)+ :.s also mmistakable, and. yet this comet is parabolic. Tt should.

be noted. that the value of I/a given for 3.05 is only atrrproximaie. The

actual range of a for this group varies from l+.AT a.u. through to one

slightly hyperbolic orbit. There is possible a case for further sub-

d.ivision of this group into two groups since five of the orbits have

\.fT < a < 6.67 a.u., while for the remaind.er a >. IO.1 a.u.

Despite their strengths neither association 3.05 nor 3.0)+ was

d.etected by Nilsson (fg6)+U) during 1p61 possibly because his recording

períod d.uring March end.ed. on the 1]th, approximately when the March

record.ing period. for the present survey began. Although too far south

for observation from the northern hemisphere the rad.iants of these

streams are continuously observable at Ad.elaid.e. It would. be interest-

íng to deterrnine whether any photographic meteor actívity is associated,

with 3.05, and, if so, whether 3.0\ is aJ-so d.etectable visually or

photographically.

The appearance of the toroíd.al- class of meteors only at faínt rad.Ío

magnitud.es ís good. evid.ence for its origín in the d.ifferential- actÍon of

the Poynting-Robertson effect upon small meteors in streams. The sirnÌla-

rities of 3.0)+,3.05 and. Comet 180\ give further evíd.ence that the low
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eccentricity orbits are the result of evol-ution rather than ùirect f'o,ma-

tion. Yet there Ís one major problem conmon to several- of the eometary

associations listed, which at present must remain unsolved.. Approximate

caleutations show that for a "t¡4pical" 1ow d.ensity faint rad.Ío meteor j.n

a eircular orbit near 1 a.u. from the Srm, the PoyntÍng-Robertson effect

aJ-one will- cause the meteoroid. to take tu 106 years to d.rÍft into the Sirn.

Yet if Comet f8O\ is responsible for stream 3.0)+, then since it:î-s pa"å.-

bolic, only 1J0 years have been available for 3.0)+ to contraet from

a > 10 a.u. to the present val-ue of a = 2.13 a.u. For association 2.16

and. Comet Beðvár 19)+7 III only 22 years have been available for a simílar

contraction to take p1ace.

Possibly the strea,:ns have been ejected. rear-wards from d.irectly

rotatíng comets. Perhaps the comets, although parabolíc, have had pre-

decessors travelling along the same orbits. Our observations even over

two centuries cover only an instant in the time seal-e of the long-period

comets. Even consid.ering ihat the meteoroid.s are all spÍnning at higþ

speed, ad-d.itional drag effeets such as the Yar"kovsky-Rad.zievskÍi effect

corrld. not alone accorrnt for the apparent time seale d.iscrepancies in

terms of our present knowledge.

To find. the answers a better understanùing of cometary structure

is necessary, together wíth the knowledge of the ways in whích meteo-

roid.s may be derÍved from comets. The basic signifícance of the un-

certainties underlined. by the present observations ind.icates the need
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for a comprehensive cometary space probe to obtain direct lnformaiÌon,

although in vj,ew of the variation in behairiour of comets already known

the choice of comets coul-d. be as big a problem as the instrumentation.
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CHAPTER VÏII

DISTRTBUIIONS

8.T INTRODUCTION

fn this chapter d.istributions of various geocentric and. astronomi-

cal quantíties for the meteors of this survey are presented. and- their

signíficance considered.. Careful comparison of these d.istributions

with those found. ín other surveys, especially for meteor populations

covering ùifferent magnitud.e ranges, may provide us with an und-erstand.-

ing of the revolutionaryr factors shaping the d.ístributions and. may

possibly help us to determÍne the origins of meteors and. comets.

The observed. meteor d.istributions are strongly influenced. by a

nurnlcer of selection effects. In computing the true distributions al-lor,¡-

ance must be mad.e for these.

Correction for the relative probabilities of meteors in various

orbits collid.ing vith Earth, referred. to as astronondcal selection, is

d.iscussed. in d.etail in 58.2.L. Allowance must be made in corrected.

d-istributions for antenna selectivity. fn the present ease this is d.one

with the assunption that all- aerials are well represented. by theoretical

gain configurations. The adequacy of this assumption for the present

case has been discusseil in 5)+.2.2. Consid.eration is also given to the

total- observing time for which raùiants are visible as a firnetion of

rad.iant d.eclination. Atmospheric interaction sel-ection, d-iscussed. in

â8.2.2, arises througþ the d.epend.ence of meteor ionization on geocentric

velocity. Since heliocentric meteor velocities near Earth are typically
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of the sane or¿Ler of magnitud.e as Earthts own heliocentric velocity, the

relation of the meteor orbit to that of Earth wil-l have a strong bearing

on the likelihood- of d.etection of the meteor.

Distributions in this thesis are presented. in three forms, observeil,

corrected for observationaJ- selection, md corrected. for observational

and. astronornical selection. The d.escription ttobserved.'r signifies that

the distribution has not been corrected. in any way for selection effects.

The observationaJ- selection correction takes into accomt antenna selec-

tivity as vell as atmospheric interaction selection. Distributions

corrected. for astrononical- seleetion, d.efined. earlier in this section,

are also corrected. for observational- seleetion.

The incid.ence of fragmentation arnongst the observed. meteoroids may

íntroduce some form of selection effect. Fragmentation may affect the

ionization profile and. d.etectabl-e trail- length of a meteor, and. could

also possibly be velocity d.epend.ent. As there is insufficient kncr¡-

led.ge regard.ing the strueture of small- meteoroid.s, ii is not yet possibJ-e

to d.eter¡rine the role of fragrnentation in observational. seleetion.

Several other forns of selection encountered. may be peculiar to the

Ad.elaide system, al-though other meteor rad.ars wÍll have comparable types

of seleetion effeets.

On some occasions, loea1 interference at the St. Kild.a receiving

site caused. the loss of a substantial fraetion of the d.ay-time meteor

echoes. No attempt has been mad.e to correct for this, as no reliabl-e

basis exists for a d.eseription of the interference, which was variable,

and. appeared. to emarrate from several sources.
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The method. of fil¡r read.ing outlined. in Chapter 5 possibly favours

meteors with high geocentric veloeities, since, in the presence of noise,

higþ frequency òiffraction extrema seem subjectively easier to recognize

than those of lower frequency and. simil-ar a,mplitud.e. As noted. in 98.3.1

it has been suggested. that rapid. d-iffusion ,in the upper portion of the

meteor region may selectíve1y prevent a fraction of the record.s of high

velocity meteors from being reduced.. This sel-ection effect woul-d. tend.

to negate that d.ue to fil¡r read.ing, &d since neither effect is thought

to be seyere, no attenrpt has been mad.e to correct for them.

8.2 sELEcrroN EFFEcrs

8.2.t Astronoraical Selection

öpik (i951-, :p6l) derives ex¡rressions which may be used. to

find. the mathematical expectation P of a collision between a particle

and. Earbh per heliocentric revolution of the particle. tr']hipple (rgl\)

uses the inverse of this ex¡rectation (eqn 8.t) as a weigþting factor for

the correction of observed. d.istributions for astronomical selection

effects.
rV sl-n 1

w¿sr 1
P

C tr-å-þ)" (B.r)

where

Rz v2

p = q.(1 + e) is ttre semi-latus rectum

q = períhelion distance

e = eccentricity

R = rad.ius of Earth

V_ = geoeentric velocity before zenith attraction
c
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V_ = observed. velocity before atmospheric
retard.ati on

a = semi-major axis of the meteor orbit

i = inclination of meteor orbit to the ec_l-iptic
plane

rt is important to note that the form of p in eqn 8.1 refers to the

mathematical expectation of collision per hel-iocentric revol-ution of the
not

particle and./per unit time. To correct the observed. d-isiribution over_ tl_

a period of time we note that the probability of coll-isÍon should. be

d.irectly proporbional- to the frequency of crossing of Earthfs orbit by

the particle, i.e.

aa (8.2 )

whence eqn 8.1- shoul-d. be replaced. by

r'V sin i
o

3

was,
R2 v2

(8.:)

3
aI

T
f

þ-I-r)1'^'
æ

As I,Ihipple observes, the form of the weighting faetor shou-l-d,

be deterrnined. by the use to which the corrected. distributÍon is to be

put. I^lhípple (fgih) uses eqn 8.1 rather than eqn 8.3 to compaïe mereor

distributions with observed. comet d.istrÍbutions, sÍnce the probability

of d.etectÍon of comets is, apart from other factors, sinilarly pro-

portional to the frequency of perihelion passage. Nil-ss on (t962) a,nð

Kashcheev and. Lebed.inets (lg6l ) also apply an astronornical weightirrg

factor of the form of eqn 8.1 to their òistributions.

Distributions ín the present thesis are given in a number

of cases for both forms of the weighting factor. unless otherwise
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stated the weighting factor usecl is that d.escribed- by eqn 8.3. ft shoutd

be noted. that while it is possibJ-e to apply eqn 8.1 to hyperbolic orbits

by putting p = 2q, T/a = 0, eqn 8.3 ascribes infinite weigþt to parabolie

orbits and. cannot be used. above this limit. tr'or the pur?ose of com-

puting d.istributions with the form of the astronornical selection weigþt-

ing factor of eqn 8.3 aff meteors with parabolic or hyperbolic orbits

have been weighted. as though a = 106 a.u. and e = I - 10-10.

Ttre aJ-l-or.r¡ab1e range of the conbined. weightíng factor (the

product of aJ-l individual weighting factors used.) is restricted- to a

maximum value of 25 for any one meteor with the d.istríbution noruralized.

to a mean overall veight near 5. ft is prud.ent when consid.ering sma1l

sarr¡rles to prevent corrected. d-istributions from being too strongly

infl-uenced. by the application of very large weights to the few possibty

atypical meteors which may be formd. in the less observable regions of

the apparent ùistribution. The allovabl-e variation of the cornbined

weighting factor may be increased. for larger sarrple sizes.

8.2.2 Atmos eric fnteraction Selection

\,riith the assumptions that,

(a) the probability of d.etection of a meteor is proportional

to the receiver output,voltage,

(¡) the majority of meteors aïe observed. near the point of

maximum ionization,

(c) the nr-mber of meteors with a mass greater than m is

given by N(m) * r1-s r¿here s N L) so that despite the
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15 3.

d.etection probability of assr.:mption (a) the majority of

meteors observed. will have masses near the fower 1imit

of the observable mass range,

vn
max

F(n )2 (t + z ¡'(n)-3) cos xmax
ct

F(n) = 1+ 3(z + n)q (weiss, 1958) ,

(8. )+ )

/vz'æ

where v* is the vel-ocity of the meteor above the atmosphere, x is the

zetith angle of the rad.iant and 6 is the ablation enerry per unit mass

of the meteoroid. (taten as 30 k*2 sec-2 after Jacchia (fg)+g)).

