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METEOROID POPULATIONS AND ORBITS
Z. CEPLECHA

Statistical studies of the photographic data on atmospheric trajectories
and orbits of metecrs (from 1079 g to hundreds of tons) peint to 5 groups of
bodies with different structure and composition. The following classification
is proposed: ||Fireball group I = exceptional cases of so-called "astercidal”
bodies among Super=Schmidt (55) and small-camera (SC) meteors = ordinary chon-
drites. ufireba;;wggqgg_Ig_E[group A among 5SS and SC = carbonaceous chondrites.

||[6roup B among S5 and SC = dense cometary materials with small perihelion dis-
tances (not distinguishable among fireballs). gfireball group Ilfa = group C
among SS and S5C = regular cometary material. ireball group IIIB = group D
tabove C) of S5 and SC = Draconid-shower type of cometary material. Statis-
tics of the orhits for separate groups is considered and characteristic orbits
are given.

I want to speak about different populations of meteoroids in the mass
range from 10-% to 108 g and about their relations to the other bodies of the
solar system. All we know about them have to be derived from their atmospheric
trajectories. Only during this extremely short interval of their lifetime,
these meteoroids are accessible for observations. The collision of the
meteoroid with the atmosphere gives rise to a luminous trajectory of a duration
of a few tenth to some ten seconds for these masses. The meteoroid penetrating
into the atmosphere with initial velocity somewhere from 72 to 11 km/s is
first heated up to the point, where a severe ablation and evaporation begins.
This heating goes up exponentially  approximately following the uprise of the
air density. After the ablation starts, the gas close to the body is mainly
composed of hot meteoroid vapors emitting the light, which can be observed on
the Earth's surface. Thus we do not actually observe the meteoroid itself, but
some luminous volume surrounding and following it.

We usvally denote the height, where we begin to observe the light of a
meteor, as its beginning height. After all the mass is ablated or the velocity
slowed down to few kilometers per second, the meteor phenomenon is terminated
and we denote the corresponding height as the jterminal or the end height.

[f we would have two meteoroids of the same initial velocity, mass and the
same angle of incidence, then any observed difference in the beginning height
and the terminal height should be associated with the difference in the meteor-
oid structure and composition. Even if the situation is complicated by differ-
ent initial velocity, mass and angle of incidence, still the study of meteor
beginning and terminal heights is a good and rather simple mean for distinguish-
ing among meteoroid populations of different composition and structure. At the
same time the initial velocity as a vector (the direction opposite to the
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velocity vector is usually denoted as meteor radiant by meteor astronomers) and
the known position of the Earth in its orbit give us all we ?eed to compute the
meteoroid orbit. We can then compare statistics of orbits with statistics of
beginning and terminal heights, which results in orbital characteristics and
orbital differences among meteoroid populations (groups).

To do so, we need good and precise observations of the meteor phenomenon.
Moreover we need homogeneous material for statistical purposes. The photo-
graphic data obtained from at least two stations separated by several tens of
kilometers {or even few hundreds of kilometers for fireballs) are the best
possibility. Such observations give us data on heights of individual points of
the meteor trajectory, velocities, decelerations and light intensities. The
meteoroid mass is determined from the integrated light intensity. In principle
three different types of cameras used for recording meteors resulted in three
statristical sets of data. These sets have already been used separately to
study meteoroid populations. This review is an attempt to intercompare all the
results and to propose a classification of meteoroid populations valid for the
entire mass-tange.

The oldest results were obtained using classical small-cameras. The Har-
vard double-station program initiated by Fred L. Whipple in 1936 (Whipple 1938,
19543 Jacchia et al. 1965) gave the first results on small-camera meteors us-
able for statistical purposes. In this review I complemented this observational
material of the small-camera meteors by observations from Dushanbe, Odessa
and Ondrejov; altogether 364 sporadic meteors were used. (See Ceplecha 1965,

. 47 to 51 for details). The small-camera meteors have typical masses from
1071 to 10° g.

Thanks to the endeavor of F. L. Whipple, photographic data on smaller
meteorcids became available, after the project of Baker Super-Schmidt cameras
had been accomplished by the Harvard Observatory (Jacchia and Whipple 1956).
The precisely reduced orbits of 413 faint photographic meteors with longer
trajectories proved to be highly selective in favor of the classical cometary
population. Thus I use here the more complete material of 2529 meteors photo-
graphed by Super-Schmidt cameras and reduced and published by McCrosky and
Posen (1961). (See Ceplecha (1967) page 35 to 47 for details). This material
proved to be homogeneous and very good for statistical purposes. The Super-
Schmidt meteors have a typical mass-range from 1072 to 10 g.

The third observational material available only recently is that on fire-
balls. Fred L. Whipple was again with it as the director of the Smithsonian
Astrophysical Observatory, when the effort of R. E. MecCrosky resulted in
operating the Prairie Network for fireballs. (McCrosky and Posen 1968). A
recent study of populations among fireballs were based on data of 232 events
photographed by the Prairie Network during 7 years. (Ceplecha and McCrosky
1976). The typical mass-range for fireballs is from 102 to 100 g.

Different meteoroid populations were first recognized independently by
Jacchia (1958) and Ceplecha (1958). The differences in beginning heights proved
to he the most important tool for recognition of different meteoroid popula-
tions among Super-Schmidt and small-camera metecors, when and if the right
dependence on velocity was considered. (Ceplecha 1967, 1968; Cook 1973). 'Two
main discrete levels of meteor beginning heights separated by 10 km difference
has been found. The lower level was denoted A, the higher was denoted C. The
C-group of meteoroids was recognized to contain two populations of orbits: one
with ecliptically concentrated short-period orbits was denoted Cp, and the other
with random orbital inclinations of long-period orbits was denoted Cz1  The
classical meteor showers with known parent comets are of the type C) and C3;
thus the cometary origin of meteoroids of the |whole C-group is quite certain.

The question of meteoroid bulk densities for separate groups proved to be
more complicated. The A-group was recognized to contain meteoroids of about
3 times greater bulk densities than the C-group. The problem with calibration
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of these relative values by bodies of "known'' composition was the reason of
overestimated densities by Ceplecha (1967, 1968). The problem of the velocity
dependence of meteor beginning heights and calibration problems was the reason
of underestimated densities by Verniani (1965, 1967) and Jacchia et al. (1965).
The calibration through the data on fireball populations with knowing the
actual bodies in case of the Pribram and the Lost City meteorites, gave the
values of densities intermediate to both the extreme results. The A-group con-
tains bodies with average bulk densities of about 2.1 g/emd, while the C-group
contains bodies with average densities of 0.6 g/em3 (Table I).

Two additional smaller groups were found among Super-Schmidt and small-
camera meteors. The intermediate group B has typical orbits with small per-
ihelion distances and aphelion close to Jupiter. There seems to be not a direct
cometary association to meteoroids of this group, but !the Geminid shower 1s a
typical member of the B-group, and as far as Geminids are assumed to be cometary
in origin, the whole group B should be associated with comets. According to
Cook (1973) the B-group metcoroids should be associated with less dense cores
of smaller cometary nuclei that have lost their surfaces and are too small to
have been observed. The bulk density of meteoroids of this group should be
close to 1 g/cm3.

The other smaller group was referred to as a group "above C" accounting for
very high beginning heights. The Draconid meteor shower is a typical member
of this group. I will denote this group as D-group. It contains extremely
soft meteoroids with the lowest known densities from all types of solid cometary
material coming to the Earth (0.2 g/cm3).

Very few meteoroids among Super-Schmidt and small-camera meteors pene-
trated deep into the atmosphere and indicated thus stronger structure and
density than those of the A-group. These metcors were called by some authors
"asteroidal,' which is not a good name presuming the origin. The average bulk
density of these bodies is 3.7 g/cm” in the density scale used in this review
(Table 1).

Except bulk density, another parameter characterizing the composition and
structure of the meteor body is the ablation coefficient o = A / (2I£), where
& is the heat-transfer coefficient, [' the drag coefficient and £ the energy
necessary for ablation of 1 g of the meteoroid material. The ablation coeffi-
cient is a quantitative measure how readily the meteoroid ablates. Knowing the
mass and velocity, the ablation coefficient can be determined from the photo-
graphic observations of meteors. The A-group of meteoroids contains bodies with
ablation coefficient 3 times smaller than the C-group. Thus the meteoroids of
the C-group are more readily ablated and even a big initial mass cannot penetrate
deep into the atmosphere.

The attempt to study the fireballs the same way as the fainter meteors us-
ing the beginning heights proved to be useless. But different penetrating
abilities were found to be a good criterion for distinguishing among different
fireball populations. Thus the end heights turned out to be the most important
for recognition of fireball populations. The main difference of this approach
is an additional mass dependence of the used criteria. Also the problem of
significant terminal mass was encountered, which had been negligible for fainter
meteors.

Four groups of different composition and structure were found among fire-
balls {Ceplecha and McCrosky 1976) and were denoted by Roman numerals eventually
with a letter suffix. |Group I is of the greatest density and contains
Pribram (Ceplecha 1961) and| Lost City (McCrosky et al. 1971) meteorites, the
only two meteorite falls photographed. Thus the average bulk density of fire-
balls of group I was assumed 3.7 g/cm® using data of these two meteorites as
safe calibration values. Group I is evidently connected with ordinary chon-
drites.

The meteoroids of the group Il have a somewhat lower density of 2.1 g/cm3
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and they are very likely belonging to carbonaceous chondrites. Except for the

reasons given in favor of this identification in the paper by Ceplecha and

ﬁMcCrosky (1976), there is a brand-new evidence from §pectral records of_the
Kﬁmyk fireball obtained at the Ondrejov Observatory 1in March 1976. (Th1§
fireball was photographed from 11 stations of the European Network for fire-

vballs; Ceplecha et al. 1977). This fireball pcnetrated to 32 km and was a sure
pember of the group II; the extremely good spectral (15 f/mm) contain more than
500 features in the visible region and show relatively strong emissions of the
CN molernle demonstrating the abundance of carbon.

Fireballs of the groups ITIA and I1IAi have densities of 0.6 g/cm3 and
have direct evidence of cometary origin through showers. The group IIIA con-
tains orbits of short period and ecliptic concentration and the group IIIAd
contains long-period randomly-inclined orbits. A very good spectrum of a fire-
ball of the group TIIAL was published (Ceplecha 1971) and relatively strong
emissions of CN were found. Thus also low density cometary material in long-
period orbits does contain carbon. R

The fireballs of the group IIIB have densities of 0.2 g/em® and they con-
tain fireballs of the Draconid meteor shower. This is a very distinct group
and contains relatively quite a number of fireballs.

The interrelations of all the groups is presented in Table I. Altogether
6 populations are present with 5 different compositions among the meteoroids
in the considered mass-range. The average bulk density and ablation coeffi-
cients are given for each group and a probable composition and structure is
proposed.

I4h > The identification of the fireball group I and the so-called "asteroidal
meteors with the ordinary chondrites is mainly based on the two photographed
meteorite falls: Pribram and Lost City. The identification of the group ITIB
and of the group D with the Draconid shower is based on observed members of
this shower in all three observational materials. The C-group meteors and the
IITA group meteors are easily identified as regular cometary material through
showers with known parent comets. The identification of the A group with the
group 1I and with the carbonaceous chondrites comes out then quite naturally
and moreover it is supported by the spectral evidence already mentioned.

Table I contains "characteristic' orbits for each of the groups. To avoid
any misunderstanding I strongly stress that these values are mostly maxima of
broad irregular statistical distributions (sometimes medians as marked in
Table I). It is not possible to separate all these populations using only the
orbital elements.

There is not much difference in semimajor axes for ordinary chondrites,
carbonaceous chondrites and cometary material with ecliptic concentrations; all
values are from 2.2 to 2.5 A.U. The Draconid-shower type of material has longer
semimajor axes of slightly more than 3 A.U. The cometary material with randomly
inclined orbits has of course very large semimajor axes, which is symbolicly
denoted by = = in Table I.

The orbital distinction among groups is mostly in eccentricities: ordinary
and carbonaceous chondrites have the orbits with the smallest cccentricity, 0.6.
The Draconid type of material has somewhat higher eccentricities, 0.7, the
regular cometary material with ecliptic concentration even higher, 0.8, followed
by the dense cometary material of the B-group, 0.9, and by the cometary material
with randomly inclined orbits with eccentricity approaching 1.

There is a very little difference in characteristic orbits of ordinary
chondrites and of carbonaceous chondrites. But the statistical distribution of
the semimajor axes is strikingly different (Fig. 1). The number of observed
orbits of ordinary chondrites increases almost linearly with their semimajor
axes starting with a = 1 A.U. and then suddenly drops forming a cut-off at 2.7
A.U. The decrease is 7 times steeper than the increase! The carbonaceous chon-
drites have a symmetrical distribution with maximum at 2.3 A.U. and still
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enough orbits with a = 3 A.U. A small second maximum in theldist?ibytibn of
semimajor axes for carbonaceous chondrites near 1.2 A.U. (quite missing for the
regular chondrites) may indicate a secondary Earth's or Moon's component.

The Pribram meteorite has the orbit very close to the maxima of disFribuu
tion for ordinary chondrites, while the Lost City meteorite is on a5ccn§1ng pa?ts
of the distributions of a and e. Especially eccentricity of the Lost City orbit
is much lower than is the average. The orbit of Pribram is more typical for the
ordinary chondrites than that of the Lost City. .

———DBecause the so-called "asteroidal' meteors are very rare among faint
meteors, the distributions of the orbital elements of the group-I fireballs are
actually the first hint at statistics of the orbits of ordinqry chondrites from
photographie records. The fireball-group-I data can be considered as represent-
ative of ordinary chondrites. The orbital data for any detailed study should
be taken from the original paper (Ceplecha and McCrosky 1976).

0.5

2 38

Figure I. Distribution of semimajor axes, a, of group I firebalis {ordinary
drites) and group IT fireballs (carbenaceous chondr
ale of ¢! elarive number of fireballs, n, is5 chesen so that the
integral number of all cases 15 equal I. L& [s the Lost City
metecrite, Pois the Pribram meteorite.

tes). The

The inclinations for all groups except Cy and ITIAL shgw an ecliptical
concentration, but the maxima of distributions are not at 0 exactly. They
are usually between 0° and 10°. This may be due to planetary collisions and
perturbations as already pointed out by McCrosky and Posen (1961). The only
higher inclination than 10° at the maximum of distribution is that of the
Draconid type group.

The parent bodies of the softest Draconid type material are short period
comets, one of them being the Giacobini-Zinner belonging to the Draconid
meteor shower. Meteoroids of this type are very rare among the observed faint
bodies and are growing in number toward the big masses forming 13% of the
observed fireballs.

The parent bodies of the Cy and IIIA group are short-period comets again;
most of the classical meteor shawers arc of this type and a lot of direct well-
established cometary associations is available. This group forms 9% of all
Super-Schmidt meteors; it increases to maximum of 16% from the small-camera
meteors and again becomes less significant with 9% from the fireballs. Also
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the classical meteor showers are the most distinct and numerous among the
gmall-camera meteors.

The parent bodies of the C, and IIIAL group are l?ng~pcriod comets;
showers as e.g. Perseids with 4ssociation to comet Swift-Tuttle 1862 III are
within this group and one can hardly doubt the cometary ?rigin of iF. The
super-Schmidt and small-camera meteors gontain 30% of this long-period cometary
component, which decreases to 9% for fireballs.

The parent bodies of the B-group have to be of the same nature as the par-
ent body of the Geminid meteor shower. The cometary origin is highly probable.
The B-group forms € and 7% of all faint meteors and was not separated among
fireballs.

The A-group and the group II belonging to carbonaceous chondrites are the
most numerous among all the studied masses. They form 54% of all observed
Super-Schmidt meteors, 37% of the small-camera meteors and 32% of the fire-
palls. Cook (1973) prefers the cometary origin of this group ascribing it to
the core of a cometary nucleus. A strong support to this view is the one
existing association of a meteor shower of type A with a known comet: T
Herculids (Lindblad 1971) with the comet Schwassman-Wachmann 3. lts eventual
observation in 1979 return may cast some more light on the problem. The
scarcity of ordinary chondrites among smaller meteoroids in contrast to the
abundance of carbonaceous chondrites points to different origin. The differ-
ences in the distribution of semimajor axes (Fig. 1) support this view. The
cometary origin for carbonaceous chondrites seems to be a strong possibility.
If carbonaceous chondrites are not cometary, they should at least be con-
nected with different type of objects than the ordinary chondrites.

The parent bodies of the ordinary chondrites are mostly believed to be
asteroidal bodies (Anders 1971). The difficulties with this view from the
point of Earth crossing orbits are discussed in many papers of this
Colloquium Fi¥%

The importance of the carbonaceous chondrites among all sizes of the
studied meteoroids is evident. This is well demonstrated by the ratio of
cometary to asteroidal meteoroids. If we assume that carbonaceous chondrites
are of cometary origin, then the observed ratio of the bodies with cometary
to the bodies with asteroidal origin is > 100 for meteoroids of 107 g, 20 for
10 g, and 2 for 104 g. If we assume that the carbonaceous chondrites are of
asteroidal origin, the picture is strikingly different. The observed ratio
of cometary to asteroidal bodies is then 0.8 for 10-! g, 1.4 for 10 g, and 0.4
for 104 g.

The total mass range, in which the meteoroid populations were studied
in this review, is from 10-3 to 106 g for almost all the available photo-
graphic meteors. Few extreme cases of low and very big masses outside this
mass range that has been photographed can be classified in the same population
groups presented here. Adding these extreme wings of the distribution, we can
assume the total mass-range of meteoroid studied to be from 10°% g to hundreds
of tons. It is interesting that one of the biggest initial masses on photo-
graphic records belongs to the Draconid type (Ceplecha 1976).

At the end I want to mention a paradox in connection with the fireballs
and meteorite falls. If somehow we could organize all the incoming metcoroids
to be of the same mass, velocity and angle of incidence but having different
composition and structure as given in Table I, then the meteorite fall of an
ordinary chondrite will be preceded by the faintest meteor phenomenon from all
the 5 different compositional groups. If we would observe the hrightest pos-
sible fireball, we may be sure it belongs to the soft Draconid type of material.

'?his material is ablated high in the atmosphere. On the other hand, the faint
| fireball belonging to the meteorite fall of an ordinary chondrite, would have
 very long trajectory penetrating very deep into the atmosphere , while the

Draconid type would have only very short trajectory ending very high. Thus, an
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observation of a very bright fireball does not necessarily mean a meteorite
fall. The dependence of the brightness on the mass in real ?ituntion works )
partly against the paradox and makes the picture quite complicated. Thus deci-
sions if to search or not to search for meteorites after a bright fireball pas-
sage, should be done rather on the basis of criteria, which takes into account
the end height, the mass {or brightness) and the velocity with the angle of
incidence (Ceplecha and McCrosky 1976).
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DISCUSSION

cHAPMAN: Is it understood what physical process or processes could gield‘the
different size distributions for “asteroidal meteors" and types A/II implied by
your table? I would have thought that rapid collisional ftﬂgmpntatio? processes
would have made the population Indices of most small particle populations
gimilar, whatever the sources of the particles.

For a long time we know from our observations that faint photographic
wasteroidal” type of objects which appeared among fire=
I am an observationalist and I have

CEPLECHA:
meteors almost lack the
palls as the group I gquite well populated.
no real explanation for this.

WHIPPLE: If small chondrites originated with the meteorites (exposure to space)
they would have been destroyed by collisions in the typical exposure dges of the
meteorites, -10° yr or more. The 1ife times of the interplanetary particles is

-104 yr and destruction is mostly by collisions.

CEPLECHA: If one searches for some division between two grossly different
origins, then just the absence of the group I bodies in smaller miss-ranges puts
the division between the groups I and II.

HUGHES: Verniani found that the density of meteoroids varied as a function of
mass (¢ = 3.5 g em 3 for m < 1075 g; p = 0.8 g cm ~ for 1075 < m < 107 g;p =
0.3 g cm'3 for m > 107% g). How do your results change this conclusion? Why
was Verniani mistaken?

CEPLECHA: I have no idea about densities of the radar meteors (< 1077 gr): I
spoke only about the photographic meteors. Verniani's values are only average
values, when all well distinguishable groups are dealt with together. This and
the problem with calibration are the reasons that Verniani's densities are
smaller. I have the opportunity, now, to calibrate the density scale by
piibram and Lost City meteorite densities and to deal with separate groups. To
speak about "average" density of all meteoroids in a given mass-range gives not
much sense to me. You can compute such a value from the percentage of the
groups and from their densities.

MILIMAN: In regard to the mean densities of meteoroids given by Verniani, which
are found on the basis of meteor physical theory, I feel that they show the
correct relative change as we move from I g objects to those in the 1079 to
107° g range. However, conclusions of Brownlee and his COWOTKers. in their
study of extraterrestrial micrometeorites, suggest that the absolute densities
of Verniani should be increased somewhat. One must also distinguish between
whether a density is quoted as a bulk density at a conglomerate or 4s 4 density
of one of the grains forming this conglomerate. .

pRUEEPEEC =5 S
KRESAK: Your table indicates a conspicuous deficiency of long-period cometary
material in the Prairie-Network data. However, these data are biased by a
selection of meteors with a minimum duration of about 1 second required for
their timing. Would there still remain a considerable disproportion after
applying the due correction?

CEPLECHA: I already applied a correction which enhanced 6% of computed or-
bits into 9%. If there is some more correction necessary, I am not sure, but
you will never obtain 30% like for fainter meteoroids.

ARNOLD: I wish to remind the group that carbonaceous chondrites are by defini-
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39. Current Evolution of Meteoroids

J. 8. Donna~yr
Bellcomm, I'ne.
Washington, D.C.

T'le observed mass distribution, nf mc!wn mrr’s al Z 1 b frmn Hm Sun
woa survey thatl mu.ycls E'f elblffh Uf UJG mass spectrum from m
meleorite parent objects. The evolulion of meteoroids wunder the mﬂu‘mm’ of collisions,
planetary perturbations, the I q_m_{m,c;-lﬁriwtwn L,[,[u,t and radiation pressure is then
dliscussed.

Most micromeleoraids are ﬁf})eﬁud f? om the M}Ia .
after their production as secondary ejectc "rhtrmrj .'mpa’rt m,: Eurqcr ub;(’fi‘s or as rimt
efected by comets. Particles that survive will wen!unfr‘_j be .s:wf}f oul by the Poynting-
Robertson effect.

Meleoroids in the radio and pholographic ranges are destroyed in collisions faster
than they can be replaced by the production of secondary fragments during collisions
between larger objects. The sowrce of new particles needed (o maintain the population of
these meteoroids in a stationary distribution may be material exrpelled by comets.

The survival of large objects 1s Limited by gravitational sf}g{fumq during close plan-
etary encounters and by collisions as well, if they spend sufficient time in the ;:\{I(,rmrf
belt. The observed radiation-exposure ages of chondrites are shown lo be consiste }M'_ with
ths model.

Tm-: DISTRIBUTION OF THE MassES of meteoroids
= governed by several proeesses (Whipple,
1967). Large numbers of ngw, objeets are injected
into the 5:3].( \kalvm by rran gt Many small

n];]l'(l"a ar6 Hemoved by the l‘olume; -Robertson

ffeet (Robertson, 1937: V\'}dtt %i \;ln}n]t
195(]); particles are dt‘mwhulmm fals
collisions and their shattering into {ragments
ereates new particles (Whipple, 1967; Dohnanyi,
1967). The influence of these collisions on the
distribution of meteoroid masses has recently been
discussed by Dohnanyi (1970; to be referred 1o as
D=1 in this paper), who showed that the dis-
tribution of meteoroids in the photographic range
and of fainter ones is not likely to be stationary
unless many of the particles, destroved by eolli-
glons, are replaced by new ones given off by

comets; the influence of radiation pressure on the
size distribution of such cometary debris was also
(D-1).

The orbital clements of meteoroids undergo
frequent and random changes caused by planetary
perturbations (Opik, 1951; Arnold, 1965). The

stressed

« influence of this process on the radiation exposure

age distribution of meteorites has recently been
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digeussed by Wetherill (1967) and Wetherill
and Williams (1968). This age distribution was
found to be sensitive to the survival times of
meteorite-producing  objeets  with  respeet  to
catastrophie collisions and to the rate at which
these objeets ean “diffuse” through the solar
system as a result of random gravitational per-
turbations caused by close planctary encounters
(Opik, 1966).
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364 EVOLUTIONARY AND PHYSICAL PROPERTIES OF METEOROIDS
In this paper we shall diseuss some aspecets of i
the current evolution of the mass distribution of 2l
meteoroids; orbits will only be considered to the -3
extent that they may influence the mass dis- ‘; EXPLORERNXNLINALMENN. 1iea)
tribution. This will be shown to lead to a self- . o} PEGASUS (NAUMANN, 1968)
consistent deseription of the dominating processes < -7t
i : & it AL EIR W —8f
C({ntrnllmg the mass (l}ht.-rll.)llll.rill of me t-(.mmda b o PIONEERB+0
with masses ranging from micrometeoroids to & _q0| (BERG AND
il bicets having masses of tens T 11| GEPLOFF. 1870) PHOTOGRAPHIC METEORS
meteorite-producing objects having masses of tens 7 —np {DOHNANYI, 19686)
of tons. A B
<l
NS R E 14}
X _15}
\J/ OBSERVATIONAL EVIDENCE S i
.
w 17 F
b e # = = St r g = = PRAIRIE NETWORK
5 500t 501 18CUSSI BT tal i P = = -
.'1 }]1‘.5 seetion 1s a (_l seussion (3[ the ::h?uvf 1| (l‘|.~, £ 18 IMeGHOEKY. 1968}
| B tribution of sporadic meteoroids ranging in size 4 -1or
| ey . . . P -
Dy from micrometeoroids to large objects. z ;': [ HAWKINS (1983), STONES
o o The flux n(m) dm of meteoroids having a mass B 22| BROWN (1960)
(ER 7&2‘-':'?) in the range m to dm incident on a unit area per g -2 g:i‘:ﬂ’;:;:ml IRONS
2w sr per unit time will be taken as: -
g zpknb g0
it T : Hivfie= —a g —26 - .
| 2 f@_}\( m=am = dm (1) —ail 3
| . i s —'28 e \\ )
ol |I S where a and a are constants in different mass 20  LARGE CRATERS (HARTMANN, 1966) *
.".': / ¢ V. '«—I--IL'IT}E Yl lati H i Y T S S I et ]
] ranges; e is _lu{ Sl Y th.‘«_.popll...:}tj_(]l}.1-[-1(1{_:'_1._:_ . v v e e W AT N T e
Figure 1 is a plot of the eumulative flux N (m) LOG ;oM (Kg)

of meteoroids into Barth’s atmosphere per meter?
per see per 27 steradians having a mass of m kg
or greater.

Froune 1.—Cumulative flux (m=? s71/2r sr) of meteoroids
into Barth’s atmosphere having a mass of m (kg) or

greater,
S o M
ntn B (i) [ n(M) dM 2) ; .
a4 ,”Q.«,-l} m masses may have ablated during the acceleration,
R A 4 = i i ; “ . e = . T
M=~ o5 where M, is the mass of the largest objeet included s thagitlis mshoaor fue wilicyon dRer

Some micrometeoroids may, however, be fluffy
and of low density (Soberman, 1971) and would
be less penetrating than were the laboratory
particles of equal mass, so that the indicated flux
may also be a lower limit. The nominal flux is,
however, in agreement with the penetration flux
measured by the Ariel 1T satellite (Jennison et al.,
1967). Since it is difficult to estimate precisely the
uncertainties involved, an order of magnitude
approximation may be the most accurate estimate
that can be attained at the present time.

Data from visual, radar and photographic
observations as well as zodiacal light studies have
been considered before (Whipple, 1967; Dohnanyi,
1965). A best estimate to fit these data has been
obtained in D-I; it has the form of equation (1)
with

among meteoroids. Near the small mass limit of
the distribution, I used the results of the Pioneer
8 and 9 data obtained by Berg and Gerloff (1970),
multiplied by two to correet for the Earth’s
focusing effect. These authors have found an
indication of a “cutoft” in the population of
meteoroids, at a mass of about X107 kg, which
sets the effective upper limit to the flux of pene-
trating particles, as scen in figure 1.