For Lovell-Clegg scatterine (tÏìe case i-n vhich the trail_

electrons are assumed. to act ind.ependentþ of each other) tne power at

the receiver from an infinitely long trai.f is given by

o2p,ncoc-À 3

Pp = -#i- þ2¡at 2¡z (8.:a)r\ 
32n2Ro3

and- for persistent scatteríng (in whieh the trail electron line d.ensity

is sufficiently great to give reflections as from a?tmetall-Íc" cylínd.er

which ex¡rand.s through d.iffusion) by
a,

"^ ^ 1^x3 
'-

q' rTuRt
po = *!i G2/mcz)'z (g.¡¡)
^ 5hn3no3

where e and. m are respectively the charge and. mass of the electron and.

c is the velocity of light. The transition between the two types of

scattering occurs in the region of o = 1012 electrons/cm, so that both

forns of scattering will contribute significantly to the numbers of

meteors detected. with the Ad.elaid.e system.
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lühen arnbipolar ùiffusion is taken ínto account, the porter

received from an 'und-erdense trail formed. up to the point x1 is given by

the expression

D - 
ttGro*r' 

^, ,.¿ì
"* = 

ñl- 
o- 'mc2'

2 2rr
{-r[r^i] ltl

2
extr) (8.6)

o (Simek, 1968)

¡¿here r is inítiaf trail rad.ius, anil

x1
1

v¿
exp (- l inx2) uræ {-v(xr - x)} axI (B.T)

(8.8)
with

-ó

ú-

D is the coefficient of ambipolar diffu.sion. In the absence of d.if-

fusion (O = O in eqn B.B), f reverbs to the classical form of the fresnel

integral (g¡.S.2).

Since the criterion for orbit d.eterrnination in the present

survey is that the d.iffraction pattern should. be ùiscernable rather than

that the entire received. power be above a limiting amount we may safely

ùisregard d.iffusion for the deternination of the physical weigþting fae-

tor for the majority of echoes for the reasons outlined. in 53.3.5; It

has been suggested- though (gB.S.f) tfrat a small number of echoes from the

upper end of the height range are lost through d.iffusíon preventing the

recorðing of sufficient d.oppler information.

The initial rad-ius of a meteor trail ilecreases with increas-

ing aimospheric d.ensity and. increases with meteor velocity. For a meteor

with velocity l+0 k* s""-1 at 95 km heigþt the initial radir:s of the trail
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is of the ord.er of l metre (Kashcheev and. Lebed.inets, tp63; Bayrachenko,

A96r). The majority of meteors are detected. at Ad.elaide in the vicinity

of 90 km height, and- with I = 11 metres the influence of initial trail

rad.ius on received. signal por¡er is quite significant.

Thus rn¡e may rewrite eqn 8.6 (following Lebed.inets and.

Kashcheev, 1967) as

PmGÐGm)., ^, -,¿ rì t t= ì t_to aP - - -'- ¡- J ltl. a1-_ (8.9)tR = 
32rrR t t'*? lr l' oárr

o
r¡here

2rr 2

*eff = 0 exp {- [J^ ) ] (8.r0)

It is apparent from eqn 8.10, eonsid.ered. in the fight of the assumptions

lísted. at the beginning of this section, that the variation of initial

trail- raðius r^rith height will impose a selection effect against the

d.etection of fast meteors ín the upper regions of the meteor height

range. No attenpt has been mad.e- to correct the d.istributions presented.

for this effeet. Reference to Fig. 8.1, which gives the observed.

meteor velocity distribution as a fi-rnction of height shor,¡s that orbit

d.istributions for the present d.ata will not be sensitive to this selec-

tion effect.

fn the present survey anplitud.e measurements have not been

d.etermined. to d.ate and. a further assumption is mad.e that the receiver

po'hler for each echo is the minimum detectabl", P*irr. The values of

o^oo thus cal-culated. are normalised using eqn 8.h to an equivalentCII.

meteor of velocity )+O kt "u"-1. The normalized. received. power P' which:
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may then be calcufated. is used. to d.etermÍne the weighting factor

P
w(o^"" v-) = t"l)- nltn

72

Distributions have been ealculated. for values of n = Or2rh,5. Several

ind-ependent evaluations of n (I,Itripple, 1955; Hawkins, L956; l{eiss,

L95rc; Verniani and. Har^¡kins, L9614) suggest a value betr"¡een 3.5 and 5.

8.2.3 Fragmentation

As mentioned. in 56.)+ tragmentation d.oes not seem to be pro-

normcecl- for the meteors observed. Without inùividuat am¡llituile measure-

ments it is not possible to determine whether trail-s are as long as

would. be expeeted theoretically. Difficulties with the operation of the

long-distance South station prevent useful eomparison of the (1ow) echo

rate at this station with those at other stations. All echoes were

record.ed- by triggering from the main station equipment.

At least r¡re can say that fragmentation d.oes not impose arìy

signifieant selection effect on the survey. Use of the pre-to d.iffrac-

tion waveform rather than the more conmonly used. post-to pattern will

render fragmentation less important, since progressive d-egeneration of

the waveforn will to some erbent be matched. by increasing length of the

fresnel half-period zones in our case. There will also be a tendency

for the òiffraetion Ìnformation to come from earlier portions of the

trail where fragmentation vilI be less ad.vanced.. 0n1y in a very few

cases has the pre-to d-iffractÍon pattern become progressively d.egrad.ed

toward.s lower ord-er fresnel- zones, while stil-l- being fol-l-oraed. by large

arnplitud.e wind- d.opp.l-er: information.
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8.3 DTSTRTBUIIONS I,TTH REF],EcTTON POTNT HE]GHT

B.:.f A Possible Velocity-Heieht Seleerion Effect

For an echo to be red.uced. in the present survey the rad.ar

range info:rriation and. at least T¿ cyeles of d.oppler for d.etermination of

reflection point position are requíred. to be present in ad.d.ition to at

least 7 d.iffraction extrema on each of at least three of the I velocity

recorðing traces. Nilsson (t962) in *iscussing the analysis of the d.ata

from the 1961 Ad.ej-aid.e survey suggests that there may be a seleetion

effect against hígh velocity meteors being red.uced. since these tend. to

reach maximum ionízation at greater heights, d.iffusion then being suf-

ficiently rapid. to prevent the recorôing of the necessarlr 1Í¿ d.oppler

cycles .

Fie. 8.1 shows the observed. d.istribution of reflectíon point

heights as a function of measureil- velocity. The so1id. contours repre-

sent changes Ín nurnber d.ensity by factors of two, md the nagnitud.es

denote the nr.mbers of meteors in a region of 2 km exbent in heigþt and. l+

.-1km sec - in velocity.

The d.ístribution suggests an increase ín the mean reflec+,ion

point height from 90 km for meteors of velocity 30 kr ="e-1 Xo 93 k¡r in

height for those with velocity near 65 Xn "".-1. ft is not possible to

deterrnine to what extent the observed, distribution has been affeeted- by

a ðiffusion rate seleciion effect. It should. be emphasized that a sel-ee-

tion effect of this type would. operate on the meteoroid. velocity only

inðirectly, since it is the inability to observe sufficient body d.oppJ-er
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rathel' than ínabitity to measure -che d.iffraction vaveform which prevents

recovery of the data in these eases" Certainly use of the pre-to dif-

fraction pattern available in a c.w. system enables reduction of echoes

quite easily in the presence of d.iffusion rates which would. make analysis

of the post-t pattern from a conventional rad.ar system virtually im-- o-
poss ible.

8.2.2 Underdense arid. PersÌsient Echoes

fn ord.er to determine any d.ifferences in the properties of

the various mass ranges of meteors con'l-"ríbuting to this survey an attempt

has been made to d.istinguish the meteors producing traits r"¡ith rmd.er-

dense electron line densities from those prod.ucing overd.ense trails.

Echoes have been divid-ed, into three classes, d.epend.ing upon the nature

of the doppl-erwavefcrm envelope afber the to point. Those echoes exhibí-

ting rapid- and. immed.iate amplitud-e d.ecay have been classified. as under-

dense vhile those with persistent or i-ncreasing amplítudes after this

point are classified as cverd.ense. A small nurnber of echoes wil-l less

defirriie intermediaie eharacteristies have been denoted intermediate to

signiflr thÍs.

FiS. 8.2 shovs the d.istribution with reflection point height

for all meteors separated. into these three groups. There is a slight

trend apparent for the maxÍmum al, 92 km for the und.erdense (and overali)

d.istribution to move to a lower height (near 90 kn) for the overiLense

echoes. fhis is to be expected. and. is apparentl-y a result of the varia-

tion of the rate of ambipolar diffusion as a fi.rnction of height.
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8.3.3 Hyperbolie Meteors afld a Check on the Atmos pheri c
Retarö-ation Corre ction

Fie. 8.3 shows the distribution of reflectÍon point height

for hyperbolic meteors on1y. comparison with Fig. 8.2 indicates an

anomalously high proportion of h¡rperbolic meteors at low refleetion point

heights, indicating that the retard.ation correction for these meteors may-

have been too great, aniL suggesting that estimates of surface area/mass

ratio for these partieles are too l-arge. The larger nunber of over-

corrected. meteors amongst those prod.ucing und-erd.ense trails eompared.

with the nr¡mbers for overd.ense traÍls is consistent with the observed.

mas s- ilens ity vari ation ùi s eus s ed in 5 6 . )+ .

8.)+ RADIANT D]STRTBUTTONS

For the faint raúio meteor population observed. ín the present sur-

vey there is no eirÌd-ence to suggest that the sporad.ic meteors may have

origÌnated. in a manner distinct from the stream component. The syste-

matie stream search d.escribed Ín 57 has d.etected streams of undoubted.

significance amongst all known classes of orbits except those of loi¡

inclination with a <1. a.u. The lack of streams d.etected. Ín this class

of orbit is not surprising in vÍew of the low probability of d.etection

of orbits of this type.

lhe raùiant ûistríbutions presented. have therefore been d.eiermined.

for ail of the meteors observed-, rather than for the sporadic meteors

only. The raùiant d.ÍstrÌbution for strearn meteors has been d.eter:nined.

separately and is presented. in Fig. 8.1+. Each stream is represented, by

a nr.mber indicating the nr:mber of meteors ín the associati-on located. at
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the mean rad-iant positíon. Associations of pairs only are represented

by a doi. The distributions, in ecliptic latitud.e and. longitud.e relative

to ihe longitud.e of the Sun, are presented. on Aitoffrs equal area projee-

tion of the sphere. Al-1 rad.iants have been corrected. for zenith attrac-

tion.

It is apparent that the distribution of associated, pairs in FÍg.

8.\ is similar to that for larger associations. Comparison with Fig.

8.5 cl-early shows the similarity between the stream rad.iant d.istribution

anð. the observed. geocentric raùiant ùistribution for all meteors. Fig.

8.6 is a composite, corqparing the Southern Hemisphere of the observed.

geocentric d-istribution of Fig. 8.5 witn the Northern Hemisphere of the

geocentric rad.iant distribution, corrected, for antenna selectivity, of

sporadic meteors d-etected. at Havana, Illinois, d.uring the period

January - August, L962 (ntfora, Hawkins and. Southworth, 196\). The high

d.egree of symmetry about the equator Ís clearly apparent. It is interest-

ing to note that the high latitud.e concentration in the Northern Hemis-

phere is d-isplaced- sl-ightly in the antisolar direction from the longitud.e

cf the Apex, corresponùing to a sírnilar ôisplacement of the equivafent

Southern Hem:isphere concentratÍon toward.s the longÌtud.e of the Sun. Both

surveys tend. to favour the same months of observation. The d.istributions

for ind.írridual months for the Havana d.ata show consid.erable variation in

the higþ latitud-e region and. easi some d.oubt on the statÍstical signifi-

carìce of the ùi.splacement of the eombined- maximum from the i-ongitude of

the Apex. A search for this effect in d-ata from ad.d.Ítional surveys as
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well- as for the remaining months of the year wou1d. be necessary to ascer-

tain its reality.

It shoul-d. be noted. that there are some d.ífferences in the method.s of

obtaining the two distributions contributing to Fig. 8.6. lthereas the

Ad.e1aid.e òistribution Ís pureJ-y as observed., without any form of corree-

tion, the lfavana data has been corrected. for antenna selectivity and-

weigþted, to compensate for the d.epencLence of the d.uration of observabi-

lity as a firnction of radiant d.eclination.

In general the operating periods at Ad.el-aid.e have been continuous

on a 2\ hour basis for durations of 6 to 10 d.ays per month. Since the

system has low gain all-sky aerials the duration of operation effectively

averages the antenna selectivity and makes further correction to the ðts-

tribution purely a function of radiant d.eclination. Thr:s the uncorrec-

ted. d.istribution for Adelaid.e wili tend to emphasize the higþ latitud.e

couponent for whieh the rad-iants are continuously visible.

A further difference in the d.Ístributions as projected. is apparent.

That for the Havana d.ata has been deter¡lined. by sumrning the weighted

d.ata over a eircu]-ar àTea of 15o in d.iameter at intervals of 50 ín latÍ-

tud,e and. tongitud.e. Thus although the ðistrÍbution has been presented

in the form of eontours on Aitofffs equal area projectíon of the sphere

the contours represent number densities per area in multiples of square

degrees rather than a true equal area distribution as implied. by the

projection. The distributions for the Ad-el-aid.e d.ata are true equal area

representations, hawing been calcul-ated. similarlyïn *.r""*ing over a
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a constant arear -gut in -"i'ris case afier projection, correspond.ing to a

circfe of 15o d.ia^rneter at the Apex.

Thus the presen"cation of ihe Havana d.ata und-eremphasizes the strengL,h

of the high J-atitud-e concentration, whereas the observed. d.istributicn for"

the Ad.elaide d.aia tend.s to overemphasize the high l-atitud.e concentraiicn.

Iig. 8.7 shows the ùiurnal- variation in echo rate for the preseni

survey. The solio. l-ine eurve represents all echoes from the main station

with range information arrd. sufficient d-oppler for wind- analysis. The

broken line curve represents those nul-tistation echoes for which velocit,

measurements were available. Comparison of the two curves shows a d.ep-

ression of the d.ay-time mul-t,ístation echo rate and. a resultant shift in

the -cimes of occurrence of the rate maxima and. minima. This d.epressíon,

apparently caused. by J-ocal d.ay-time inierference, accounis for the major

portion of the d.ifference in s¡rengths between hel-ion and antihelion

eeiiptic radiant concentraticns. Reference io Figure 8.)+ shcr,¡s the same

dÍ-sproportion amorrgst the observed stream meteors.

Figs. 8.8(a) a¡a (¡ ) shov the geocentvic rad.iant d.istributions

correeted. for observationaï, and observaiional plus astronomical selec-

tíon, both for n = 5. It is apparent that the weak Apex concentration

of Fig. 8.5 is a resul"c of observational sel-ection. The high ì-atítude

concentration, on the cther hand., is clearly real. The strong coniri-

bution of short-per'iod orbits to ihis concentration is d.emonstrated. by

the d.ifferenees between Figs " 8.8(a) an¿ (b).

Figs. 8.9(a) , (¡) and (c) show the observed. and. corrected. helio-

centric radiant distributions. These are the distributions whieh woul-d
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be seen from Earth if Earth were stationary and. of zero mass (Hawkins,

1962). ft shoul-d. be noted that while tr'igs. 8.9(a) and. (c) are eentred.

on the Apex, Fig. 8.9(t) is eentred on the Antatrlex for comparison and

ease of interpretation.

The weak extend.ed. d.istribution of retrogad-e meteor rad.íants shc¡nrn

in Fig. 8.9(a) atmost vanishes (¡'ig. 8.9(¡) , (c)) when account is taker,

of cbservational selection. l^IhÌlst comparison with the orbits of short

period comets inùì-cates that this might be expected. amongst those meteors

with orbits near the ecliptic plane, the relative lack of retrograde

orbits amongst the meteors with high latitud.e radiants is more surprising.

The significance of this is d.iscussed- in 59.

B.t VELOCTTY D]STRTBUIT ONS

The meteor velocity is d.etermined. by combining the rarlge information

with a measure of ihe scale of the fresnel d-iffraction pattern from the

film record., as outlined in 55. Before consid.ering veloeity d-istribu-

tÍons it is of interest to consÍd.er the ¿iffraction d.ata from fiim read-

ing alone for estimation of fil-m read.ing selection effects and-.errors.

The quaniity (x/t) is ttre slope of the besi fii straight line to the d.ata

points obtained. from the relative positions of d.iffraction exbrema in

film read.ing, in arbÍtrary units (see gr.2) " Fig. 8.10 conpares the

distribution of observed val-ues of this firnction for the present survey

and. the 1961 Ad-e.l-aid.e survey.

The 1961 d.ata contains 2OOO echoes eompared- witn t66T for Ì:he

present data. l'iliile a d.ip at 0.85 oecurs on both curves the ratio of
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the high vetocity component to the low is markedly higher for the present

survey. The reason for this seems to be a selectíon effect in the film

read.ing process rather than of astronornical orígin. Subjectively the

ùifference seems to be d.ue to a greater facility to recognize arid. reiluce

the higher frequency waveforms than the l-ower frequency ones in the

presence of noise. This effect may compensate in part for the heÍght-

d.iffusíon selection effect already discussed.. No attempt has been mad-e

to correct the observed ùistributions for either of these effects.

Fie. 8.lt shows the distributions of R.M.S. d.eviation in x/l tor

each trace for a sample of echoes from the February d.ata. The x/t

val-ues contributing to Fig. 8.10 are the weighted. means of at least three

of the x/t values for ind.ivid.ual traces. îhus the R.M.S. d.ev-iations of

Fie. 8.tt witt be an upper limit for those of the values contributing to

Fig. B.fO. Fig. 8.11 atso illustrates cfearly that the data transmitted.

over the telemetry l-inks from the North and. Sheedys outstations was of

similar quality to that from the main station receiver. The partieu-

larJ-y severe interference problenì.s encountered vith the Direk outstation

equipment are reflected. in the higher mean value of the R.M.S. deviation

for that ehannel.

Fig. B.fe(a) shows the observed. frequency d-istribution of meteors

with geocentríe velocity compared- with the d.istríbution for the 1961

surve¡r. This figure reflects the trend d.isplayed. in Fig. B.fO. FÌgs.

8.12(b) and. (c) show the geocentrÍe velocity d.istributíons with various

corrections for selection effects. It .is apparent that the peak near 65
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-1km sec in the observed distribution is a result of observatÍonal_ selee-

tion. Fie. 8.12(c) shows clearly the gradua'l removal of this peak by

progressive increases in the value of î, and- índ.icates that for the

present survey n tu \-5, in good. agreement with the val-ues obtained. by

other workers (SA.z .z) .

Fig. 8.13(a) shor,¡s the observed. heliocentrie velocity d.istribution,

again eompared. with that for the 1p61 survey. Fig. 8.13(b) shor,¡s the

heliocentric vel-ocity ùistribution corrected. for observational selection

vith n = O and. n = h and observational plus astrono¡ticaJ- selection wíth

n = 2 and- ¡ = 5.

Itrhile at first glance the astrononrical selection correction (eqn

B.S) rngnt appear to inply an infinite nr:mber of meteors with paraboi-íc

and. hyperbolic orbits, and. ca1ls to mind. the rrrltraviolet catastrophet

of elassical physics, it should, be remembered. that no unequivocal evi-

den'ce exits to support the notion of interstellar meteors. If as has

been suggested (Babad.zhanov and. Kramer, L967) the hyperbolie eomponent

of the observed. meteor d.istribution is generated. by the action of gravi-

tationaJ- perturbing forces or some other dyna^rnieal agent within the

solar system, then in the unperturbed. state no tru-Ly parabolic or hgler-

bolic meteors would exist; Disregard-ing perturbations, íf, as must be the

ease, the true frequency d.istribution of heIíocentric meteor velocities

at I a.u. reaches a maximum below the parabolíc lirnit and. for higþer

velocities d.ecreases with increasing heliocentrie velocity more rapíd-ly

than the astronorrieal selection factor inereases, then the corrected
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d.istribution woul-d. d.rop properly to zero at the parabolic limÍt, even if

showing an enormous pl'oportion of neteors with velocíties only marginally

less than the limit.

If only a slight perturbation is necessary to transform a hígh

velocity meteor from an elliptic to a hyperbolic orbit, the astrononieal

weigþting factor which should. be applied. to that meteor would be elose

to that d.etezrnined. for the original unperturbed. orbít. However, wi-thout

knowled.ge of the perturbations which have af,fected. each meteor inöivi-

d.ua1Iy there is littlel¡¡e car. d.o to ad.just the form of the astronornieal

weigþting factor even on a statistical basis to compensate for thie"

The best we can d.o is to apply it to the major portion of the observed.

meteor distrÍbution and. note its inapplicability to meteors near the

parabolic l-indt.

The observation in this survey of extremely hyperbolie meteor

associations apparently related. to the Orionid. strea,¡n (gl.6.h) gives

support for a perturbational origin for hyperbolic meteor orbits gener-

al-Iy"

8.6 ORBITAI ELEMEI\TT DISTRTBI]ITTONS

The orbÍt of a meteor is speeified. by five quantities, conrrnoirly

taken to be

a senri-naj or axis

e eccentricity

i inelination

(¡ argument of perihelion

fl longitud.e of the aseend.ing nod"e
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although any other five quantíties which may be d-erived. from al-t of these

quantities may also be used.. A sixbh quantity, the true anornal-y .;,

locates the meteor in íts orbit. Since in this survey meteors muist col-

líd-e with Earth to be detected., the observed. values of tr"ue anomal-y wil-i

be sirnply S6O - to o" 180 - r,-io d.epend.ing upon whether the meteor is d.etec-

ted- at the ascend.íng or d-escend.ing nod.e.