The points labelled Explorer XXTII and Pegasus
are the influx rates measured by these satellites,
and are based on ealibrations by Naumann
(1968) and Naumann et al. (1969). The penetra-
tion sensors aboard Explorer XXIII and Pegasus
were calibrated in the laboratory by firing particles
at meteorie velocities into sensors similar to those
actually flown. Since many of these particles were
accelerated gas dynamically, a fraction of their a=1.5, for micrometeoroids, m<107" kg




a=13¢, for larger meteoroids but smaller
than meteorite  producing  objects,
1070 kg<m<1 kg (3)

This simple model gives a good fit to the data,
as can be scen from the appropriate portions of the
curve in figure 1, Numerical flux values are given
in table 1.
distributions obtained from satellite
4 ¢ 2(9vi> < microphone measurements have been diseussed by
Kerridge (1970) and MeDonnell (1971) ; beeause
of ealibration difficulties, many of these data are

Muass

e g 4

IUh S

tion difficulties have likely been overcome, the
" results are comparable to the penctration data
(WNerridge, 1970),

Mass fluxes of micrometeoroids estimated from

.

RER particle colleetion experiments on board rockets
and satellites are subject 1o uncertainties arising
from contamination and identification difficultics
(see IMechtig et al., 1968; Dohnanyi, 19714, for an
annotated bibliography) and will not be employed
in thiz study. Many of these particles are com-
parable to or smaller than the wavelength of
light ; a discussion of the interaction of such small
particles with the solar radiation field requires a
diseussion of interference effects and is beyond the
scope of this paper.

The influx rate of meteorite-producing objeets
has heen estimated variously by Brown (1960),
Hawkins (1963), and Opik (1958) ; their estimates
are plotted in figure 1. These data are based on
the mass distribution of recovered meteorites and
their estimated rates of fall. Hartmann’s (1965)
estimate of the flux rate of large erater-producing
objects is also indicated.

Precise photographie observation of fireballs
from the Prairiec Network Project led MeCrosky
(1968D) to obtain as the cumulative flux (in
ATIKS units) for these objeets:

N (1) = 1071096 g—0.62 [<m<10 kg (4)

As can be seen from figure 1, this flux is about
an order of magnitude higher than that of
Hawking' (1963) stones and about two orders of
magnitude higher than the other carlier estimates.
Fxtrapolation (dashed linein fig. 1) of the Praivie
Network data leads to an even greater dilference.
Uncertainties in the photometrie masses of these
objeets are not believed to span this diserepaney

difficult to interpret. In those eases where calibra-

Sy 1sh MSS
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Tasue 1.—Differential Flux of Meteoroids n(m)=am™ for
Different Mass Kanges®

Muss range a, e kge 1/ 2x st @
m<hH}1071 ke <3/2
Hx107 kg <m <1070 kg 1.4x10™1 3/2
10710 kg:’_:nr-{‘l kg 03 TR 5 [ et 13/6

» See equation (1) in text,

(MeCrosky and Ceplecha, 1970); low density,
fragile objeets whose fragments do not survive
atmospherie entry are believed responsible for
the higher flux of fireballs than had been estimated
carlier for meteorite producing objeets.

INFLUENCE OF COLLISIONS

Metcoroids frequently undergo mutual colli-
sions. Since these collisions are inclastic, the target
particles may cither lose a small portion of their
mass (crosive collisions) or be completely broken
up (catastrophic eollisions). The net result is a
change in the meteoroid distribution.

The equation that expresses the dependence of
the population on collisions ean be written as

(:Jf('m., t)

t_ dm |erosiun

af(m, t)
=
al

o=

Y L)

— dm I!c:ﬂ.mstrc-phic collisions

_.}_

8/ (m, t)

‘rh“' |ureaticn by fragmentation

(5)

where f(mé) dm is the particle number density
funetion, i.c., the number of particles per unit
volume of space in the mass range m to m—+rdm.
The number density f(m, t) dm is perpetually
altered by erosive and catastrophie collisions and
the creation of fragments in the mass range m to
m-dm by the erushing of larger objects during
inclastic collisions.

It has heen shown (Dohnanyi, 1969 and D-I)
that, for a distribution with a population index
a=13¢ the contribution of particle creation,
expressed Dy the last term in equation (5), is

ol
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Abstract
Meteor Density is the most important parameter of its

physical structures and origin. ﬁﬁl 4 Eﬁé‘h ﬁﬁ**? 2
S

I computed the density(pm) of 12 meteors selected from

K.P.M. (Kanto-Photographic-Meteor) Network precisely-reduced FE}D . [BIT E:"J“)
data. There are two ?roups in these m?tttzors. High density F\”I/"):f.{_‘. 70"&5‘1
group (pm 2.1-3.7g/cm”) meteors may originate from Apcllo- * =
Amor asteroids. Meteor streams are associated with the S DX}* =14
comets. It is confirmed that they are all belong to the ﬂfﬁ-@ “‘*"{32.-')'}_
low density group (pm{lg/cm?). { - S
& %F By

And I surmarize the guantative analysis of meteor L'JI'PE% L#-Z(IBM‘E.
photograps, which can be done by using the integrated %)E‘;L% Iﬁﬁgqﬁéﬁ\
luminosity (photometric mass) or by a study of the E'@'Ett”?

deceleration of the meteoroid (dynamic mass).
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20. Cosmic Dust in the Atmosphcrc and in the Intcrplanctary

Space at 1 AU Today and in the Early Solar System

where

N/F= cumulative number of craters on the
equilibrium curve

cumulative flux of the corresponding
meteoroids.

¢(m) =

TFor 0.3 mm diameter craters (observable on
small lunar surface samples) the mean crater
lifetime is approximately 107 yr. For 1-m diameter
craters the lifetime is 10% to 10° yr which is con-
sistent with cosmie-ray-exposure age determina-
tiong for the Apollo 12 soil of 350 million yr
(Kirsten, Steinbrunn, and Zihringer, 1971).

The latest progress has been gained by scan-
ning smooth-crater glass linings of sample No.
12063.106, glass-coated sample No. 12024.8.1, and
a glass ellipsoid from sample No. 14257 (Fechtig,
AMehl, Neukum, and Schneider, 1972). It was
possible to discover and count craters down to
about 0.3u diameters with a D% size distribution.
The erater number density for craters =1p
diameter is found to be 10% craters per em®. The
conversion into fluxes according to Neukum and
Dictzel (1971) results in a m~08 distribution down
to 0.15u diameter particles (fig. 7).

The overall meteoroid flux distribution
derived from the distribution of lunar craters is
shown in the flux diagram of figure 8. The general
slope in the mass distribution is —1 according to
cquation (7). The distribution shows a depletion
at about 30p-diameter particle size. There, the
slope changes to —0.6 down to meteoroid masses
of about 1079 g These submicron-sized craters

as

are considered as an important observation con-
cerning the existence of submicron-sized solid

I. I'EcHrIG
Mar-Planck-Tnstitut fior Kernphysik
Heidelbery, Germany

I;.j_j '!;’.

THE PRESENT METEOROID FLUX

Figure 9 shows the flux of cosmic dust cumula-
tively plotted as a function of mass. The results
are diseussed in four groups:

(a) Results from lunar crater distributions

(b) Results obtained in interplanctary deep
gpace (including zodiacal light measurements)

(¢) Spacecraft results (between Earth and
Moon and from Lunar Orbiter)

{d) Results from dust collectors and detectors
in the atmosphere (rocket- and balloon-borne
experiments).

Lunar Craters

The general mass distribution derived from
lunar-crater statistics have been discussed in the
previous seetion. The results are labeled “MOON”
in figure 9. The slope for larger particles (>30u
diameter) is —1, for smaller particles (<30u
diameter), —0.6.

Interplanetary Deep Space

—f Fyde 1

P 7 o,
Measurements were reported by Alexander et al.

(1971) from the Mariner IV dust experiment and
by Berg and Gerloff (1971) from the Pioneer 8
and 9 experiments. Leinert (1971) has caleulated
Auxes from ecarlier zodiacal-light measu ‘ments by
Flsiisser (1958), Ingham (1961) and Weinberg
(1964).

rom the Pioneer dust experiment a cutoff was

(4 +h MsS
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Ficure 8.—Cumulative meteoroid fluxes as a function of mass.

reported (Berg and Gerloff, 1971; Gerlofl and
Berg, 1971) at about 107" g and interpreted with
orbit elements according to Dohnanyi (1969).
Crenerally, the in sétw results and the indirect
measurements of the zodiacal light are wvery
similar. The cutoff from the zodiacal-light meas-
urements is a question of interpretation.

A comparison of these results with the results
from lunar-crater statisties leads one to question
the Pioncer deteetion cutoff of particles at 1071 g.
On the contrary, submicron-sized lunar craters
have been found, thus indicating the existenee of

submicron-sized particles in the interplanctary
space. Two possible explanations of this apparent
diserepancy are as follows:

(a) If a wvariable particlesize cutoff exists
because of chemieal eomposition, the smallest
particles are nonmetallics (silicates, quartz). The
general lack of metals for the smallest particles
influences heavily the ion produetion of the impact
detectors used in the Pioncer mission as discussed
in a previous seetion of this paper.

(b} The Pioneer dust experiment with a quasi-
cireular orbit around the Sun cannot detect

164 R
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Froure 9. —Cumulative cosmic dust fluxes as a function of mass,

circularly orbiting particles, sinee the relative
veloeity is not high enough for small particles to
penetrate the thin foil in front of the detector and
produce enough ions to be recorded. (The lowest
relative veloeity must exceed 0.7 km/s to be
detected.)

Spacecraft Results

Higher fluxes have been measured by Farth
and Moon satellites. Using different techniques,

results were reported from the following experi-
ments: eapacitive detectors on Pegasus (Anon.,
1966, 1967), penetration-experiment on [Sxplorer
XXIII (Naumann, 1966), microphones on Cosmos
213 (Nazarova and Rybakov, 1971), ionization
detector on OGO III (Alexander, Arthur, and
Bohn, 1971), ionization deteetor on  Lunar
Orbiter 35 (Alexander et al., 1971), and the
S 10- 8 12-craters (Hemenway et al,, 1968). Two
possible explanations for these higher near-Earth
fluxes are:

]4HQM%
[ ‘G‘quﬂ



COSMIC DUST IN THE ATMOSPH ERE AND IN THE INTERPLANETARY SPACE

(a) Temporarily higher influxes of lunar debris
are produced both by impacts of meteor streams
and sporadic dust particles on the lunar su;‘i;aen.
This origin was discussed by Alexander et al.
(1971). Gault et al. (1963) and Colombo et al.
(1966) have also discussed this problem.

(b) Fireballs that might be of low-density
material (Dubin, 1971) form disintegrated prod-
uets.

Atmospheric Dust

The highest flux numbers are reported from
experiments in the atmosphere using rocket and
balloon-borne dust collectors and detectors. Based
on the Pandora and the balloon-top collections by
Hemenway ot al. (1971), the balloon colleetions
of Brownlee et al. (1971), the MPI 68, 69, 70
collections (Auer et al., 1970; Fechtig and Feuer-
stein, 1970; Fechtig, Feuerstein, and Rauser,
1971), the LUSTER 68 flight through a NLC
display (Farlow et al,, 1970), and the detector
results of “Lund” (Lindblad et al., 1970), MPI
70, 71 (Fechtig, Feuerstein, and Rauser, 1971;
Rauser and Pechtig, 1972), one can state the
following items:

(a) No cutoff down to masses of about 10%g
could be found.

(h) Easily fragile particles are evident and
support Jacchia’s (1955) and Verniani's (1969)
observations of low-density material.

(¢) Large variations probably due to meteor
shower activities and Noetilucent Cloud displays
are obscrved for the fluxes.

(d) Still not sufficiently known is the influence
of the upper atmosphere on the dynamies of small
particles. In 1970 we (Rauser and Feehtig, 1972)
measured  a veloeity profile  of micron-sized
particles between 70 and 110 km altitude.

The measured veloeities are lower than expected
at 110 km altitude which suggests that the
particles are of a flufly low-density material,
However, the measured velocities are about 2

3 4 o
2T
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orders of magnitudes higher than expected (Korn-
blum, 1969) at 70 to 80 km altitudes. The exist-
ence of a tenii)ér'ﬁi’tﬁm minimum at about 85 km
altitude leads one to expect a diameter and/or
density increase of particles by absorption of
condensable material like water or CO.. This
mechanism might also explain the Noctilucent
Clouds. A layering effect can be caleulated from
the detailed data.

Finally, total influx rates can be calculated from
the flux curve. One calculates a total daily influx
of interplanetary material on the Earth of about
95 tons. This number is consistent with investiga-
tions by Keays et al. (1970). These authors have
investigated lunar samples for meteoritic com-

ponents. Although the investigations were carried ¢
out in a completely different scientific field, the

results show an agreement.

SUMMARY

This paper contains a description of techniques
used in recent experiments to deteet and analyze
cosmic dust and micrometeorites. Furthermore,
the results both from the study of lunar crater
statistics and from @n silu measurcments have
been reviewed.

Tonization detectors and controlled eollectors
represent important progress in the techniques
used in the research field of cosmic dust.

The results from lunar crater statistics show an
agreement with the results obtained from in silu
measurements in interplanctary space and derived
from zodiacal-light measurements. The near-
Farth results show an enhancement in the flux
humbers. This ean be caused either by secondary
Junar debris or by disintegration of low-density
fireballs in the outer atmosphere.

For future experiments in situ measurements are
needed in interplanctary space. The question of
the chemical composition of particles is important
with respect to the origin of cosmic dust.
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Fievre 4.—A seanning electron micrograph of a small
microcrater. The glass-lined pit and the spall area are
nicely illustrated, but the microfractured halo zone is

essentially invisible because the scanning electron

microscope technigue produces an image of the to-
pography only and does not record any albedo differ-
ences present on the surface under study. In this ease,
the host rock is a millimeter-sized glass [ragment from
the lunar soil collected during the Apollo 11 mission.
(Scanning cleetron micrograph courtesy of D). 8.
McKay, NASA MSC photograph 70-40177)
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104 Meteors, Meteor Streams

A note on antimatter meteors.
M. Beech.
Earth, Moon, Plancts, Vol, 40, No. 2, p. 213 - 216 (1988).

1t is argued here that unless antimatter meteors can be shown
to possess some unambiguously unique characteristic not dis-
played by ordinary koinomatler meteors, it will be difficult to
infer their existence given the standard interpretation of meteor-
oid structure. 1t is also argued, however, that the existence of
antimatier meteors is extremely unlikely.

104.001

104.002 Observing meteors: XIL. Getting started with meteors.
D. H. Levy.
Strolling Astron., Vol. 32, Nos. 7- 8, p. 177 =178 (1988).

104.003 Boiitiden 1987,
M. Nolle, B. Koch.

Radiant, Jaarg. 10, Nr. 1, p. 4 -5 (1988).

104.004 Vuurbollen in April.
P. Koning.
Radiant, Jaarg. 10, Nr. {, p. 1215 (1988).

The article deals with an analysis of over 600 observed fireballs
brighter than -8 magnitude, observed between 1972 and 1987 all
over the world. Data were used Lo carry out a statistical analysis
concerning the distribution of fircball events over the year.

104.005 Ursiden 1987,
P. Jenniskens.
Radiant, Jaarg. 10, Nr. 2, p. 21 - 22 (1988).

The first results of the Ursid campaign 1987 are presented,
Observer B. Rispens stayed in Lardier, France, from
December 14 until 25. He noticed 1194 sporadic meleors,
9% Ursids and 108 Geminids. The observations ure ol special
interest because they cover the full period of activity of the Ursid
meteor shower.

104.006 NAS-metcor section: Ursiden 1986,
P. Jenniskens, T. E. Hillestad.
Radiant, Jaarg. 10, Nr.2, p. 23 - 24 (1988).
10 minute counts are given for the Ursid outburst of 1986 as
observed by NAS-MS members.

104.007 De Leoniden in de rustige jaren.
P. Jenniskens.
Radiant, Jaarg. 10, Nr. 2, p. 2527 (1988).
Observations by visual observers of the Leonid meteor stream
are analyzed. The observations cover the period 1981 - 1987
while the parent comet PfTempel-Tuttle was near its aphelium.

104.008 Proccdure of interpretation of metcor observations
accounting fragmentation.

P. B. Babadzhanov, G. G. Novikov, V. N. Lebedinets,
A. V. Blokhin.
Astron. Vestn., Tom 22, No. 1, p. 71 =78 (1988). In Russian.
English translation in Sol. Syst. Res.

Formulae describing the light curves / and ionization curves L
of meteors accountiny the theory of quasi-continuous fragmen-
tation are obtained and analysed.

104.009 On the Perseid meteor stream 1986 (11). Zenithal hourly
rate data.

P. Roggemans.

WGHN, Vol. 16, Nr. 1, p. 12 - 31 (1988).

Using 39884 meteors observed [rom ten countries by 96
persons during 1456 man-hours, a rate profile of the Perseids
1986 is derived. Apart from @ remarkably high activity around
August 15.0, the 1986 return of the Perseids can hu charaeterized
as “normal™.
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104.010 Soviet observations of the Perseids 1986.
A. Grishchenyuk, A. Levina, V. V. Martynenko.
WGN, Vol. 16, Nr. 1, p. 32 - 34 (1988).

104.011 The y—Aquarids 1987 in Australia.
J. Wood.
WGN, Vol. 16, Nr. 2, p. 38 - 39 (1988).

104.012 The p-Aquarids 1987 in Brazil.
G. K. Renner.
WGN, Vol. 16, Nr. 2, p. 39 - 40 (1988).

104,013 How high is a meteor?
D. Olsson-Steel.
WGN, Vol. 16, Nr. 2, p. 41 - 48 (1988).

Some recent observations of the heights of meteors detected
with backscatter radars operating at frequencies of 2, 6 and
54 MHz are reviewed, and it is shown that VHF radars detect
only a small fraction of the total incident flux of small
meteoroids. In addition the implications of these new results for
the ecology of the smaller bodies in the solar system, and also the
effect of the meteoroids upon the Earth's atmosphere, are
discussed.

104.014 The Perseids 1987 in the Soviet-Union.
A. Grishchenyuk, A. Levina, V. Martynenko.
WGN, Vol. 16, Nr. 2, p. 49 — 50 (1988).

104.015 The Perscids 1987 in the DDR.
J. Rendtel.
WGN, Vol. 16, Nr. 2, p. 50 - 54 (1988).

104.016 The Perseids 1987 in Belgium.
G. Ticket.
WGN, Vol. 16, Nr. 2, p. 54 - 55 (1988).

104.017 The Perseids 1987 in Florida.
W. Simmons.

WGN, Vol. 16, Nr. 2, p. 56 - 57 (1988).

104.018 The Quadrantids 1987 in Southern France.
B. Koch.
WGN, Vol. 16, Nr. 2, p. 58 - 61 (1988).

104.019 The Quadrantids 1987 in Denmark,
P. T. Aldrich.
WGN, Vol. 16, Nr. 2, p. 61 - 62 (1988).

104.020 Fall 1987 observations by Delphinus — The Netherlands.
B. Rispens.
WGN, Vol. 16, Nr. 2, p. 62 - 64 (1988).

104.021 Telescopic e-Geminid observations.
M. Vints.

WGN, Vol. 16, Nr. 2, p. 64 (1988).

104.022  Meteor activity in September 1987 in Denmark.
P. T. Aldrich.
WGN, Vol. 16, Nr. 2, p. 64 - 65 (1988).

104.023  The Orionids 1987 from Denmark.
P. T. Aldrich.

WGN, Vol. 16, Nr. 2, p. 66 (1988).

104.024  The Geminids 1987 in Canada,
P, Brown.
WGN, Vol 16, Nr. 2, p. 67 (1988).
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104.025  Radar studies of cometary dust.
W. ). Baggaley.
South. Stars, Vol. 32, No. 5, p. 145 - 148 (1987).

A progrumme of radar studies of meteoroids at Canterbury
University has two avenues: (1) to measure the influx of meteors
associated with known comets to yield stream structure, particle
size distributions; (2) to determine the heliocentric orbits of radar
meteors which may belong to previously unrecognised cometary
nuclei which have been denuded of their gas and dust.

104.026 The influence of ionospheric electric ficlds on the
observed number of meteors and the mean heights of

reflections during sunrise.

A. E. Epishova, Z. M. loffe, L. N. Rubtsov,

Dokl. Akad. Nauk TadzhSSR, Tom 30, No. 1, p. 19 - 21 (1987).

In Russian. Abstr. in Ref. Zh., 51. Astron., 2.51.252 (1988).

104.027  Meteore heobachten und auswerten.
M, Nolle.
Sterne Weltraum, 27. Jahrg., Nr. 4, p. 242 — 245 (1988).

104.028 A radar orbit search for meteors from comet Lexell.
D. 1. Olsson-Steel.
Astron. Astrophys., Vol 195, No. 1/2, p. 338 - 344 (1988).

In this paper the 3759 radar meteor orbits determined from
Adelaide, South Australia, in the 1960's are analysed using a new
and powerful stream-search technique. Although there is some
evidence for Lexell-related showers, this is not unambiguous due
to the presence in the sporadic background of many orbils with
similur orbital characteristics (very low inclinutions, aphelia close
to Jupiter), so that the reality of the stream cannot be proven. Ina
final section, the remarkable similarity between the characteris-
tics of a hypathetical meteor shower in eurly December (put
forward on the basis of weather records by Bowen, 1957) and the
possible shower associated with Lexell occurring at that time, is
briefly described.

104.029  Gravitational breaking of mefeor streams in resonance
with Jupiter.

H. Scholl, C, Froeschle.

Astron. Astrophys., Vol. 195, No. 1/2, p. 345 - 349 (1988).

The authors investigate numerically the orbital evolution of
seven meteor streams known 1o be located al mean motion
resonances with Jupiter, The major goal was to find a splitting of
the streams into ares due to a resonance mechianism discovered
previously by the authors for a model stream at the 2/1
resonance. Nene of the seven known meteor streams splits up
into arcs due to this mechanism. On the other hand, close
ipproaches to Jupiter of stream particles cause the formation of
holes in some of the known meteor streams.

104.030  Radar obscrvations of Eta Aquarids in 1981 - 1986 at
Dushanbe and Ondicjoy.
R. P. Chebotarev, S, O, Isamutdinov, A. Hajduk.
Bull. Astron. Inst. Czech., Vol, 39, No. 2, p. §2 - 85 (1988).
Results of simultaneous observations of radar meteor echoes
during the period of the Eta Aquarid shower in 1981 — 1986 are
given. The small changes in meteor activity in the consecutive
returns of the shower and the relative stability of the position of
the observed shower maxima with the characteristic double peak
at solur longitudes of 44.4" and 47.8” show the independence of
the particle space density within the stream of the position of the
parent body on the orbit. The mass distribution of particles and
other characteristics of the stream are also derved.

104.031 A multiple-station Perseid over Norway.
T. E. Hillestad.

WGN, Vol. 16, Nr. 3, p. 85 -89 (1988).

104,032 A triply-photographed meteor over Japan,
K. Ohtsuka, Y. Shigeno.

WGN, Vol. 16, Nr. 3, p. 91 - 93 (1988).
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104.033  Japanese y—Aquarids observations in 1987.
M. Koscki.
WGN, Vol. 16, Nr. 3, p. 94 - 96 (1988).

104.034 Dutch video observations of a Leonid fireball in 1987,
K. Jobse.
WGN, Vol. 16, Nr. 3, p. 97— 98 (1988).

104.035  Finnish observations — spring 1987,
T. Hankamiki.
WGN, Vol. 16, Nr. 3, p. 99 - 100 (1988).

104.036 Norwegian observations — spring 1987,
T. E. Hillestad.
WGN, Vol. 16, Nr. 3, p. 101 - 102 (1988).

104.037 An investigation into the association between Eta
Aquarid meteor shower and Halley'’s comet.
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EARTH'S INFLUX OF DIFFERENT POPULATIONS OF SPORADIC METEOROIDS
FROM PHOTOGRAPHIC AND TELEVISION DATA
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Astronomical Institute, Czechoslovak Academy of Sciences, 251 65 Ondiejov Observatory, Czechoslovakia
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TIPUTOK PA3HBIX ITOIIYAALKMA CMIOPAOIWMYECKUX METEOPOUAOB B OBJIACTh
3EMJIM MO ®OTOCPAGHMUYECKUM W TENEBM3MOHHBIM HABIFOAEHMAM

OcHopy gaunofi paBoTel COCTABARIOT ToulLe oTOrpadHUEcKNe I TEACRHIMOHILIC NANHLIE C ABYX M Bonce
cTanuNit, monyucisie AN 3624 cnopaiKyeckiX MeTEeopoR B mpeaeaax mace o1 2 X 10°%r no 2% 1071,
OnpencnAIoTCA I OMHCLIBAIOTCA KPHTCPINL M Npoucaypul HX KnaccHpIanm no OTACHbILIM TRyRmas. Han
0630p M3BECTHbIX B HAcTORMiee BpemA 7 pasuulX MOMYNALUWH COPAJIHYECKIX METSOpOD (Tabn. 1). Oburee
YHCMIO ¥ OBIIAA MACC MCTEOPOMAOE KAK (DYHKLI MACCHE JAIOTCA AA OTAeNBHBIX TPYILN H O/ BCEX CIIOPAAHYCC-
Kix meTeopon. AGconioTian kanuBponka NPUTOKA B 06ANCT b Jenni Gb112 DLINONHENA Y TEM CPUBHCINA C PC3Y Tb-
tatamy Halliday etal. (1984). ITpit cpanicHit © BHIYUALHBINIG JGHIILIMK M C AN ULIMK O KOJIHHCCTBC KpaTepon
HA NOBCPXHOCTH .]'lym.l b0 TIONY4EHO xopoulec cornacHe NHb B Y3KOM HHIEDDANE mace, COOTBCTCTDYHOLIZM
BH3yanmbHBIM MeTeopani, B SKCTPANOAHPOBANHHBIX HACTAX BH3IYANLHOI M KPATCPIOR KPHOLIX TIDHTOKA 1MECTCA
JHAMMTENBHOE HECOOTBETCTDHE pesynwtaTas Aannoil paBortu. Bonmael nocne kOTOPLIX NagacT METEOPHT
{turt [) MAICIOT OKOHUATENBLHO HAKAOH XPHBOA xymynstusumix wicen —0,69 naa maccw Gonbuicit wem Ter.  C2 7Lipgk "ffis_é-lﬂ[&.*?-'i
OxOHYATENLHAR LUKA/A MACS, BHIDEACHHAR B HACTOAWell puboTe, newny mekny uikanamu McCrosky 1 Halliday. F“'—,‘J, i "-F{E}ﬁﬂ

OTHOCHTENBHAY 3HAUNAMOCTL PajHbIX TPYTIN METCOPOHIOB M3MEHACTCA € MX MACCAMM BECBMA APAMATHYHO
(rabn. 4 u §, puc. 3). OBWHIT NPHTOK CNOPAIHYECKHX MeTeopouaos B ofnacTe 3eMniu MO LENOMY KuTepBany 3 "
12 nopsaakoe oT 2 X 107 102 X 1075 rcocrasnser 5 X 10° r B roa Ha BCIO 1EMHYEO TTOBEPXHOCTS. BObLIHII- “ &Eﬁi\dﬁﬁ
CTBO 3TOrO MPHTOKA MPHXOMMT B BUIE Gonee kpyTHbIX T, TTaoTnocTio i xoatduruueicrsl abaAswg farorea aag
OTenebHbIX IPYI METEOPOUAOB TAK, KAK OHH BbITEKatOT M3 PadiibiX a0AAUKOHHBIX MOACACT HECKONbKUX ABTO-

pos. TToaBepraroTCca KPHTHKS HCKOTOPbIE KPajliige NOAX0Abl X AZIHOMY BOMpPOCY.