Distributions of true anomaly, argu.ment of periheJ-ion, and. longítu¿e

of the ascenôing nocLe are presented. for completeness in Figs. 8"ih, f.i5

an¿ 8.f6. These d.istributions are so strongly affeeted by observaticnal

selection that it is pointless, in ¡riew of the uncerbainties involved, to

attempt to d-erive actual (corrected) ¿istributions from them.

The features of Fig. 8.t\ apparently reflect the observa"¿Íonal selec-

tion effects acting rather than any particular propertÍes of the actual

d.istribution of true anomaly. The minimum at tBOo is a'btríbutabte to the

low probability of d.etection of meteors in pred.ominantly d.Írec¡ ofbits

near aphelion. lnlere this not the ease, for a uniform orbii distribubion

one would. expect to find. a maxinrum at 18Oo since orbiting bod.ies spend.

most time near aphelion.

The maximum near el+Oo is apparentþ related. t,c the antisolar eclip-

tic radiant concentration and. the lesser maximum near" thOc cor,::espcnd.s

to the equivalent sclar eoncentratÍon, severety d.epleted. as a resul-t of

the interruptÍon of d.ay-time record.Íng by interference. The míncr peak

between O - 3Oo is probably d.ue to a large number of high inel-ínatÌon

Ior'¡ eccentricity meteors d.eteeted near perihelion.
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Fig. 8.t5 shows the observeiL d.istribution cf the argr:nent of peri-

helion o" The simple relation already noted between thÌs quantity a:r.ü

the true anomaly enables us to relate the main features of this ðistri-

bution to those of Fig. 8.fl+.

Fig. 8.16 shorn¡s the observed. ôistributicn of the longitud.e of tire

ascenùing nod.e. This d.istribution appears as a number of d.iscrete

groups d.ue to the relatively short d.uration of the cLata reeord.Íng

period-s and. because only six months of the year are represented_,

llhil-e a and. e d.efine the shape of an orbit, and. qi d.efínes the orien-

tation of the major axis with the orbit p1ane, i and. Q are the quantÌties

required. to determine the orientation of the orbit plane in space. How-

evere the astrononieal- weighting faetor ("q.r. 8.3) is a firnction of a, e,

and. i but not o or f). Directional properties of the orbÍi; d.istrÍbution,

such as, for exa,nple, a hypothetical- tend.ency for the a1ígnment of the

line of apsid.es for low Ínclination orbíts with the perihelion of Jupiter,

are strongly d.epend.ent upon d,istributions of t¡ and. Q ín addítíon to ä, e ,

and. i" In vier^¡ of the severe influence of observational seleetiorr effects

on the distributions of Figs. B.ti+, 8.15, and. 8.i-6, and the r.rneey-¡ainties

in the eorreetion factors no attempt has yet been ¡.ad.e to lsok for ùirec-

tional tend.encies of this type in the present d.ata.

Fortu¡ately the same problens do not prevent a meaningful anaì-ysis

of the properties of meteor orbits in regard. to shape, size arrd. relation

to the ecliptic plane. The remaind.er of thís ehapter is d.evcted to a

consid.eration of the dÍstribution of the present meteor sample in terms
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of a, e, and i. The perihelion d.istance g = a (f - e) is also consideled.,

since this quantity is much hard.er to pez-burb significantly than eíther a

or e by forces such as the action of the Poynting-Robertscn effect, whÍeh

ís most pronounced. near perÍhelion passage.

Fig. 8.tT corrpares the observed. d.istributions of reeiprocal- semi-

major axis for the present d,ata with those for radio meteors found by

Lebedinets and Kashcheev (tg6l) at Kharkov for l\. n 7, md And.ri-ar1ov,

Pupysev, and Sid.orov (1970) at Kazan for \ < + B. The d.istribuiion for

the brígþt photographic meteors of Babad.zhanov (fg6S) is also given for

eomparison.

The proportion of small orbits (t/a r' 5 ".u.-1) appeaïs to increase

tor,rards fainter limiting magnitudes. Very few srnall- orbits are found

arnongst the bright photographic meteors, md none for which T/a > 1 
""rr.-1

The M- < + B meteors of Andriancv et aI. contain a much higher proporLiorr
H

of smal-l orbits even than the \ < + 7 meteors of Lebed.ínets and. Kasheheev.

For smal1 orbits there is quíte close agreement beiween the d.Ístributicn

of Lebed.inets and Kasheheev and. that of the present survey, vhich co*rers

meteors of lþ < + 7.5.

For large orbits (t/a..5 a.u.-1), hor"ver, there are pronouneed.

differences betrn¡een the d-istributions obtained at Ad.eLaid.e and Klrarkcv"

The Kharkov distribution cuts off qirite sharply near the parabolic tirrit

for closed. orbits, while that found. in the present survey exhibÍts a

relatively smooth transition from elliptical to hyperbolic orbits. Tn

this respect the Ad.elaid.e d.istribution elosely resembles that for the

brigþt photographic meteors of Babad.zhanov.
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fhe Kazan system is based. on a forward.-seatter corfinunieations l-ink

with a base J.ine of 1OO km. (Anarianov et a-1., 1968) and, has rad.iant

measurement accuracy comparable to that of the Ad.elaide system.

And,rianov et at . (tgTO ) claim that their rad.io-echo method has el-imi-

nated. the 1ow sensitivity to fast meteors arisÍng from the rapid irritial

d.iffitsion of their trains. Their d.istribution of reciproeal semi-rnajor

axis gives some support to this claim, since it d.oes not show the sharp

cut-off apparent in the data of Lebed.inets and. Kasheheev. Notvith-

stand.ing the large proportion of neteors in smal-l orbits, the exbent of

the hyperbolic component of the d.istribution d.ue to AndrÍanov et aJ-. is

not as pronounced as those of eithe:: the Ad.elaid.e d.istribution or that

for the bright photographic meteors of Babad.zhanov¡

To the best of the author's knowled.ge pulse equipments are in use

both at Kharkov and. Kazan. The geometry of the Kharkov multi-station

system is similar in prínciple to that of the Adelaíd-e system, and. the

differences between the ùistributions for the various rad.io surveys

shovn for smaJ-l Lf a are attributed. to the use of a c.\^r. system at

Ad.elaid.e instead of the more eonrnon puise rad.ar emplcyed. at Kharkov and

Kazæt. The advarrtages of velocity determination by the i:se of ihe pre-

t diffraction pattern available in a c.w" system, partier:J-arly in theo'

presence of rapid d.iffusion have been noted. ín 93.

The simil-arities in the Ad-elaid.e rad.io and the bright photographic

meteor ùistributions for large orbits gives further suppozt for the

ad.vantages of a c.w. system since the photographÍc method. of veJ-oeity

d.eterralnation is not harnpered. by diffusion effects.
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To test the significance of errors in velocity d.etermination with

respect to the observed. d.istribution of reciprocal senj--major axis,

d.istributions of Lf a have been d.eternined. for echoes satj.sf}ing various

restrictions in allowab1e stand.ard. d.eviation in the d.eterminatÍon of

x/t (see 55.2). The mean value of the stand.ard. d.eviation for this sur-

vey is .0\5 (see Figs. B.)+, 8.5) compared- with that for the survey of

Nilsson (tg6Z) of near .08. The difference is prcrbably due to the

prepond.erance of echoes in the present survey with good quality dif-

fraction waveforms and. more than sufficient extrema for red.uction.

Figs. B.f8(a) ana (¡) shor¡ the distributions with Ua for over-

ilense and und.erilense trails for all meteors, and. for meteors with stan-

d.ard. d-eviations on all traces restricted. to less than .07 and- less than

.0)+ .

The restríction in stand.ard. d.eviation d.oes not red.uce the hyperbolic

component and. even results in a slight decrease in the mean val-ue of Lia

Ín each casee ind.icating ind-eed that the higher frequency d.ata tend.s to be

of better quality than the low frequency data. ft ís interestíng to note

that the modal- value for the overilense meteors is less than that for the

und.erd.ense meteors, Vet the hyperbolic component is snaller. These &j-s-

tributions indieate clearly that the hyperbolÍc cûrrrponent is rrct attrí-

butable to any major extent to error in velocity measurement"

The distributions vary in the expeeted. manner for large vaJ-ues of

Lla.
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Fig. 8.19 conrpares d.istributions of reciprocal serni-major axis

corrected for observatíonal selection only and. observational plus astro-

nonica]- selection, both for ¡ = \. The maxim'u:m near 0.5 a.u.-1 for the

d.istributj.on correeted for observational selection only, is similar to

that for the observed d-istribution (¡'ie. 8.ff) and. is apparentty due to

the large number of low inclination meteors related. to the Jupiter faraily

of comets. Ïlhen account is taken of astrononical selectíon, Fig. B.f9

shows that this maximum d-isappears arrd. that a very' large nurriber of

meteors occupy orbits of large d.imensions. tr'or reasons d.iscussed in

98.5 tfre astronomical selection correction is not applied. to meteors

observed. with parabolíc or hytrlerbolic orbits.

Figs. 8.20 an¿ 8.21 show the observed- d.istributions of eceentricity

and inclination for r.:nderd.ense, intermed.iate and. overd.ense traÍls " Pro-

portionately more orbits of low eccentricity are apparent for the r¡nd.er-

dense meteors, consistent with the increasing significance of the

Itoroid.alr meteors at fainter magnitud.es. The reason for the large pro-

portion of underd.ense meteors with eccentrieítiee greater than 1.2 com-

pared. wíth the proportion amongst the overdense d.istribution is not as

yet nnd-erstood, ffid ihe signÍficanee of the peak aÌ e = 1.25 is uncer-

tain. This d,isproportíon is consistent with a col1Ísional origin for

the hyperbolic meteors. Dohnanyi (WfO) considers collision processes to

be a major faetor controlling the evolution of meteor orbit ôistributions.

ft is apparent that the fragments generated. in a d.estructÍve collision

between two meteoroid,s should. be both smal-ler and more nurnerous than the
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parent objects, and- it is conceivable that a nl¡nber of these fragrents

could. be projected. into hyperbolie orbits even thou.gh the collísíon had.

occurred- between two particles in eltiptic orbits 
"

The increasing significance of the ttoroid.alr meteors at fainter

magnitud.es is supported. by Fig. 8.2L which shows the ratio of under-

ilense to overd.ense meteors with inctinations neaï 600 to be approxi-

matery twiee that for low incrination meteors. More striking is the

large proportion of retrograd.e orbits amongst und.eriLense meteors com=

pared. with the proportions for the intermed.iate and- overd.ense traíls.

since meteors in retrograd.e orbits wilr in general have higher

geocentric velocities than similar meteors in direct orbits, the d.epen-

cLence of ionizati-on on velocity ßA.Z.Z) ind.icates that meteors in retro-

grade orbits prod.ucing trails of tímiting electrorr line d.ensity will be

of smal-1er mass than those in ùirect orbitsr Thus Fig. B.2l can be

interyreted. as showing that high inclÍnation orbits beeome increasingly

pronounced. with d.eereasing meteoroÍd. mass. It is appareni that were

the d.istribution for und.erd.ense meteors to constant 1i¡riting mass rather

than constant limiting eiectron line d.ensity, the retrograd-e meteor com-

ponent with a maximr.m at t)+!o woul-d. be smaller thari the toroid.al group

component with a maxÍmum near 600, instead. of larger, as in Fig. B.er"

Fig. 8.22 shows the observed. d.istribution r.¡ith inclination for

various ranges of semi-major axis and. eecentrieity. The presentatÍon Ís

sirnilar to that used. by Davies and. Gil1 (fg6O) to descríbe the observa-

tions of a rad.ar survey to similar limitíng magnitud-e. WhÍle there are
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sinrilarities between the two sets of distribui,ions there are notice-

abl-e d.ifferences as well . For a < I"25 a.u. Davies and. Gil1 observed.

very few tow inelínation orbits, most orbits with inelinations near 600

and a lesser broad. maximum near 1l+Oo. High eccentricity orbits contri-

bute l-ittle to the maximum at 600. fn contrast the present survey for

a < 1.3 a.u. find.s a large number: of low incfination orbits with high

eccentricities and a rather less pronounced coneentration near 600

relative to the strength of the coneentration near f\!o. For 1.25 < a

< 2 a.u. and.2 < a < 5 a.u. the d.istributions of Davies and. Gi1l are

simil-ar, as are the ùistributions for 1.3 < a < 2 a.u. and 2 < a < )+ a.u.

for the present survey. Once again, however, the Ad.elaid.e survey has

d.etected. a high proportÍon of 1ow Ínclination orbits of high eccentricity

not prominent in the d.ata of Davies and. GilI. Davies and. Gill observed.

few retrograde orbits with a < 5 a.u. and. found. the d.irect orbits in this

range to be uriiformly distributed. ín inclination. The equivalent distri-

bution of Fig . B.ZZ covers the range a, < h a.u. and. some of the differ-

ence may possÌbIy be attributed. to me-beors in the ïange )+ < a < 5 a"u".

For the Ad.elaid-e d.ata the concentration near i = 600 is stíl1- pronounced.

with a > )+ a.u. and- is d.ue to meteors with e > .75. The peak in the

d.istribution for retrograde orbits is stilt apparent, but broad.er. For

hyperbolie orbits there is a pronounced. rninimum near i = 4Oo but other-

wise the d.istríbutíon wíth inclination is comparativeiy unifonn, with

slight increases for both d.irect and. retrograde orbits near the ecliptic

as well as at i = 600 and. i = th5o. Tn vier^¡ of the preced.ing discussíons
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of their significance GA.>, 98.3.3) it appears that about one third of

the hy¡lerbolic orbits present may be due to over-correction of the atmos-

pheric retard.ation for higþer d.ensity meteors d.etected. at Iov reflection

point heígþts. The majority of ihe remaining tr^¡o third.s a"re considered

to be real. If the real component is generated. by perturbation of el1ip-

tic orbits it is apparent that the hyperbolic orbits whether real- or

generated- by error should. be d.ístributed. in a simifar manner to the large

el-liptic orbits. The observed. d.istribution shows this to be the case

and. gives no evid.ence for an interstellar origin of hyperbolic meteors

with either rand.om or preferred. d.ireetions of arrival .

Consid.eration of Fig. 8.22 shows that we may reasonably class

meieors according to incl-ination in three distinct groups, na,mely

(i) i -< 3oo

(ii) 30 < i< 9oo

(iii) í ' 9oo

Figs. 8.23(a), (¡), (c) show the observed. distributions with peri-

helion d.istanee q for these three groups, ealeulateô separately for

sporadíc and. associated. meteors from the present survey. In each ineli-

nation range there is a close ccïTespondenee between the d-Ístributions

for sporadic and associated. meteors, althougþ quite distinct d.ifferences

are apparent between the various ra¡.ges of inclination. This gives

further support to the ad.equacy of consideratíon for most purposes of

the faint rad-io meteor d.istribution as a whole without prior removal of

the strean compcnent (gB.l+).
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The most noticeable ùifferences in the d.istribution of peri-

hel-ion d.istanee are

(i) Both high incl-ination ranges show sharp peaks near q = 1a.u.

fn contrast the i -< 3Oo range has a minimr.¡:n for q = 1a.u.

(ii) The i -< 3Oo d.istribution is broad. vith a preference for orbits

of small q. There is a more pronounced. concentration of sma11 q

orbits for 30 < i -< 9Oo with a ninimum in the vieinity of q =.5 a.u.

On the other hand. the i > 9Oo distribution has few smal-J. q orbits

and. a steady increase with inereasing q. There is a suggestion of

a broad- maxj-mum near q = .6 a.u.

The significance of the main features of these d.istributions are

better ,und.erstood. when consid.ered. in conjunction with information on

orbit size and. shape, specified. by thesemi-major axis and. eccentricity.

Following Kresák (tg6l) we consid-er the foregoing d.istributions in

the form of, two-d.ímensional a-e d.iagr¿rms, one for each of the three

ra.rrges of inclinati-on d.iscussed. above. Kresfü has calculated- the dis-

tributions for a nr:mber of related. quantities in terms of the a-e d.iagra;n,

and. has d.emonstrated. the usefulness of thís presentation for comparison

of meteor orbit ðistributions wíth those of short-period. comets and-

asteroid.s, as ve1l as for d.isplaying the evolutionary paths r,¡hich r¡ou1d

be fo1lowed. by orbits under the aetion of such influences as the Poynting-

Robertson effect.

[he a-e diagrarn, besid.es being an alternative way of presenting the

informatíon contained. in Fig. 8.22, also yield.s d.irectly the distribution
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of orbits in terms of perihelion ùistance, eccentrícity and. inclination

since e = a(l-e).

Fig. 8.21+ shows the rel-ation of a, q. ande as ana+ diagran forease of

reference. The hea¡ry borrnd.aries correspond. to the entreme eond.itions

necessary for an earbh-crossing orbit (neglecting the earthts own eecen-

trÍcity) of a(l-e) - 1, and a(1+e) = t.

Figs. 8.25(a) ' (¡) and (c) show the observed a-e distributions for

a1l meteors of the present survey, accord.ing to inclination range. rt
is Ínteresting to compare these distributions with those of Kresák (tg6l)

for bright and. faint photographic sporad.ic meteors. Fo¡ loq¡ inclinations

Kresák find.s a eoncentration of meteors for 1.5 { a{ 3.! a.u. near

q = 1 a.u. for both bright and. faint meteors. The faint photographic

meteors show an extension of this concentration into the region a s 1 a.u.,

et' .2 r¿hich Kresár (tg6l) suggests is the area whj.ch r¿oul_d. be reached by

asteroid.al meteors u¡d.er the action of the Poynting-Robertson effect.

Due to a mueh smaJ-l-er sample of bright meteors, comparison of this region

for the faint and. bright photographic rneteors is not possible. rn con-

trast Fig. 8.2r(a) shorn¡s fev orbits with q tu 1 a.u., particularly near

a = 1 â.ü., and- has a strong concentratÍon ín the regicn I < a < 2 â.ü.,

.75+e{. 1.

A similar d.istinction has been noted. by Lebed.inets and Kashcheev

(tg6l) who found. the orbits of faint rad.io meteors wíth smal1 inclina-
tions to the ecliptic to be eoncentrated. prefereniially for q < .25 a.u.

in eontrast to the preference for q > .5 a.u. shown by photographic
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meteors of low incl-ination. More recently KresAç (ry6g) nas considered.

the relative merits of a number of criteria for d.istinguishing between

cometary and- asteroid.al- orbits, æd finds that the zone for probable

d.etection of asteroid.s lies close to q = 1a.u. and. exbend.s up to a = 2.8

a.u. Kresák predicts a peak near a = 1.5 a.u. due to d.rag effects bring-

íng the meteoroids into contact with Earth, and. a peak near a = 2 a.w.

for col-lisional and perturbational ejection into an Earth-crossing orbit.

Fie. 8.25(a) d.oes e:<hibit a focal concentration of orbíts near

s, = 2.2 a.ü., e = 1 a.u., but shovs no sign of the predicted concentra-

tion at a 3 1.5 a.u., e = 1a.u.

fhe raùio meteor a-e diagra¡n for 30 < m:< 9Oo (¡'i.e. 8.2r(b)) shows

some símilarity to the equivalent distribution for faint photographie

meteors, althougtr the concentration near 1^-< â...,( 2 a,u, and.0.8^ç e < t

is stil1 again stronger for the rad.io meteors. The eoncentration of orbits

near q = 1 a.u. occurs for 1"-< arÍ l+.h a.u. eompared r,¡ith 2 { aé 6 a.u.

for the photographic meteors, consistent with the smaller meteors being

in a more ad-vanced. stage of evofution through action of the Poynting-

Robertson effect

For i r gOo (f:.g. 8.2r(c)) tne radio meteor a-e d.istribution shor,rs

much cl-oser agreement with the equívalent faint photographie meteor d.is-

tribution given by' Kresâ<, even to the extent of showing a minor con-

centration of orbits with 1S a..5 2 a.u. and.0.6 { "{ 0.8. ft d-oes,

ho'wever, shol,.r a loose concentration of orbits along the a(l+e) = 1

bound.ary as r¿ell as for e.É .\, â = 1a.u. not present in the photo-

graphic sample.
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Fig. 8.26(a), (t), (c) shor¡s the a-e distributions for the present

surveJr corrected. for observational and. astronomical- seleetion assu-ning

n = )+ and. using the astrononical weigþting factor of eqn. B.f.

As night be expected, the strong orbit concentrations near the

q = 1a.u. boundary of Figs. 8.2:(t) an¿ (c) result from seleetion

effects and. are substantially removeil in the corrected. d.istributions of

Figs. 8.26(ø) and (c). The remaining concentration near a = Z a.w.,

e = 0.5 ín Fig. 8.26(a) correspond.s to the rtoroidal' group of meteor

orbits. Lack of tine has prevented. the calcr-rl-ation of correeted. a-e

d.istributions using an astronomical correction factor of the forn of

eqn. 8.3. The diffeïenees between the two for the purposes of the a-e

d-íagran amounts simply to a weighting ôifference ot 
^3/2 

in the d.ireetion

of the a-axis.

Kresák (tg6l) employs an astronorrieal weighting factor si¡dlar to

that d.escribed. by eqn. 8.3 to compare clistributions in space with

observed. d-istributions of comets and. asteroid.s. This is certainly

reasonable for asteroid.s, horuever, as mentioned. in 58.2 I,fnipple (rg¡l+)

consid.ers eqn. 8.t ttre more appropriate forr¿ of the astronomical- weight-

ing factor for comparison with comets.

The correction factor of the form of eqn. 8.3 is perhaps the more

appropriate form for use in considering meteor orbit evol-ution. l,rlhere

short-period. orbits are thought to have evolved. from long-period. orbits

the use of eqn. 8.3 is necessary for deterrnination of the true pro-

portions of meteors in various orbit ranges. Possibly the toroid.al
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meteor group of Fig. 8.26(b) r'¡oul-d. exbend snoothly along the q = 1a.u.

bound.ary to'¡rards ]-arge a, if eqn. 8.3 were used., instead. of terminating

as at present near a = 2.5 a.u. through the use of eqn. 8.f.