Precise photographic and television double- and multi-station data on 3624 sporadic meleors in the mass
range from 2 X 1077 grams to 2 X 107 grams form the basis of this paper. The applied classification
criteria and procedures are defined and described. A survey of 7 different populations of sporadic meteoroids
known so far is presented (Tab. 1). The total numbers and masses of meteoroids as function of mass for
individual groups and for all sporadic metcors are given. The absolute calibration of the influx to the Earth
was carried out by comparison with the results of Halliday et al. (1984). The comparison with the visual
and cratefibg data revealed good agreement in the narrow “‘visual’ interval of masses and disagreement
in the extrapolated parts of the visual and cratering flux curves. The slope of the cumulative number curve
for the meteorite-dropping fireballs (type 1) with masses larger than 1 kg was found as —0:69 in perfect
agreement with the results of Halliday ct al. (1984). The final mass scale derived in this paper is situated
between the scale of McCrosky and the scale of Halliday. The relative significance of the different groups
of meteoroids changes with the mass quite dramatically (Tabs 4 and 5§, Fig. 3). The total influx of sporadic
meleoroids in the mass interval of 12 orders from 2 X 107 to 2 X 1077 grams resulted in 5 X 10° grams
per year for the entire Earth’s surface. Most of this mass comes in the form of larger meteoroids. Bulk
densities and ablation coefficients for the individual meteor groups, depending on different ablation models

of several authors, are presented and some extreme concepts of this problem are discussed. 124 % A9 ;{ 5
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Key words: meteoroids: influx, populations, photographic data, TV - data.

1. Introduction when they analyzed the data on atmospheric trajec-

tories of meteoroids photographed by Super-Schmidt

Thirty years ago meteoroids coming to the Earth’s cameras. This highly simplified view originated from
vicinity were assumed to be approximately of the same  biased statistical handling of the data. Different
composition and structure: Verniani (1965, 1967) meteoroid populations were first recognized in-
and Jacchia et al. (1965) argued in favour of all meteo-  dependently by Jacchia (1958) and Ceplecha (1958).
roids being low density (0-2 Mg/m?) friable bodics, The difference in beginninig heights of luminous
trajectories of mecteoroids proved to be the most
Bull. Astron. Inst. Czechosl. 39 (1988), 221—236. important tool for recognizing different meteoroid
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populations among Super-Schmidt and small-camera
meteors, when and if the correct dependence on
velocity was considered (Ceplecha 1967, 1968, Cook
[973). Two main discrete levels of meteor beginning
heights separated by 10 km difference have been found.
The lower level was denoted A, the higher was denoted
C. The C-group of meteoroids was recognized to con-
tain two populations of orbits: the one with ecliptic-
ally concentrated short-period orbits was denoted Cl
and the other with random orbital inclinations of
long-period orbits was denoted C2. The classical
meteor showers with known parent comets are of
the type Cl and C2: thus the cometary origin of
meteoroids of the whole C group is evident. The
metcoroid masses of the Super-Schmidt and small-
camera meteors are within the interval of 5 x 107* g
to 5 x 10% g. (McCrosky and Posen 1961).

After the photographic fireball networks yielded
enough data, groups of meteoroids with widely
different composition and structure were also recogni-
zed among these larger bodies up to the mass of
2 x 107 g (Ceplecha and McCrosky 1976, Ceplecha
1985, Sekanina 1983, Wetherill and ReVelle 1981
a, b). Asurvey of results on all the meteoroid groups
revealed, and of their relations to other bodics of the
solar system was given by Ceplecha (1977). Since
then, the observational materials has become sub-
stantially larger, and several changes in the classifica-
tion scheme of meteoroids have taken place. This
paper will survey all of this.

Recently new observational material of scveral
hundreds of double-station meteors, observed by
television systems, became available. The masses of
these very small meteoroids are mostly within the
interval of 2 x 107° to 5 x 1072 g (Hawkes et al.
1984, Jones and Sarma 1985, Jones et al. 1985, Sarma
and Jones 1985). The same methods of classification
of atmospheric trajectories of TV-meteors as of that
of Super-Schmidt meteors revealed a new group
among the C-type meteoroids. It was denoted C3
and contains bodies of the C-type atmospheric
trajectory with short-period orbits of random inclina-
tions. They are quite numerous and comprise more
than one quarter of all observed TV meteors. After
this recognition, the C3 meteoroids were also detected
among the Super-Schmidt and the small-camera
meteors and also marginally among the fireballs
(Hawkes et al. 1984, page 61) (this paper: 6%, 9%,
4% of all meteors, respectively). The C3 meteoroids
were previously assumed to be a statistical flaw
in the original analysis and were partly superposed
by the Cl1 group.

This paper contains an up-to-date survey of all
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known populations of meteoroids as revealed within
different observational materials. Definitions of the
different groups ol meteoroid populations are given
for each observational material. Cumulative
incremental numbers as well as masses of meteoroids
of individual groups are presented. The total meteoroid
influx for the whole mass interval of 12 orders is
given.

The observational material of photographic meteors
and fireballs used in this paper was taken from the
[AU meteor data archives (center A: B. Lindblad;
Lund Observatory; center B: Z. Ceplecha, Ondfejov
Observatory). Most of the data have already been
published as well as data on double-station TV-
meteors. The observational material consisted of 612
fireballs including 561 sporadic fireballs; of 1381
small-camera meteors including 812 sporadic meteors:
of 2529 Super-Schmidt meteors including 1848 sporadic
meteors; of 454 television meteors including 403 spo-
radic meteors. Altogether 3624 sporadic meteors
were used over the whole mass interval. The masses
of the individual meteoroids were obtained by integrat-
ing the whole light curve and, except for the question
of changes in luminous efficiency, these masses arc
highly prefcrable over any estimates based only on
one value of maximum brightness with some kind
of average velocity, as is the case of interpretation
of visual obscrvations. Also radar data are severly
limited in respect of determining the meteoroid mass
from one value of intensity of the reflected signal not
necessarily from the point of maximum ionization.

The mass scale of Halliday et al. (1984) was used and
corrected for the ratio of all the meteoroids to the
meteoroids of type I. Only a small correction of
0-2 in log m was found.

and

2. Definition of the Groups

The levels A, B, C, D are defined in the hy — v,
plot (hip is the beginning height of the luminous
trajectory, v, the initial velocity; Ceplecha 1968).
The problem of classification can be transformed
to a one-dimensional parameter, K, by projecting
the hy — v, plot in the direction of the dependence
of these two values. Then K is defined (Ceplecha
1967) as

(1)

where gy is the air density at the beginning of the
luminous trajectory expressed in gem™3, v, is the
initial velocity expressed in ecms™! and z is the

zenith distance of the radiant. Because of the statistical

Kp=logoy + 25logv, — 0:5logcoszg,
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fireballs identical with the same curve of Halliday interval of comparison with Halliday's cumulative
et al. (1984) for meteorite-dropping fireballs: numbers. Except for this small correction of mass
log (n,,/n;) = 0:64 is our result within the mass and except for the possibility of absolute calibration

Tabie 2
Cumulative numbers.

Logarithms of metzoroid numbers for the whole Zarth s surface
per year are given.

lsrger mass

than m I 11 IiZA |TIITAL A1l
&";Z rgu) nast| A B c1 G2 c3 D |meteorosids
6.8 |{1.88y|2.7"
0.0 (2.03% 2.81
6.4 2.17 |2.92 {1.58) 2.43 3.14
6.2 2.31 [3.02 (1.74) i 2.51 J.24
6.0 Z.45 |3.12 {1.82) 2.60 3.34
5.8 2.59 |3.23 {2.05) 2.68 344
5.6 2.73 [3.33 (2.20) 2,76 355
el 2.87 [3.44 (2.36) 2.84 3.65
5.2 3.01 |3.55 (2.51) 2.92 3.78
5.0 3419 [3.65 2.66 3.00 3.87
4.8 Jwed | Ieils 2.82 3.08 398
4.6 3.42 | 3.E6 2.97 3.6 4,09
4.4 3.56 |3.96 Za12 | 25T 3.24 4.20
4.2 3459 [4.07 3.27 | 2.85 J.32 4,32
4.0 F.82 4T 3.43 | 2.94 3.40 4.43
3.8 3.95 | 4.28 3.58 | 3.02 {2.55 | 3.48 4355
3.5 4,08 |4.38 3,73 |3.10 12,71 | 3.56 4,66
Jott 4,20 [4.49 3.89 | 3.19 |2.88 | 3.64 4.78
3.2 4,31 | 4.59 4.C4 [3.27 |3.04 | 3.72 4,89
3.0 4.43 | 4.7C 4,19 {3.35 13.20 | 3.81]| .5.01
2.8 4.54 | 4.E0 4.7 3,43 |3:35 |35 5.12
2.6 4,66 [4.91 4,50 | 2.52 |3.32 | 4.00 5.24
2.4 .77 | 507 4.65 {3.61 |3.568 | 4.0 5.35
2.2 4.88 |5.12 4.80 [3.73 [3.84 | 4.22 95.45
2.0 4.99 15,23 4,95 | 3.89 |4.00 | 4.34 5.50
1.§ D11 533 5.09 [4.08 |4.16 | 4.47 5.72
1.6 922 [5ad4 524 | 4.30 |4.32 | 4.61 5.84
1ed 5433 |2654 | 3485 | 5.37 1455 [4.48 | 4.76 5.96
1.2 S+84 |5.65 | 4.75) 5,50 [4.82 |4.64 |4.91 6.09
1.0 5.56 |5.75 | 4,36 5.62 |5.11 {4.80 |5.06 6.22
0.8 5.67 |5.87] 457 573 |5.39 |4.97 |5.21 6.36
C.5 5.78 |£.02| 4.78] 5.82 |5.67 {5.13 [5.35 6.51
0.4 5.9C |€.22 | 4.99] 5.91 |5.94 |5.29 |5.50 6.57
.2 | 6.01 |6.26| 5.20| 6.03 [5.17 |5.45 |5.66 6.87
0.0 G712 {6276 | 5.41) 6217 |5.40 |5.61 |5.82 T.09
-0.2 6e24 | 7412 5.62] 8,32 |6.61 |5.77 |5.99 7436
~-0.4 6.35 17453 | 5.83| 6,49 |6.80 [5.93 |5.17 T.69
-0.6 6o4T7 | TS5 | 6.C4| ©.86 [5.98 |£.10 |8.35 8.04
-G.58 6.58 [8.21] 6.25| 6,85 |7.15 |5.29 |6.54 £.29
-1.0 6.70 [E.3B| €.46| 7.C3 | 7.32 |6.47 |6.73 8.45
-1.2 5,81 [Ba4G | 6,06 | 7422 | Te48 [6.67 |6.53 B.58
-1.4 6.9C | 8.58| 6.87| T.42 | 7.54 [5.856 | 7,13 8.69
=-1.6 £.97 | 2,64 | T.CGT| 7.52 | 7.80 |7.C5 |7.33 8.78
-1.8 TeO4 [B.TC| To24] T.83 | To%4 |Te25 | 7.52 B.5T
-2.0 Tal1l 15475 T439 | 8.05 | 8.08 |7.44 |7.72 8.56
-2.2 7.15 [B.81] 7.52| 8.29 | 8.20 |7.63 |7.92 2,07
~-2.4 Te2D |BET| TuE4| 8.55 |8.31 |7.83 |8.07 8,19
~-2.5 Ta33 | 8,22 T.75| B.E8O |8.41 |B.02 |8.17 9.31
-2.8 Te4C |B.98| 7.85| 9.03 |B8.52 |8.21 {8.25 9.45
-3.0 T.48 19.04| 7.950 9.17 | 8.61 |8.41 [2.32 .55
-3.2 7.55 [9.10] 8.05] 9.25 |8.71 |B.60 |8.37 9.64
-3.4 .16 8.15| 9.30 |8.81 [8.79 |B.41 Q.71
~3.6 9.22| B.25| 2,33 |8.90 [8.98 |8.45 9.78
=3.8 .28 8435 | $.35 | 8,99 |9.17 |8.48 9.85
-£,0 Ge33 | 84485 | 9,37 | 2.07 [9.36 9.93
-4.2 9.351 (BuSO)( 9.38)15.15 [3.55 10.02
-L,.4 Q.45 |( 8B5S 9.40)|5.22 [9.73 10.12
-1.6 8.531[(8.T9)(9.41)]9.30 |2.¢1 10,23

of all our meteoroid groups, the above procedure results of Halliday et al. (1984). The mass scale of
also provided a perfect check of validity expressed McCrosky, defined in chapter 2 section d) and used
in the consistency of our results, based on more in all papers on PN and EN fireballs, is by 0-3 in
extensive observational material, with the independent log m above our final mass scale. Thus our final mass
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Tab. 2 contains logarithms of the cumulative numbers
already calibrated to the whole Earth's surface per
one year, In the last column, the logarithms of cumula-
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scale used in this paper can be related to the two

mentioned mass scales by

The results of all these computations are given

masses of Lost City and Innisfree, and it depends
in Tab. 2. The mass intervals are 0-2 in log m [rom

on artificial meteor experimens by Ayers et al. (19701,
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tive numbers are given for all sporadic mcteoroids,
as they resulted from summing up the numbers of
meteoroids of all groups within each mass interval.

Table 3 contains the incremental numbers, as they
resulted rom Tab. 2. For each 0-2logm interval,
Table 3 contains logarithms of the numbers and
logarithms of masses within each of the 0-2-wide
log-mass interval, for each group of meteors separately.
The last column gives the same for all meteors as
it resulted from summing up the incremental numbers
and masses of all the meteor groups,

The results of Tab. 3 for “all meteors™ are compared
in Fig. 1 with the “visual data” published by Hughes
(1978, p. 155) (denoted c) and d) in Fig. 1). The absolute
values in the typically visual interval from 0-1to 10 g
agree almost perfectly, but the incremental masses
in the other intervals (log M < —1, and log M > 1)
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differ by orders of magnitude. This only emphasizes
danger of any extrapolation of cumulative numbers
beyond the region of actual full-sensitivity of a receptor
Tt is interesting that the incremental mass has the
absolute maximum at the largest mass boundary
of our observational material and a lotal maximum
just at the “visual” meteors (they are close to the
“Super-Schmidt” meteors). The local maximum at
logm = —0:5 (in grams) is mostly caused by the
A-group bodies. They comprise half of all the meteors
in the whole *“‘Super-Schmidt” region and almost
90% of all meteors at log m = —0-5. Details will be
discussed in the next chapter.

The discrepancy between the “visual® and the
“photographic and TV” data could be in the definition
of the mass scale. Certainly the “visual” mass scale
contains meteoroids of the same brightness un-

I 1 1 | | | | 1 1 1 | 1
:
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Fig. 1 Tncremental masses M i.n intervals of Alogm = 1. M is in grams per year for the entire Earth's surface. a) the results
of this paper, b) the results of this paper with the luminous efficiency variable with mass according to Eg. (5), ¢) and d) the results
from visual observations (Hughes 1978).
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resolved, but with the mass ratios up to 200, which
causes incorrect slopes of cumulative curves (they
are steeper than the cumulative curves with resolution
of the mass-velocity dependence). But on the other
hand, the luminous efficiences applicd to detailed
velocity and brightness data of the photographic and
TV meteors, may be only rough values and also
mass dependent (the velocity dependence was taken
into account for each meteor separately in integrating
the light curves according to Eq. (2)).

As an extreme (and very improbable) assumption
of the mass dependence of the luminous efficiency
we took the expression

(5)

(in the system of cgs units combined with J = 1 for 0
stellar magnitude), where © = 7o is the luminous
efficiency. This assumption actually means a 10 times
smaller luminous efficiency for logm = —3 than
for log m = 2, which is highly improbable. Atlog m =
= 3-5 both luminous efficiencies (the above equation
and the average efficiency corresponding to the final

logty = 0:2logm — 1870

log m (g]

Fig. 2. Cumulative numbers N of meteoroids of mass greater
than m (in grams). N is given for the entire Earth’s surface
per year. a) the results of this paper, b) the flux model of
Griin et al. (1985). The a) curve is extremely well decfined
for meteoroids with log m greater than — 3. The discrepancy
of a) and b) at logm= —3 is almost 2 orders of magnitude
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mass scalc used in this paper) are identical. In Fig. 1
the incremental mass curve denoted b) corresponds
to this extreme crude assumption. The absolute
maximum at the most massive bodies remains. The
local maximum is shifted to larger masses and the
discrepancy with the visual interval is evident. On the
other hand, the bodies with logm = —1 to logm =
= —3 are closer to the extrapolated visual values c).

The results of Tab. 2 are compared in Fig. 2 with
the model of meteoroid fluxes given by Griin et al.
(1985), based on lunar microcratering and Whipple's
(1967) interpretation of meteor statistics within the
mass interval of 107% to 107 grams. The same order
of discrepancy as with Hughes’ values was found.
The average slope is identical between logm = 0-7
and logm = —1-3, which is a typical interval for
visual metcor observations (and close to Super-
Schmidt sensitivity interval), and on which the slope
given by Whipple (1967) mostly depends.

The dimension of a crater, when related to the mass
of its projectile, has a similar large spread due to the
velocity of the projectile as in the case of the “maxi-
mum brightness of a visual meteor”. Again more
populated ranges of smaller projectiles of high velo-
city are addced to the ranges of a few larger projectiles
ol low velocity at the same dimeasion of their craters,
unresolved. This makes the cumulative slope scemingly
steeper.

Tlie curve of incremental mass, resulting from all
availuble photographic and TV-data and denoted
a) in Fig. 1, is distinctly preferable to all “visual”,
“visual-extrapolated™ and ‘‘cratering-extrapolated™
data with the following precautions: The extreme
wings below logm = —3 and above logm = 5 are
close to the boundaries of the sensitivity of all the used
systems and may contain less bodies than in reality.
Within the interval from logm = 5 to logm = -3
the incremental masses can differ from reality maxi-
mally by £0-3 in log m, but the relative change from
one intcrval to the next has a precision better than
+0:1 in log m.

The method of dividing the meteors into groups,
treating the groups separately and summing the
meteoroid numbers of all groups in the final step,
gives better results than if the whole observational
material were treated as one statistical body without
classification. We feel that group A is still a composite
(Hawkes et al. 1984) and future, improved classifica-
tion systems may treat this group as several groups.
The results would then be refined, but we do not
expect this refinement to bring larger changes to our
present results.
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Table 4
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felative percent cumulative numbers of meteornids eof individuzl grousa.

A1l meteoroids of the group larger than mass m;

m in gram3.

log m I LE IITAl TITAL ITIB
(leg g}| MAst" A B 1 c2 €3 D
6.8 {13) (87) - = - = -
6.6 (14) (86) = = = - =
6.4 11 65 - (3) - - 21
6.2 13 64 - (3) - - 20
6.0 14 63 - (4) - - 19
5.8 15 63 = (4) - - 18
5.6 16 63 - (4) ~ - 17
5.4 17 62 - (5} - - 16
5.2 18 b2 - (5) - - 1
5.0 19 61 - 5 - - 14
4.8 20 80 - T - - 13
4.6 21 59 - 2! - - 12
4.4 22 57 - 8 3 - 10
4.2 23 55 - 9 3 - 1
4.0 24 54 - 10 3 - 9
3.8 25 53 - 11 3 - &
3.6 26 51 - 12 3 - 8
3.4 25 50 - 13 3 1 7
Fel 26 50 - 14 2 1 T
3.0 26 49 - 15 2 2 6
2.8 26 48 - 16 2 2 6
2.6 26 46 - 18 2 2 6
2.4 26 45 - 19 2 2 6
2.2 25 44 - 21 2 2 E»
2.0 25 43 - 22 2 2 &
1.8 25 41 - 23 2 3 6
1.6 24 3 - 25 3 3 &
1.4 23 35 1 25 4 3 6
1.2 22 35 1 25 5 4 g/
1.0 21 34 1 25 8 4 7
0.8 20 32 2 24 11 4 7
0.6 19 33 2 20 15 4 T
0.4 17 35 2 17 18 4 7
0.2 14 3 2 15 20 4 6
0.0 11 a7 2 12 20 3 5
-0.2 7 5 2 9 18 3 4
-0.4 5 7 1 & 13 2 3
-9.6 23 80 1 4 9 1 2
-C.8 2 E3 1 4 7 1 2
-1.0 2 g3 1 4 7 1 2
-1.2 2 g2 i 4 8 1 2
-1.4 2 78 2 5 9 At 3
-1.6 1 73 2 7 15 2 4
-1.8 1 62 2 9 12 3 5
-2.0 1 2 3 12 13 3 6
spia 1 55 o i3 4 7
-2.4 1 48 3 23 13 4 8
-2.6 1 41 3 31 12 5 7
-2.8 1 24 3 38 12 6 6
-3.0 i 30 3 41 12 7 6
-3.2 (1) 29 3 41 12 9 5
-3.4 (1) 28 3 3 13 12 5
=3.6 a3 27 3 25 13 16 5
-3,8 (<1) e7 3 31 14 21 (4)
-4.0 (<1) 25 3 27 14 27 (4)
-4.2 (<1) 23 3 23 14 34 (3)
-4.4 (<1) 22 3 19 13 41 (2)
-4.8 (<1} 19 3 15 12 49 (2)

5. Changes of Significance of Metcoroid Groups
with Mass

The change of importance of the individual groups
with the mass of meteoroid is strongly impressing
and there is no way of dealing with the entire meteoroid
complex in the whole mass interval of Tab. 1 as with
one statistical body. The detailed quantification in the

preceding chapter is represented in Tabs 4 and 5
in percent numbers of meteoroids in the 0-2 — log m
intervals. Tab. 4 contains the cumulative numbers
and Tab. 5 the incremental numbers. The following
results of relative changes of population of the indi-
vidual groups with the meteoroid masses can be
specified by using the incremental numbers.

The short-period randomly inclined orbits of the C3
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Relative percent incremental numbers of meteorcids of individual Eroups.

weteorolds of the group inside

the given maegs inierval of 0.2 in log m;

min gramg.
loeg m = G 1771 S TI1B
(l:g g) AL Lil iLlA ~ikl id Ll
from to | "Ast" | 3 1| cg | © D
6.8 6.6 (18) (g8ay| = - - - -
6.6 6.4 (19) (e1)!l - - = = =
6.4 6.2 15 64 - (4) - - 16
6.2 6.0 17 63 - {5) - = 15
6.0 5.8 18 62 - (6) - - 14
.8 &.5 20 61 - (8) - - 13
5.6 5.4 21 60 - (7)) - - 12
5.4 5.2 22 5 - (&) - - 11
G2 5l 24 58 = 2] - i 10
.0 4.8 25 97 - & - - 9
4.8 4.5 25 56 - 10 - - g
bl gk 27 &4 - 14 - - =]
4.4 4.2 27 52 - 12 - - 7
4.2 4.0 20 50 - 13 2 - 7
e s g | 28 50 - 14 2 - 6
3.8 3.6 26 4E s i5 2 1 6
3.6 3.4 27 ad - 17 2 2 5
ot Fu 27 45 - 18 2 2 5
3.2 3.0 27 45 - i} 2 2 5
3.0 2.8 26 44 - 21 2 2 5
2.8 2.6 26 43 = 23 1 2 5
2.6 2.4 25 42 - 24 1 2 5
Pod 2D 24 40 - 26 2 3 5
2.2 2.0 24 38 - 27 2 3 5
2.0 1.8 23 37 - 25 3 a 5
1,8 L6 22 35 - 28 5 4 6
1.6 1.4 21 b33 ) - 28 T [ i
1.4 1.2 20 31 2 26 10 . T
1.2 1.0 19 28 2 23 1% 5 8
1.0 0.8 17 24 2 1% 20 5 g
C.B 0.6 15 34 2 i3 24 5 7
0.5 0.4 12 40 2 11 25 4 6
0.4 0.2 9 47 2 i0 24 3 5
0.2 0.6 & 57 2 & 20 3 4
0.0 -0.2 4 70 1 & 74 2 3
-0.2 -0.4 2 g1 1 4 9 1 2
-0.4 -0.6 1 £9 1 2 5 1 1
-0.6 -0.8 1 a7 1 3 6 i 1
-0.8 -1,0 3] a3 1 4 B 1 2
-1.0 =-1.2 1 75 P 5 10 2 3
-1.2 =-1.4 1 S 3 ) 13 3 5
=1.4 =1.A 1 54 4 14 14 4 T
-1.6 -1.8 1 45 4 15 17 5 9
-1.8 =2.0 1 £ 4 %5 17 g 11
-2.0 -2.2 1 30 3 3 1 5 12
—2.2 =2.4 1 24 3 43 13 T 9
-2.4 =-2.6 1 20 7 53 11 T f
-2.6 -2.8 1 16 2 AC 9 2} 4
-2.8 =3.0 1 18 2 53 10 12 4
-3.0 -3.2 1 21 3 39 14 19 3
3.2 =3.4 - 23 4 27 16 27 3
=3.4 =3.5 - 23 4 17 17 37 2
-3.6 -3.8 - 21 4 10 16 47 2
=3.E =4£.0 - 19 4 [ 14 c7 Z
~4,0 -4.2 - 16 1 (4) | (4) | 12 64 -
-4.2 -4.4 - (L e e B R 15 10 7C -
-4.4 -4.05 - i} (3 (2) 8 TE -

group are virtually absent among meteoroids Jarger
than a few hundred grams. At 10g they reach 5%
of all bodies and again became relatively insignificant
(duetothe overwhelming position of the A-meteors over
the other groups) from 1 to 0-1 gram. They then steadily
and rapidly increase up to 76% at the end of our mass
interval at 2 x 107° g. If we compare the C3-group
with the Cl-group of short-period ecliptically con-
centrated orbits, we see that the number of Cl-meteors

is larger by one order than that of the C3-meteors
for masses larger than 100 grams. The C3-bodies
reach the same number as the Cl-bodies at 5 x 1074
grams, where both the Cl- and the C3-meteors already
outnumber all the other groups. The Cl-group beco-
mes quite insignificant for masses smaller than 10™*
grams,

The Cl and IITA-group alone reaches the first
maximum of relative numbers up to 28% between
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400 g and 10 g and the second maximum up to 60%
" at 2 x 1073 g. Its significance then rapidly decreases
to a few percent at 10™* g,

The C2 and III Ai-group with the long-period
randomly inclined orbits is negligible for bodies
larger than 100 g. It reaches its maximum of 25%
between 10 grams and 1 gram; for smaller masses
it mostly remains between 10% and 20%. The minimum
at 03 grams is caused by the maximum of the relative
importance of the A-group.

The source of the C2 and C3 bodies seems to be the
same: long-period comets. Thus the short-period
orbits of the C3-bodies may originate due to higher
ejection velocities from the parent comets. The
ejection velocity is an function of meteoroid massand
the change of the regime of transit from long-period
to short-period orbit may take place within a relatively
small mass interval. If the C2 and C3-meteoroids are
of the same origin in long-period comets, the ejection
velocity for masses larger than 0-0l g is then small
enough to change only an insignificant number of orbits
to short-period orbits and, on the contrary, the ejection

M ss -O52.
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velocity for bodies smaller than 0:001 g is large enough
to change most of the original orbits to short periods.
At the meteoroid mass the of 2 x 1073 g, the relative
number of the C2 and the C3-bodies is identical.

The steadiest population of meteoroids belongs
to the 4 and II group. Within the mass range of
2% 107 to 5 x 1073g, it never sinks below one
quarter of all the observed meteoroids. At the mass
of 0-3 g, the relative number of meteoroids of the A
and II population reaches the maximum of 89%
of all meteoroids: The steady importance of this
meteoroid system may be due to two different sources
of its bodies, which we suspect to be carbonaceous
bodies: comets and asteroids. Larger meteoroids
of the A and II group may be mostly derived from
asteroids, while the smaller meteoroids of the same
group may mostly come from comets.

On the contrary, group I and the group of “aster-
oidal” meteors display a steady increase of relative
meteoroid numbers from small to large bodies.
Below 1g these bodies are virtually absent but, in
contrast, they comprise 28% of all fireballs at 10 kg.