Ttre signifieance of the features of the corrected. d.istribution for

retrograde orbits (¡'ie. 8.26(c)) is doubtfr¡l, although the agreement

betveen the observetl distribution (fig. 8.25(c)) and that of Kresákrs

photographic meteors is good. Detection of meteors in retrograde orbíts

is strongly enhanced. by observational selection effects, anil the correc-

ted. d.istributions show relatively fe'¡¡ meteors in retrograde orbits.

Possibly the most significant feature of the a-e d.iagrarns presented.,

when compared. with those of Kresdr (tg6l) for photographic meteors, is

that they indieate the probable evolutionary history of a meteor orbit

eoncentration. fhus, as has already been pointed. out, the 1ow eceentri-

city higþ incl-ination meteors apparent at rad.io magnitud.es may well have

evolved. from orbits like those of the equivalent, more eccentrie concen-

tration of photographic meteors.

The strong concentration of lor¡ inclination meteors eentred. on

a = 1.5, ê = .85 on the other hand. shor¡s no signs of having evolved. from

orbits of larger dimensions, anit appears to represent a d.istinct class

of radio meteors. The Geminid.s ancl ô-Aquarid.s are exeeptional photo-

graphic strea¡ns with similar orbits. No comets have been observed. with

orbits of this type, leading Kashcheev and. Lebeciinets (tg6l) to postulate

that they are generated. by a elass of very short-Iived. comets with

sinilar orbits.
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An al-ternative suggestion is tentatively put fonrard as a result of

the apparent relation of the Geninids to a complex of strea^rns inelud.ing

the Monocerotids (sf.¡). Perhaps orbits of this type nay arise direetly

from ejection of material from comets of longer period.s than those sugges-

ted. by Kashcheev and. Lebedinets. Such a possibility cannot be d.iscor¡ted.

without more knowledge of cometary processes. One argument against this

seens to be the rel-ative lack of photographic meteors with this type of

orbit, implying some selective evolution has arso taken p1ace" This

argu:nent al-so mitigates against the source proposed. by Kashcheev and.

Lebedinets.

It d.oes seem, however, that such streans must be young. llith such

small- perihel.ion distances they shor:-Lct age rapid.ly. This d.oes not

suggest a¡ textinctr class of eomets, but rather one whieh should. still

be aetive at the present tine. Thus the lack of sigþtings of comets

with orbits correspond.ing to this cl-ass of meteor orbits shouJ-d. perhaps

indicate that such comets d.o not exist, anil that the d-erivation of these

meteors from the presently known comets may be nore Iikely.
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CHAPTER IX

SOME CONCLUS]ONS FROM THE PRESENT SURIßY ¿I{D AIÍ

9.1 RECAPTTULÆITON

This survey has been the first in the Southern llemisphere to

measure orbits of ind.iviclual- meteors d.otrn to a limiting magnitud.e of

M- = + 8. rt has confirued. and. extended. the resr:-l-ts of surveys by aH

number of other workers anci has given some d.egree of coherence to a

variety of observations of the neteoric cor¡rlex. ltrÌrere the survey has

not been able to provid.e ciefinitive ans'wers to sone questions it has

hopefully at least given a clearer idea of what those questions should.

be.

Sefore consid.ering their inplications, the rnain find.ings of thís

study are sumrarized..

9.A.A Atmo c Deceleration Measurements

Direct measurements of meteoroid deceleration in the atmos-

phere, combined- with what are thought to be reasonable assumptions about

meteoroid. shape and. the ablation process, have enabl-ed. computation of the

surface area/mass ratio for individual meteoroids. Further assumptions

regard.íng the meteor magnitude and ionising effieieney enable estimates

to be mad.e of meteoroid. mass ancl bulk clensity. Ïfhile the scatter in

ind.ividual- measurements is consid.erable, clear trends in the d.ata are

apparent when the neteors are grouped aceorcling to height range of obser-

vation. A selectÍon effect relating meteoroid. bullc density to height of



183

observation (hence height of maxim:m ionization) is evid.ent, with the

highest densities corresponùing to the lowest height range.

A similar d.ensity - height selection effect has been noted.

for photographic meteors by Vernianl (fg6h). To the best of the authorrs

knowled.ge this survey is the first to reeognise the effect a.rnongst rad.io

meteors. T?re data of Evans Ígee) shows a simil_ar trend., but Evans has

not placed any interpretation on this.

A mean val-ue for meteoroid. burk d.ensity of o. 6J gr "r-3 h""

been found for the meteors observed near 90 km height in this survey.

This measurement is in good. agreement with those of Verniani ígeø) and.

suggests that the meteoroid.s have either an agglomeritic or pur:riee-1ike

structure. The apparent d.ensities of the meteors observed at the 1owest

heights are sufficíentJy great to confirn that the lorr d.ensities recorded.

at greater heights are reaI, since proportionate scaling of aI1 d.ensities

to increase the small-er values would produce d.ensities at lower height

ranges whieh are physically unattainabl_e.

9.a.2 Meteor Streams and. Comet ary As ciations

The orbit d.ata has been systematically searched. for associa-

tions using the D-criterion method. of southrrorth and. Har¡kins (:Ig63).

Altogether \o/' of the orbits were found. to be associated., or 3o/, ir pairs

of meteors on\r were exelud.ed.. Some nethods of estimating the signifi-
cance of associations have been critically exa.:nined., and. it is concl-u¿ed.

that associations observed. between pairs of orbits at high inclinations

are probably signifieant .
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In ad.ùition to d.elineating some well-knovm major streams, the

present strea.m search has found a m:mber of signifieant strea.ms not

previously observed., and in particular has observed. a cl-ass of 1or.¡ eccen-

tricity rtoroidal groupt meteor streams with rad.iants at deep Southern

d-ecl-inations. The mean rad.iant positions for the d.etected. assoeiations

have been compared. vith the preðicted radiants for streams possibly

associated. with comets, listed. in the general ind.ex-list of Hasegawa

(rg:8), and subsequentþ cheeketi against the Bal-det and de Obaldia (:tg:>z)

catalogue of eomet orbits. Possible associations occur between 3l+ of

the meteor associations and. 1J comets.

This survey has found. what appear to be ind.isputable

relationships between 1or and. high eccentricity meteor streams, ancL also

betr¿een l-ornr eccentrieity strea¡¡.s and long-period. comets. Irihile it seens

certain that these meteor strea^ms have been generated. by comets, diffi-
culties are encountered. in several cases r¡hen atternpts are mad.e to recon-

cile the time scal-e of evol-utionary processes with elapsed time since

perihelion passage of the parent comets. These ùifficul-ties arise from

the commonly he1d. notion that meteors originating from a comet shoufd.

have orbits virtually id.entical- to that of the comet. This notj.on is

questioned. l-ater in the chapter in an attempt to resolve the problem.

9.L.3 Orbit Distributions

fn contrast to the larger photographic meteors, d.istributions

of strea¡n and. sporadic meteors in the present survey sho¡¿ marked. sir:d-

larities. This appears to be due to the d.ecrease in signifieance of the
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maior stTeails at fainter magni-tud.es, combined. with the increased nr¡aber

of ninor streams resol-ved. from what would. formerly have been consid.ered.

as sporad.ic meteors .

Unlike a number of radio meteor surveys to similar limiting
magnitud-e, the present sì.rrvey has founcl the d.istribution of hyperbolic

orbits for smal1 meteors to coincide wel-l with that observed. for bright
photographic meteors. The present equipment is r,¡eII suited. to the d.etec-

tion of high velocity meteors, anil their paucity in other radio,surveys

may be d.ue to linitations of the observing techníque rather than due to
any d.istinct d.ifferences ín the d.istribution of large orbits between

rad.io and. photographic meteors. The hyperbolic orbits are thought to
arise from elliptic orbits through perturbation or collisions between

particles, æd are not consiclered. to inùicate that the meteors are of

interstellar origin.

Sinilarities between d.istributions of shor¡er and. sporad.ie

meteors in terms of raùiant coord.inates and. perihelion d.istance suggest

that sporad.ie meteors probably arise from strea^:n decay, rather tha¡

having a d.istinctÌy sporadic origin.

Orbital d.i.stributions have been presented. for various incli-
nation ranges on a-e ùiagrams, following the.use of this effective

method- of presentation by Kresâr (D6r) for photographic meteor orbits.
Probabl-e evolutíonary paths on these diagralrs suggest that 'toroi_d_al_f

raùio meteors may have evolved. fron photographic meteors in more eecen-

tric orbits, while indicating that the short-period. orbits of higþ
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eccentricity and. low inclination coltunon anongst rad.io meteors have been

generated d.irectly and- have not evolved. from some other form.

comparison of orbit d.istributions for meteors prod.ucing

und.erd.ense, intermed.iaterand. overd.ense trail-s shows that the ttoroid.alt

class of orbit is most pronounced. for the underdense meteors, and. that

high inclination orbits become increasingly inçortant with d.ecreasing

meteoroid. mass. ltrhen d.istributions are eorrected for observational and.

astronor:rical selection effects, it is found. that very fer,i¡ of the meteors

are in retrograd.e orbits (those r¡hich are have a high probability of

detection), md that the true nr:mber of meteors increases r,¡ith increasing

semi-major axis out to very large orbÍt d.imensions.

9.2 TIÍE RELATION OF METEORS TN ORBTTS OF HIGH INCLTNATION TO TItr
SYSTEM OF LONG-PERTOD COMETS

Richter (tg6s) in the opening paragraph to his book 'The Nature of

Comets I is certainl;¡ succinct , if rather mod.est , when he says:

"f f a present-d.ay astrophysicist were asked. the question f T,Jhat

is a comet?t, he could. surnmaríze the whol-e of our existing knowled.ge

of these objects in the brief reply:

fA comet is a cloud. of meteors, surround.ed (at tines) ty a

gaseous envelope, the whole system moring round. ihe sun in a path

having the form of a conic-seetion.trr

Certainly our d.i-rect knowl-ed.ge of cometary structure i-s rather sparse"

Nobo-dy is sure whether comets in general- have so1id. nuclei, or whether

they are made up of partícles moving in ind.ividual orbits. A nr.¡mber of

theories have been proposed. to accou¡rt for the observed behaviour of
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comets, an¿l perhaps the most suceessful of these is that due to ]lhipple

(fgtO,L95L) knor,rrn as the ricy comet nod.ef in which it is suggested. that

comets may have nuclei consisting of a conglomerate of particles cemented.

together vith ices of such substances as H20, NH3, CIf4 etc.

Comets may be divid.ed. into two d.istinct classes, accoràing to

orbital characteristics. One such class correspond.s to the short-period.

comets, which generally have orbits of 1or¡ inclination. In this class

the Jupiter fa.nily (those comets with aphelia close to Jupiter's orbit )

pred-oninates.