100~

N%

80—

70~

50—

40—

20—

log m gl

Fig. 3. Relative percentage of incremental numbers (N7) of threc types of meteor bodies as a function of the meteorid mass:
a) stony material, b) A-group material (carbonaceous bodies), ¢) cometary material.
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Between 10g and 1000 kg this system of group I
bodies has a steady: contribution of 209 to 30%
of all the bodies.

The B group seems to be generally a weak popula-
tion, not exceeding 4% in incremental numbers at any
mass. Orbits of the B-group bodies always have a small
perihelion distance of less than 0-3 A. U. This paper
deals with sporadic meteors, but it is worthwhile
to remind the reader that Geminids are typical mem-
bers of the B-group.

Surprisingly, the D and 111 B group is quite strong
up to 16% for the largest bodies of more than 100 kg.
This group still has mostly more than 5% of its bodies
in the huge interval of 100 kg to 1 g. This system
becomes insignificant for bodies smaller than 0-001 g.
The maximum of 1294 at 0-01 g may be only seeming
due to the overwhelming importance of the A-group
at 0:3 g, where the D-group sinks to 19 of all meteor-
oids (practicaily 1% of the A-group at 0-3 g).

The large density changes inside a cometary body
(Donn 1988) may form potential meteoroids of quite
diverse densities, but with a generally similar chemical
composition. Meteoroids of the B, C and D groups
manifest this feature quite well.

Figure 3 represents the percentage change of three
types ol meteor bodies expressed in incremental
numbers: :1) stony material, b) A-group material
(carbonaccous bodies), ¢) cometary material. It
suggests that most internal discrepancies in the results
of studying meteors by objective optical means in the
past, originated from the very fact that we first learned
about metcoroids from the mass interval of the com-
plicated interlaced systems of mcteor bodies.

The total influx of all sporadic meteoroids of 5 x 10°
grams per year for the entire Earth’s surface resulted
within the mass interval of 12 orders from 2 x 107
grams to 2 x 107% grams. Most of this mass comes
in the form of bigger meteoroids.

6. Densities and Ablation Cocfficients
of the Individual Groups

The average bulk densities of meteoroids and the
average ablation coefficients given in Tab, 1| are
values derived on several theoretical assumptions.
They are calibrated using these values derived for
all the 3 meteorite falls, which belong to the photo-
graphic fireballs of group I: P¥ibram, Lost City and
Innisfree. But the values of bulk densities and abla-
tion coefficients deduced by different authors from
widely different theoretical concepts, agree rather
well (Ceplecha 1986). The average values given in
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Tuable 6

Interval of + one standard deviation of average ¢,,(g cm™?)
and o(s? km™2) of Tab. 1.

0 c
gis from o to from to
“ast 4+ [ 27 59 0-007 0-028
ALl 14 2-7 0-028 0-056
B 065 1-7 0-03 011
C -+ IITA 0-55 0-91 0-08 0-13
D+ IlIB 0-18 0-38 017 0-26

Tab. 1 should be closer to the actual average values
than about +30%. Tab. 6 contains the intervals
of one standard deviation both sides of the average
values of g,, and o in Tab. 1. These standard deviations
contain two inseparable components superposed: the
random errors of determination of the individual
0, and o and the actual distribution of the numbers of
bodies of different densities and ablation coefficients.

Recently Padevét (1983a, 1983b, 1987) argued
values of the bulk densitics and ablation coefficients
different from the values in Tab. 1. His theoretical
concept yields results at variance with all other
investigators. He claims that all the groups of Tab. 1
can be explained using the known meteorite types.
But his theoretical concept should be applied to all
the detailed data on the velocity change of the indi-
vidual well observed fircballs. Padevét applied his
theoretical concept only to the terminal-point and
to the beginning-point data. Beflore this theoretical
concept will be checked by well observed fireball
velocities over the entire trajectories, his results should
be taken with enough precaution. '

The detailed knowledge of the dynamics of the
ablating meteoroid along its whole luminous trajectory
makes the absolute values of the ablation coefficients
for types I and II fireballs not only realistic, but also
quite accurate (Tab. 6). If the type [ fireballs belong
to ordinary chondrites with a bulk density of 3-7 g/em?,
then 2-0 g/em?® is the bulk density which fits the
ablation coefficient and velocity change of the type 1I
fireballs. The classification of the type I and II fireballs
in Tab. 1 is based not only on their terminal heights,
but it also contains all the details of the observed
velocity change represented by one ‘‘total ablation™
coelficient for each fireball. In this sense, the distinc-
tion using the ablation coefficient is very much
preferable and the rough criteria a) to g) of chapter 2
cannot compete.

But Tab. 1 contains data not only on fireballs. In
this sense, all the Super-Schmidt-camera meteors
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have Padevét's undercritical mass and should not
contain bodies of the C and D type. But they do!
And even for the A-group of the Super-Schmidt
meteors, the luminous trajectory is shorter than it
should be for compact stones. Jacchia (1958) explained
the difference in the ablation coefficient between
“asteroidal meteors” and C-type meteors introducing
a process of “progressive fragmentation”, which puts
them, like Padevét’s “overcritical mass™ cases, in clear
controversy with the small masses of the Super-
Schmidt meteoroids.

The old interpretation of Super-Schmidt meteors
by Verniani (1965, 1967) assigned very low bulk
densities to all meteoroids. Although his results
based on the simple equalization of photometric
and dynamic masses in Iloppe's theory (single-body
theory) have been critically rejected many times, we
can still hear or read the following universal statement:
“all meteoroids are low-density friable fluffy particles
of cometary origin™. This is evidently a false statement
and the reason mostly lies in the ‘“double biased"
statistical treatment of the data. Most of the Super-
Schmidt meteors were published by McCrosky and
Posen (1961) without any selection at all. This material
contains 507, of the A-type bodies and 45", of the
C-type bodies. Jacchia and Whipple (1961) were
interested in precise data on initial velocitics, on orbits
and thus on good atmospheric trajectories: they
chose the longer trajectories for this purpose. Their
selection of 413 Super-Schmidt meteors contains 32/
of the A-type bodies and 62/ of the C:type bodies.
Verniani (1967) in his final analysis used 189 “best"
meteors selected from Jacchia's and Whipple's 413:
among other criteria for his rather narrow selection
he used the “regular” statistical distribution of the
ratio of dynamic to photomectric mass, expressed as
log (vo/0%). This selection worked exactly in the same
way as Jacchia’s and Whipple’s selection. Among
the 189 meteors of Verniani's selection from Jacchia's
and Whipple’s selection of 413 meteors there re-
mained only 207 of the A-type bodies and 75°, of
the C-type bodies. Verniani actually recognized these
207, of meteors as bodies of densities higher that the
rest, but he then used an average dependence of his
log (to/03) on logv (an incorrect exponent resulted,
because of two superposed statistical distributions)
thus smoothing these 20% into the overwhelming
rest of 759 of the C-bodies. His statement that all
meteoroids are low-density [riable bodies of cometary
origin should be attributed, as a first approximation,
only to the C-type bodies. Also the absolute values
of the bulk densities of *“all metcors”™ of Verniani are
too low duc to the above mentioned smoothing over
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two different statistical distributions and due to the
applied but uncalibrated equivalence of photometric
and dynamic mass.

One more selection of Super-Schmidt data is
available: that of Hawkins and Southworth (1958),
which contains 316 randomly selected meteors. This
random selection contains 48% of the A-type bodies
in very good agreement with 50% of the A-type
bodies in the almost complete Super-Schmidt observa-
tional material published by McCrosky and Posen
(1961). The “double bias” described above, which
suppressed the actual 507; of the A-type bodies to the
32%; and finally to the 20°;, is an example of **do not
do any least-squares study without paying attention
to the statistical distribution” and of *‘do not represent
any whole by selecting from something, which some-
body has already formed from the same whole in the
same way”.
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TWO-COMPONENT MODELS OF INDIVIDUAL SUNSPOT UMBRAE

M. Sobotka
Astronomical Institute, Czechosivvak Academy of Sciences, 251 65 OndFejor, Czechoslovakia
Received 27 November 1987
IBYXKOMITOHEHTHEIE MOJENY TEHEI OTAEJILHEBIX COhHEHHle TTATEH

B paGoTe NpHBOAATCA NMONYIMIHPIYCCKHC OBYXKOMIOHEHTHBIC Moacin 11 Tencii pazHoro paamepa (pagmyc
2" —8") u obcyxamoTes ux obunie cooiicToa. Moaecai, noct pocHiibic ta ociope npoduineit munwit Fe 1 543,5 nm
 NalDj, MMeOT ApKHE COCTUBMANODUE XOMOIHCC HEBO3MMILEHKOIL doTocthepst, B GonbunncTie cnyyacn
OMHCHIBACMBbIE MOJeNsHLIM napamerpoM AG = 0,10, Temmepatypsl TEMHBIX COCTABMAIOUINX HAXOOAATCH
B nwanazone A@ = 0,35—0,50. dakrop HanonueHHs SPKOil cocTaBnarowieii B Gonbwix Tenax ocraerca
npakTHueckH nocTtosineiM (=0,05), Toraa Kak B manblX TCHAX OH cyuizcTeCcHHO M3ameuactca (0,05—0,30).
3aBHCHMOCTL TEMNEPATYpPhl 00eHX COCTABNAMOMINX, TAK e Kik (JAKTOpa HaNMONHEHMS, OT CTAAIM PA3BHTHA
naTHa He nabaraanacs.

Semi-empirical two-component models of 11 umbrae differing in size (radii 2”"—8") arc presented and their
peneral characteristics are discussed. The models, based on the profiles of the Fe I 543-5nm and Nal D,
lines have bright components cooler than the undisturbed photosphere, with a temperature down-scaling
factor A@ = 0-10 in most cases. The temperature of dark components fluctuate in the range of A@ = 0-35
to 0-50. The filling factor of the bright component remains practically constant (£ 0-05) in large umbrae
(r, > 4"), whereas in small umbrae it changes considerably (0-05—0-30). No dependence of the temperature
of both components as well as the filling factor on the phase of evolution of the spol was observed.

Key words: sunspot umbra: models — photosphere

1. Introduction umbral dots. The spatial distribution of the umbral
dots resembles photospheric granulation very much
(Bumba and Suda 1970). Due to relatively long ex-

posure time, spectroscopic observations enable umbral

High resolution photographs of sunspot umbrae
reveal their complex photometric structure caused

by the inhomogeneity of physical conditions. In addi-
tion to dark cores we observe brighter regions, ex-
tensions of penumbral filaments and embryos or
remainders of light bridges. This photometrically
variable “background” is superposed by bright.
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inhomogeneities to be solved only in extremely rare
cases (Adjabshirzadeh and Koutchmy 1983) and in
sulficiently large umbrae. Such data are usually
not available for studying individual and evolutionary
characteristics of umbrae. In such cases we may try
to describe the complex structure of the umbra by
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Dust from beyond the Solar _Sys“tem

David W. Hughes

A sensitive radar in New Zealand has for the first time detected the faint meteors produced by interstellar dust
grains hitting the Earth. It even points to nearby, young stars as being among the sources.

DusT particles are continually striking the
Earth’s upper atmosphere. Each meteor-
oid rapidly loses mass and velocity, leaving
behind it a train of excited and ionized
gas. This train can be seen as a meteor
(colloquially known as a shooting star),
and can also reflect radar pulses (when it
is known as a radio meteor).

Almost all meteoroids have incident
velocities between 11 and 73 km s™% The
former is the Earth’s escape velocity, so
anything falling to Earth will be travelling
at least that fast. The latter velocity is
reached in a head-on collision with a
meteoroid in a parabolic orbit around the
Sun; that is, one with just enough energy to
be on the border between a bound, closed
orbit and an unbound one. Meteoroids in
the above velocity range are members of
the Solar System, and have been produced
by the decay of comets and by collisions
between asteroids.

Throughout the history of meteor sci-
ence, people have wondered whether any
incident meteoroids have hyperbolic
orbits (with enough energy to be
unbound). Rather than being miniature
planets of our own Sun, hyperbolic -
meteoroids would have an origin beyond
the Solar System. The easiest way of
detecting them is by looking for a geocen-
tric velocity in excess of the upper limit of
73 km s~! given above. Opik estimated!
that between 60 and 70 per cent of the
meteoroids that were not associated with
the well-known showers were hyperbolic.
Lovell® thought that this value was far too
high, and by the 1960s Opik’** had
reduced his value to around 3 per cent.

It is clear that our Solar System must be
a source of hyperbolic meteoroids for
other planetary systems. Consider comet
Swift-Tuttle, the parent of the Perseid
meteor shower that is active throughout
most of August. Swift-Tuttle has an
orbital period of 130 years and at perihe-
lion it has a velocity of 42.2 km s, very
close to the parabolic limit. At perihelion
the ‘dirty snowball’ cometary nucleus is
sublimating furiously, and millimetre and
submillimetre dust particles are being
blown away from its surface at a relative
velocity of around 0.9 km s~ Any dust
that is emitted in the direction of the
comet’s motion moves off on a hyperbolic
orbit®, and typically 40 per cent of the dust
lost by this comet leaves the Solar System
and moves off through the Galactic disk.
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The proportion of hyperbolic meteor-
oids produced increases as the meteoraid
mass decreases. Comets with shorter

orbital periods and with nuclei that have
direct rather than retrograde spin will be
considerably less prolific when it comes to
producing hyperbolic meteoroids.

On page 323 of this issue, Taylor, Bag-
galey and Steel” recount how they have
used a powerful radar telescope near

tast-spinning A- and B-type stars are
unlikely to have planetary systems
because their original stellar nebulae are
too hot for planets to condense’. Plan-
etary systems with large numbers of gas
giant planets, and thus decaying comets,"
are prevalent around single G and K stars
with masses in the | to 0.23 solar mass
range. Maybe the New Zealand high-
veloeity particles are produced by a differ-

David Nunuk/SPL

The trail of a Perseid meteor at dusk. The dust particle that produced this meteor came from a
comet within our Solar System, but tiny metears from other stars have now been detected by
radar. No visible shooting stars have yet been shown to be of interstellar origin.