The other class comprises the long-period. comets and. those observed.

to have parabolic orbits and. is more evenþ d.istributed in incl-inatiJn

(Porter , L952) . The d.istinction between asteroid.s and. comets is not

always clear. Objects have been observed with characteristics of both.

This point will be anplified. l-ater.

Both asteroids and. comets as classes of objects have been proposed.

as sources of meteoroid.al material , and. r¡hile it is generally agreed. that

each will contribute to the meteor population, the relatíve propoCcions

of the meteors arising from each is a matter of some d.oubt (Kresák, 1969),

The author has no úish to enter this controversy, which applies chiefly

to meteors with d.irect orbits near the ecliptic plane, so the following

remarks will be maínly eonfined. to a consid.eration of the highly inclined

(and. in particular the 'toroidaJ-r ) meteor orbits which are best observed.

at faint radio magnitudes.
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The large numbers of higþ1y inelined- low eccentricity rtoroíd.al'

rneteor strea,rns observed in this survey have ind.icated that this class of

meteors, forrnerly thought to be possibÌy intrinsically sporad.Íc (Hawkins,

l962) has originated from strea¡ns in the normal ma,rìner. A comprehensive

cometary orbit search has revealei[ several inùisputab]-e associations

between such strea^ms and. long-period. (r'rhich for this ùiscussion incl-udes

parabolic) comets, with a parbicularl-y significant intermediate higþ

eccentricity strea.m also observed. in one case, and. a similar relation

between smaller associations observed. in another case.

Possibly rtoroidalr neteor orbits may arise in other ltays as well,

for exa.r4r1e through the action of perturbiág forces as d.escribed. by

Ha¡rid. and Youssef (f96S), but certainJy the present survey has demonstra-

ted. that such orbits are in some cases d.erived. from those of the para-

bolic and near-parabolic long-period. comets.

The rel-ation between long-period. comets and. toroidal group meteors

is not altogether unexpected, althougþ one major question at least ar¡aits

an answer. There are relatively fer¿ retrograde meteors even aJnongst the

high inclination meteors only, r'rhereas the long-period. eomets are faír1y

evenly d.istributed. in inclination. One simple expl-anation of the d-is-

crepancy is proposed., but at present is only a hypoihesis requiring

observational verification. Before considering this problem furbher,

hor,rever, it is tinely to outfine a separate problem which was noted

briefly at the end of 57, in regard to the tÍme-scale for evolution of

meteer streams. The explanation proposed. to ex¡llain the retrograde
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orbit proportíon probl-em may also provid.e arì ansï¡er to the seconcL

problem.

The occurrence of toroid.al meteor orbits only at faint magnitudes

suggests that these orbits may well be the result of evolutionary forces

acting d.Ífferentially on the meteor mass range. On the other hand. as

mentioned. earlier the tinre scale for such evolutionary pt'ocesses Ís quite

incompatible with elapsed time since períhelion passage of associated

comets for almost all the cometary associations found.. ff we disregard.

the possibility of some wtdiscovered. strong d.rag force existing, capable

of massive aphelion contraction in only severaJ- revolutions of a

particle, two possible explanations of the apparent time scale discrep-

ancy remain.

(i) hle may need to study the mechanics of ejection of partieles

from comets in much greater d.epth. Long-period. comets do not

show the preference for the ecliptic plane exhibited. by most

other members of the sol-ar system so that the relation of theír

origin to that of the other bod.ies is not c1ear. If rlre suppcse,

d.espite this, that the majority of long-period. comet nuclei

rotate in the direct sense irrespective of whether theír orbi-

tal motion is direct or retrograde, then there wil-l- be two

major consequences.

Solar heating on the sunward. sid.e of a comet near perihelion

in a direct orbit r¡ill resr:l-t in the ejection of material with

a velocity component toward.s the antapex of the cometfs way and.
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into an orbit of l-ower eccentrÍcity. tr'or a d-irectly rotating

comet Ín a retrograd.e orbit the ejection of materiaJ- will be

d.isplaced. towards the eometary apex. For a long-perÍod or

parabolic comet such a d.isplacement woul-d. result in the meteors

created. having hyperbolic orbits in a large nr.rmber of eases.

This model- could thus explain at once the d.earth of retrograd.e

meteors and. the observed. tend.ency for neteor stream orbits to

have lower eccentricities than the associated. comets. The mod.el

is not suggested. to be the sole cause of the low eccentricity

orbits of the toroid.al group. The lack of meteors of photo-

graphic size anongst the toroid.al group ind.icates that a mass-

d.epend.ent process has also contributed..

(il) A second. ex¡:l-anation of the apparent time-scale d.iscrepanci-es,

not mutually exclusive but rather complementary to the comet

rotation hypothesis already d.iscussed., is that long-period

eomets may frequently occll-r in comet groups. Sueh groups may

possibly have been generated by the d.isíntegration of giant

comets at some long past perihelion passage. If this r,r¡ere so

then it would be possible that the l-ow eccentrÍcity streams

observed. to be associated. with recent comets ma;r actually be

derived. from previous merbers of a comet group.

Rotational motion of comet nuclei is an id,ea originally consid.ered.

by lü?ripple (fg¡O). Observations of cometary motion for a nu¡rber of

short-period. comets eonfirm the action of non-gravitationaJ- forees
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generaJ-ly acting strongly away from the Sr:n with a smaller transverse

cor4ronent in the orbit plane. This is apparently the result of reaction

to ejection of gas and./or solid- material from the comet, sínce the d.egree

of the non-gravitational behaviour of the comet tends to decrease with

time and. is not apparent at all for comets of asteroid.al- appearance

(Marsden , a969).

Marsd.en (D6A, 1969) tras stud.ied. the effect of non-gravitational

forces on a m:mber of short-period and one long-períod. comet. For the

shorb-period. comets the d.istribution of the non-gravitational forces

suggests generally smal1 rotations, with d.irect and. retrograd.e sense

being about equally probable. The long-period. Comet Bun:harn tp6O fI was

observed. to be accelerating sligþt1y. This implies retrograde spin since

the comet has a retrograde orbit. The observations are, however, un-

certain and. inconclusive, ffid cannot be consid.ered, as representative of

the class of long-period comets.

Marsd.enrs ealculations which show the transverse componenù of the

non-gravitatÍonal force aeting on a comet to lie Ín the orbital plane are

all for comets rrith orbits close to the ecliptic plane" It remains to be

seen vhether this stil-l appiies to orbiis of high inclínation.

Some probleras arise when trying to reconeile the present arguments

with the find.ings of Dohnanyi (1970) (see 52). t¡ihile these observations

give support to Dohnanyi's conclusÍon that sporad.Íc meteors may be

d.erived. from shower meteors and. hence from comets, they also ind.icate at

first sight that some form of rad.iation d.amping may have resulted Ín the
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streans of l-o'w eccentricity observed., r,rhereas accord.ing to Dohnanyi

collisional processes shoul-d have predorninated to d.estroy the stream.

On the other hand, as Dohnanyi himself recognizes' collisional

proeesses will have the higþest probability of occurrence near stream

perihelion, when the spaee d.ensity of particles within the stream is

greatest. Col-lÍsions at perihelion could thus result in the creation

of 1or¡er eccentricity orbits associated. with the main streann, in acdi-

tion to higher eccentrieity orbits to bal-ance the conservation lar¡s. The

higþer eccentricity orbits eould. in anumber of cases be hy¡rerbolic, and

thus have a low probability of detection. Such a collision mechanism

seens to be the most likely elçlanation of the d.efinitely hyperbolic

orbits observed. in the Orionid.s of this survey (Sf.¡).

The lol¡ eccentricity orbits vould. be more apparent at'fainter magni-

tudes, si.nee the range of particle sizes a,rnongst collision products

should cover smaJ-ler partíc1es than the primary cometary ejecta.

It ís also apparent that the greatest space d-ensity of particles

must occur within the comet itself and- in its immed.Íate environs, so that

collision probabilities may be many ord.ers of rnagnÍtud.e higher at this

stage in the life of a stream than subsequently. Ccnsideration should be

given to the likelihood of low eccentricity orbits being d.irectly created.

by eollision during stream foz:nation, and the 1Íkely relative mass distri-

butions to be encountered- in such orbits. Such a process would. not only

be consistent with Dohnanyirs modef of stream d-ispersal but would. remove
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the apparent d-iscrepancy in time-scal-es noted. already in regard. to the

action of the Poynting-Robertson effect in the creation of low eeeen-

tricity streams.

9.3 AN TNTBA-SOLA.R SYSTEM ORTGTN FOR THE SYSTEM OF LONG-PERIOD COMETS

9.3.1 Meteoroid Densi ty

The correlation between meteoroid. bul}, d.ensity and- height

of observation in the atmcsphere iliscussed. in 99,a.1 indicates that the

frothing mechanism proposed. by Allen and. Baldwin (ry6f) d.oes not contri-

bute significantly for the present meteors. fn the course of other work

(irnpublished.) the author has noted that frothing is a comnon occurrence

when a variety of material-s are heated. in vacuo, and. may be caused. by

the release of even minute quantitÍes of ad,sorbed. or occl-ud-ed- gases und.er

these cond.itions. The present d.ensity-heigþt variation therefore d.oes

not shor,¡ the frothing mechanism of Allen and. Bal-dr¿in to be unreasonable,

for a d.ense particl-e but merely that their supposition that the basic

meteoroid. before abl-ation is eompact is untenable. A reverse mechanism

of progressive melt collapse has been proposed. (s6.)+) for an initiarly

extend.ed. or porous structure to ex¡llain the observed. d.ensity-height

variation, although height-frequency ùistributÌons suggest that this

variation may simply reflect a meteoroid. bul-k d.ensity probabilíty d.is-

tribution eonsistent with inhomogeneous agglomeritic or pumice-Iíke

composit ion.

Further support for the pumiee-like erCcend.ed. structure of,

the rnajority of meteors eomes from stud.ies of the Arietid,/ô-Aquarid.
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strea.m complex, the meteors of whieh have an unusual- appeara.nce, being

sharp, showing no wakes, and. giving off no sparks (Terenteva, t963).

The exceptionarly small perihelion distance of this stream (q. = o.06 a.u. )

suggests that the meteors may und.ergo melting near perihelion, in which

case a mechanism sueh as the tcapillaryt mel-t col_Iapse alrea y proposed.

for an exbend.ed. porous object night take plaee neaï the Sqn rather than

in the Earthts atmosphere, giving the meteors the greater than usual

cohesion observed. in their atmospherie fligþt. Terenteva (a9æ) con-

siders that meteors wil-1 reach temperatures comFarable r,rith the melting

point of silicates (" ttooor) near the perihelion d.istance of the

ô-Aquarid. strea¡r. Thus the frothing mechanism woul-d. be inapplicable to

the process of meteor formation from comets near perihelion for the

majority of meteors observed., perihelion generally oceurring at much

larger distances than 0.06 a.u.

rt seems more likely that frothing wilr occur, if at all,
earlier in the history of the meteoroid., probably in the formation of

the proto-meteoroid.s belonging to comets.

9.3.2 Cometazv Cosmo gony

Lyttletonfs theory of aggregation of interstellar particles

has already been mentioned. in 96.\, and- has been consid.ered. to be con-

sistent with the low d.ensities observed. for the najority of meteors. It
is in inescapable consequence of solar system {ynamics that some particles

must be perturbed. into hyperbol-ic orbits from time to time. Evid.ently

this wil-l oecur for other planetary systems besid.es our ot¡n, ancl inter-
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stel-l-ar particles must result. Lyttleton's theory is basically sound.

and. his mechanism must therefore operate. lfhether it accounts for the

observed. system of long-period. comets, thougþ, remains to be proven.

Alternatively, it is possible that the long-period. comets

may have originated. withín the Sol-ar System. Ttre origin of the solar

system may have been accornpanied. by an ex¡rlanation (or series of explo-

sions) vhich projected. material in all d.irections from the eentre ruith

a spread. in energies such that an appreciable quantity was in hyperbolic

orbits and. escaped, while the remaind.er has condensed into the present

long-periocl comet system.

An explosive origin seens necessary for the generation within

the Solar System of material not confined to the ecliptic plane, and. it

seens that such an event would probably have been tlistinet from that

which generated. the system of planets r¡hich is virtual-ly confined. to the

ecliptic plane.

Oort (fg¡O) nas suggested that a large cloud may exist at

great dÍstances from the Srrr, and. postulates that such a el-oud. may have

originated. as the result of erçlosion during the d.isintegration of a

planet between Mars and. Jupiter, the sane ex¡llosion also generating the

asteroid. be1t.

This origin for the necessary explosion is posslbly more

acceptable in terns of total mass distributions than a more primordiaJ-

explosion' ffid has the advantage of not irnplying a eatastrophic origin

for the Solar System, in keeping vith the more widely accepted. theories
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of solar system cosmogony. Ttrere is, however, no apparent reason Ín

this mod.el for the comets of Oorbrs cloud. to require perturbations by

nearby stars to send them to¡rards the Sun. ft would appear moïe reason-

able to suggest that they may be in their initial highly eecentric orbits,

resulting from the explosion, and. because of large orbit dimensions spend.

very large portions of their time near aphelion.

Such comets may also undergo cond.ensation and. gravitational

compaction from originatly fairly nebulous concentrations of matter. 1]he

genesis of such cometary material at the seme tíme as the asteroids is

consistent with the ùisintegration of a planet with a molten core such

as the primeval Earth. The already solid. and compact crust would. form

the asteroids, lrhereas the molten material in such an explosion woul-d.

have been initially und.er pressure and. containing d.issolved. gas. Exp1o-

sion in this case wor:-ld. be analogous to a volcanic eruption with the

creation of vast quantities of ash and. pr:nice-like material d.ue to rapid.

cooling of the magma.

Comparison with other planets shor¡s that we could expect a

large planet between Mars and Jupiter to have an envel-oping ocean or ice

cover composed. of such substances as H2, H20 , coz, cHq, NH3, which could

provid.e a source for the eometazXr ices of l,lhipplers modeI.

To account for the vastly d.ifferent orbitaJ- properties of the

asteroids and. the long-period comets it is on\r necessary to consid.er

that the final d.isintegration of the hypothetical planet betneen Mars and.

Jupiter was only the last stage of a continuing series of major volcanic
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eruptions on the planet. The early eruptions could thus have prod-uced.

the matter for the long-period comets, while the final- d.isintegration,

spreading the energ¡ more evenly between the various fragments, gave rÍse

to the asteroid.s and a supply of rapiùLy cooling magma from which the

short-period comets originatecl.

The number of asteroid.al bod.ies observed. with cometary orbits

is quite large when consid.erat,ion is taken of the low probability of

detection, an¿l the existence of mar¡Jr more such bod.ies is iuplied.. The

notion of dense cometary nuclei at feast in some cases is conçistent with

the id.ea of asteroid.al materlal being present, anil the Apollo asteroid.s

have been suggested.by öpik (fg6S) to Ue e:cbinct comets. fhis would. seem

to inply for these bod.ies an origin distinct from the asteroid.s, since

comets with asteroid.al orbits are apparently far less prevalent than

asteroid.s r¡ith cometary orbits. ft nay be that many asteroids are

surrounded by d.ust cloud.s but have no visible coma.

Objections to an eruptive origin for cometary material have

been made on the grounds that the necessary escape velocities for

parbicles to leave a planetrs gravitational field. are improbably high,

yet these objections appear to be based. upon caution rather than any

comprehensive knowled.ge of the dynarnics of volcanic processes.

Vsekhsr¿yatskii (f967) find.s errid.ence to suggest a separate

eruptive origin in relatively recent times for the system of short-

period. comets and. considers that the long-period. and. parabolic comet

system may have originated. in more ancient ar¡d more intense volcanic
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activity. He consid.ers it probable that short-period comets are stil1

being formed. from time to time, arìil suggests that the first appearances

of Comets L965b, L965e, ffid A966 VITI., vhich "emerged. nearly simultan-

eously from Jupiterrs sphere of, infl-uenee in ]-)6]-n are connected. with the

formation of a d.ark equatorial belt around. the planet at that tinre. This

be1t, which d.id. not d.iappear completely until the end. of 1965, he suggests

is an ash cloud. arising from volcanie activity.

ff the long-periocl comet system has originated. r,rithin the

Sol-ar System in an ex¡llosive or eruptive manner, the projected. material

would. carry with it some of the angr:lar momentu-m from the original system.

Angular momentr:m worrld. be conserved. in any subsequent eond.ensation or

agglomeration by appropriate changes in the angular velocities of the sys-

tens of paztieles. ft cor:J.d. also be re-distributed. by collision pro-

cesses. llith pred.ominantly d.irect rotation apparent anongst the major

members of the Solar System it is reasonable to expect that the total

angular momentum of the cometary system would result in an excess of

comets exhibiting d.ireet rotation. Conversely if one could. shoi¡ that

there was,a preference for d.irect rotation anongst rong-period. comets,

thís wouJ-d. give supporb to an eruptive intra-solar system origin for

these objeets.

9.3.3 Concl-usions

Reliabl-e determinations of non-gravitational motion in some

comets (Marsd.en, L968,1969) have ind.ieated that those comets are rotating.

It seems probable that cometary rotation is the rrrle rather than the
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exception, arì¿l it is certain that astrononers wil-l be searching for this

effect amongst other comets with keen interest.

In vi-elr of our scant knowledge of cometary structure, it is

not sr:rprising that little is knorrn of the nechanics of meteoroid. ejee-

tion from comets. In any model the effects of inter-particle col-lisions

and. couetary rotation should. be inclucted..

In 59.2 ít r¡as inclicated. that a ùiscrepency between the

numbers of highly inclined meteors in retrograde orbits, and the d.is-

tribution with incl-ination of long-period. comets cor:Ld. be reconciled.

with a cometary origin for the meteors if the comets could. be shown to

have predoninantly direct angular momentum. Observations of comets in

future will no d.oubt provicle fr¡rther evidence of rotational motion.

llhether such observations wÍI1 be suffieiently general to show any oveï-

all preference for d.irect or retrograde rotatíqn, or the lack of it,

amongst long-period comets remains to be seen. Direct observation of a

number of comets near perihelion with a series of space-probes seems most

desirable, and could find. the ansÌÍers to a nu¡rber of important questions.

In the meantime r¡e may find. out a great d.eal- from the study of

meteors as proclucts of cometary decay. This survey has d.emonstrated. that

at least some of these meteors d.o originate from the long-peri.od comets.

In 59.3.1 it was argued. that the Iow d.ensities observed. for

the present meteoroid.s are reaI, and. cannot arise fronftothing in the

atmosphere. These d.ensities are consistent with those of vol/canic

pumices.
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In 59.3.2 a possible eruptive or elqrlosive origin for the

system of long-period comets was proposed. T\ro pieces of ci.reumstantial

evid.ence support this hy¡rothesis, nanely the punice-like densities of

the observed meteoroids antl the l-ow nurnber of retrograd.e meteors. The

cometary rotation l-ink remains to be shown, anil even then woul-d not give

positive proof of the proposed. origin. Nevertheless, the above line of

argu:nent certainly illustrates clearly the imporbance of a tho:rougþ inves-

tigation of the properties of meteoroicls to our wrderstanding of cos-

mogony.

9 . l+ ruruRE I^IoRK

It seens IikeIy that narry of the 1o¡¡ eccentricityrhigh inclination

strea¡rs observed. in this survey should. be annual if their shape is

attributable to the Poynting-Robertson effect, since their apparent age

implies that the nembers should. be spread faír1y unifornly around. their

orbits. Lack of annual periodicity, on the other ha^nd., would indicate

a recent origin, conceivably linketl with coll-ision processes or rotation

at the time of ejection of the material from the parent comet. tr\rrbher

study of these streans in the Southern Henisphere, as weLl- as a search

for sinilar strea¡s in the Northern lfenisBhere, should ad.d. consid.erably

to our knowledge.

A theoretical investigation of the importance of col-l-ision pro-

cesses at the time of strea.m forrration from comets would. be worthwhile.

This cou1d, be uldertaken by measuring meteoroid. flux densities to

clifferent liniting masses in knolrn streans, and. exbrapolating these
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back in time to a particle volume nr:mber clensity in a smal-J- region near

the generating comet at perihelion. Assumptions regard.ing the initial

mass di.stribution, anil the particfe loss rate from the comet-strea,m

system between formation and. the present, wouId. enable estimates of

collision probabilities for meteoroicls at strean formation to be mad.e.

The d.eceleration neasurements carried out in this survey, while

presently yieltling interesting infornation, are certainly capable of

refinement. Due to operational- tliffier¡l-ties encountered. with the long-

d.istance outstation, the measurements for this survey weïe generally

over trail lengths of 6 km or less. Satisfactory operation of the long-

distance outstation r¡ou]-il enable routine measurements of d.eceleration

over d.istances of up to 20 km, and should. greatly improve the resolution

of the d.eterninations of meteoroid surface area/nass ratio.

The study ef sl¡g¡.ms is of great imporbance to our ud.erstand.ing of

meteor origins, in view of the conmon origin inplied. for members of a

strea.m. As noted. in 57 a nr.mber of quite wel-1-d.efined streams appear to

belong to less well- defined. stream complexes, and through conmon member-

ship of such complexes such apparently d.istinct strea.ms as the Geminid.s

and. the Monocerotid.s may possibly be related.. Further investigation of

this possibitity is certainly warranted..

llhile radio meteor surveys at fainter magnitudes are of great

imporbarrce, dispersion may be more advanced. and streams less easily

d.etermined.
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The present su¡vey has contributed. significantly i;o our knowled.ge

of rad.io meteor astronomy and. has ind.icated. the d-esirability of further"

stud.ies of radio meteors to a similar limiting magnitud.e.
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