Christchurch, New Zealand, to measure
the orbits and sizes of incident meteor-
oids. Just under | per cent of all the
meteoroids they detected had velocities in
excess of 100 km s™'. As this is far above
the parabolic limit. the authors are con-
fident that these meteoroids are from
beyond the Solar Svstem. The tvpical
diameters of the detected meteoroids
were between 13 and 40 wm.

What is even more exciting is that the
annual variabilitv of the hvperbolic
meteoroid flux reveals the direction of the
sources of these particles. Three mujor
sources are identified. One is a group of
nearby luminous A-tvpe stars; another is a
local group of even brighter B-tvpe stars
and young star clusters moving past the
Sun: and the third is associated with the
direction in which the Sun is moving
around the Galaxy, )

{1 is interesting to note that massive.

ent mechanism trom the one seen in our
own Solar System.

[t also seems thar the fraction of hyper-
bolic meteoroids decreases as the particle
size goes up. Still. it s refreshing to know
that even though more than 99 per cent of
the dust in the Solar System is ‘home
grown’, at least a fraction of a per cent
comes from bevond. ]

David W. Hughes is in the Department of
Physics, University of Sheffield, Sherfield
53 7RH, UK.
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Discovery of interstellar
dust entering the
Earth’s atmosphere

A. D. Taylor*ti, W. J. Baggaley$ & D. I. Steel”||

* Department of Physics and Mathematical Physics, University of Adelaide,
SA 5005, Austratia

T Unit for Space Sciences, University of Kent, Canterbury, UK

§ Department of Physics and Astronomy, University of Canterbury,
Christchurch, New Zealand

|| Anglo-Australian Observatory, Private Bag, Coonabarabran, NSW 2537,
Australia

ALL known asteroids and comets are believed to have been
gravitationally bound to the Sum since they formed (together
with the Sun and planets) from the solar nebula. This is because
no such object has been observed with a speed exceeding the solar
escape velocity, although some comets have been close to this
limit'. As comets are occasionally ejected from the Solar System,
interstellar comets might be expected to arrive every few cen-
turies, having been ejected from similar systems around other
stars®, The flux of interstellar dust into the Solar System should
be much higher, but its detection poses significant technological
challenges. Recently, the Ulysses spacecraft detected a popula-
tion of dust particles near Jupiter, identified as being of inter-
stellar origin on the basis of their speeds and trajectories™. Here
we report the radar detection of interstellar particles in the
Earth’s atmosphere. From intra-annual variations in particle
flux, we infer the existence of two discrete sources, one associated
with nearby A-type stars, and the other with the Sun’s motion
about the Galactic Centre. The data also suggest the presence of a
third source, possibly associated with local B-type stars and
young stellar clusters. '

We are conducting a survey of the orbits of very faint radar
meteors using the AMOR radar in New Zealand®. So far over
350,000 individual meteoroid orbits have been determined, many
more than the total of ~69,000 from the previous surveys stored at
the IAU Meteor Data Center’. Previous radar meteor orbit
systems used Fresnel diffraction echo profiles to measure
meteor speeds, and such profiles are sensitive to puise aliasing
effects, especially at high speeds, as we discuss elsewhere’. We
determine meteor speeds from time lags between spaced receiver
sites and thus can measure, with reasonable accuracy, meteor
speeds exceeding the parabolic limit for orbits bound to the Solar
System (~73kms™': 42.1kms™' to which is added the Earth’s
speed and the effect of the terrestrial gravitational field).

We find that ~14% of all our orbits have in-atmosphere speeds
V > 73kms™, and these we term pseudohyperbolic particles
(PHPs); here we use ¥ for the measured speeds, and » for
actual speeds. Previous optical and radar meteor surveys have
rendered catalogues containing up to 30% PHPs'. The problem
lies in identifying which are true interstellar particles (ISPs) and
are not just bound orbits with large measurement errors®’. Most
PHPs have geocentric speeds close to the parabolic limit so that a
small error in the measured speed (or radiant coordinates) would
result in a hyperbolic orbit being indicated, but if real ISPs exist
then some should be detected with geocentric speeds well below
that limit®.

The results presented here use a high-quality set of 1,508
meteors with measured speeds ¥ > 100kms™" and similar echo
profiles at all receiver sites. This data set, collected between
February 1990 and November 1991, comprises only 0.9% of the
orbits measured in that period, owing to the stringent selection

$ To wnorm corespondence shauld be addressed at Adelaide,
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criteria applied®. Comparison between Fresnel and time-lag speed
determinations for meteors with ¥ < 30kms™' leads to an esti-
mated uncertainty ¢ = 6 kms~' in the speeds near V' = 73kms™,
a value substantiated by inspection of the measured speeds in the
~65 km s™' n-Aquarid shower”. The data set therefore comprises
meteors with speeds >3 above any possible bound Solar System
orbit. This means that an ISP whose real (not measured) geo-
centric speed was v = 90kms™" would not have been gathered
into the data set used here unless its speed was erroneously
measured as being ¥ > 100kms™'; thus the majority of ISPs
were probably excluded from the data set analysed but this was
necessary in order to exclude mis-measurements of meteoroids
from bound orbits. The mean speed for this ISP data set is
V = 164 kms™" with an uncertainty of £30kms™', in agreement
with a crude estimate of 7 = 140 km s~* derived solely from their
mean ionization height’.

The meteoric ionization produced is a strong function of
speed, so ISPs near our limiting magnitude (M, = 12.5) will
be smaller than the typically ~100 um meteoroids from bound
orbits we detect. Verniani'” determined an empirical relation
g = 0.0509 m"** 1**! between the mass (m in g), the speed (v in
ms™"), and the electron line density (g, electrons per metre). Our
M, corresponds to g = 2.5 x 10" m™'. At v=100kms™" the
diameter of the smallest detectable meteoroid (assumed spherical
with density 1 gem™) is ~40um; at v = 200kms™" it is ~135 pm.
Far-infrared observations require a substantial ~30-pm inter-
stellar grain component", and Pioneer 10 and 11 dust impact
data, indicating a constant flux at heliocentric distances from 3 to
18 au, have been interpreted as being due to ~10-um interstellar
grains penetrating the Solar System®. Interstellar particles of order
tens of micrometres are therefore not unexpected.

Our data set displays strong seasonal variations (Fig. 1), arguing
against these meteors being merely Solar System particles for
which exceptional errors accumulated. The strongest evidence for
these particles having come from interstellar trajectories lies in
the relative absence of detectioris between days 260 and 350, when
the Earth is moving away from the apex of the solar motion. The
trends seen in Fig. 1 may be explained as being due to seasonally
changing relative geometries between the terrestrial motion
vector and discrete source directions. We tentatively identify a
bimodal distribution with peaks near days 32 and 170. The raw
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FIG. 1 Detection rates of meteors with observed velocities V > 100kms-t -
in ten-day bins (histogram). Uncertainty bars indicate the square roots of
the count statistics. Expected distributions from two models of discrete
interstellar sources are shown: ecliptic latitude £ = 30°, longitude

4 =240, and initial speed v, = 40kms™* (source A, peak at day of
year 32; salid line), and f# = 30°, 4 = 0%, v_ = 80 kms~* (source B, peak
atday 170; dashed line). As discussed in the text, an alternative possibility

is that there is a source B giving a peak near day 150, and anather source C
resulting in a peak near day 224,
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observational data render mean time lags for meteors detected
between days 340 and 80 which are significantly shorter than those
between days 80 and 280. The difference is equivalent to
~20 kms™!, suggesting a slower ISP source for the peak at day
32 than that at day 170.

We developed a model of the ISP influx for comparison with the
observations, taking into consideration gravitational focusing by
the Sun, flux enhancements resulting from the Earth’s orbital
motion, and increased ionization production by high-speed
meteoroids. This renders an estimate of the fraction of meteors
detected with ¥ > 100 kms™'. We assume that ISPs flow into the
Solar System from a direction defined by its ecliptic latitude ()
and longitude (4) with a single initial speed (v . ). Electromagnetic
and radiation effects are insignificant for these particle sizes.
Gravitational focusing increases the spatial density over that in
interstellar space, and concentrates ISPs behind the Sun com-
pared to positions between the Sun and the source. Figure 2a
shows the spatial density at 1 au as a function of the terrestrial
ecliptic longitude (L) with respect to the influx for a hypothetical
source emanating from f = 30°, 1 = 0°, with v, = 40kms™. A
northern radiant was chosen because the solar motion is towards a
point well north of the ecliptic (see later). Due to the geographical
latitude and antenna patterns of our radar, most of our meteor
radiants are in the declination range +3° > 6 > —30° (ref. 5); thus
only ISPs from low northern latitudes can appear in our data, so
we chose f§ = 30° for our source models. Varying f in the range 0-
60° makes little difference to the results. The model particles are
then propagated to the Earth, the geocentric velocity of each
calculated, and a normalized flux derived. When 180° <
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FIG. 2 a, The relative spatial density, flux to the Earth, and number of
metears above a given detection threshold, for a hypothetical interstellar
source emanating from § = 30°, 4 = 0° with v, = 40kms™". While the
spatial density is enhanced by gravitational focusing behind the Sun
(terrestrial ecliptic longitude L = 180°), most meteors would be detected
during the half-year as the Earth approaches the interstellar influx
(180" < L < 360°). b, The relative numbers of interstellar meteors
expected to be detected with measured speeds V > 100kms™' for two
source models, one with v, = 40kms~!, asin a, and the other emanating
from the same direction but with v, = 80kms™t.
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FIG. 3 Summary of possible sources of interstellar metearoids and the
influx observed, projected onto the ecliptic. The symbol T shows the vernal
equinox. Days of year 32 and 170 correspond to peaks in the count rates
shown in Fig. 1 and are marked on the Earth's orbit. These peaks are
explicable by our madel sources A (~110° in longjtude from day 32)and B
(~95° in longitude from day 170); the differential longitude shifts are due to
the different speeds used for A and B. Source A may plausibly be associated
with the motion of the Solar System relative to nearby A-type stars®® rather
than the motion refative to all other local stellar types™. Source B is near-
aligned with the Sun's Galactocentric orbit™, but temporal gaps in the data
used here do not allow us to exclude the possibility that the larger peak fitted
in Fig. 1 actually comprises two separate components, one (source B)
centred near day 150 and then more closely associated with the solar
Galactocentric orbit, whilst the other (source C) centred near day 225, is
derived from Eggen’s local association of star clusters and B-type stars*>*,

L < 360° the terrestrial motion is towards the source, producing
the flux enhancement seen in Fig. 2a.

For any limiting line density g and specified v, a minimum mass
M producing a detectable meteor may be derived. The number
of detections is N(m > myy) = kmgh; o is the cumulative mass
index and k a constant. We cannot determine « from our ISP
sample owing to speed measurement uncertainties and the speed-
dependence of ionization production, so we adopt « = 0.6 as
representative of ISPs. Varying o has little effect on the relative
shape of different velocity populations and does not affect the
longitude L at which peak influxes are anticipated. The value of
does, however, affect the relative strength of sources with dif-
ferent v, making any estimate of that speed very model-sensitive.

The uppermost curve in Fig. 24 shows the relative numbers of
ISPs that would be detected as a function of L. As the Earth
approaches incoming ISPs (L = 270°), the geocentric speeds will
generally be ~(60 cos ) km s~" greater than six months later while
moving away from the source direction. For a heliocentric speed
of 58kms™! at 1au (corresponding to v, =40kms™), this
variation represents a factor of 3 in the geocentric speeds and
thus a change in detectable mass by a factor of ~100, leading to
~100% = 16 times more ISPs being detected. Most of these,
though, would have V' < 100kms™ and so would be rejected
from our data set. Figure 2b shows only those test ISPs with
¥ > 100kms™'; note that the terrestrial encounter speeds are
actually v ~ 90 kms™’, but we have applied random experimental
errors in the model to deduce how many of those test particles
would have V' > 100kms™! measured. For v, = d0kms™, the
model predicts a peak detection rate when L =250°
(A—-L =110°). For a source in the direction but with
v, = 80kms™' the peak occurs at L = 265° (4 — L = 95°) and
is much broader, although there remains an absence of detections
around L = 90°. Earth encounter speeds are v~ 120kms™' for
ISPs from this source detected near the peak. If v, = 80kms™'
then ISPs are 47 times more likely to be detected and counted
within our data set than those with v, = d0kms™' (x = 0.6); for
o = 0.2 or 1.0 the ratios are 27 and 80 times, respectively. [SPs
with v, = 20kms™' are over 100 times less likely to be selected
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thanif v = 40 kms™'. Clearly high-speed interstellar sources are
strongly favoured by the speed selection (V' > 100kms™")
imposed here.

Next we compare these model calculations with our data set.
L = 100° on 1 January, allowing the day-of-year to be easily
deduced from L. In Fig. 1 we model a fit to the data with
two populations, emanating from f=30° i=240° with
v, =40kms™' (source A), and from f=30°, iA=0" with
v, =80kms™"' (source B); these are the hypothetical sources
plotted in Fig. 2b differentially shifted in longitude and scaled by
factors of 1.1 (source A) and 0.037 (source B) to fit the obser-
vational data. The scaling suggests that the spatial density in
interstellar space of source A is ~107 times greater than that of
Source B.

Figure 3 provides a graphical summary of these source direc-
tions, which require identification with plausible producers of
ISPs. The solar motion relative to nearby stars' is directed
towards a galactic latitude b = 23", longitude /= 52° (that is
B =50°, A =269°), near the location of source A. For late A-
type stars only”, the apex is towards 4 =~ 243°, even closer to
source A, and would produce a peak near day 34. Such stars are
excellent candidates as ISP producers because they possess pro-
toplanetary particulate disks, collisions and radiation pressure
leading to dust ejection. Source A is also close to the flow of
neutral helium through the Solar System, as associated with the
~0.4-um interstellar grains detected with Ulysses*, but the ISPswe
have detected are too large to have come into equilibrium with
that gas.

We now consider source B, associated with the faster ISPs.
These ISPs might come from a direction associated with the solar
galactocentric orbit"!, thus emanating from b =10° [=90°
(8 =60°, A = 347°). That direction would give a peak detection
rate at day 154; the observed peak is near day 170 for source B

(Figs 1 and 3). Alternatively this source might comprise two
discrete components: B’ centred at day 150 and C centred at day
225 (compare Fig. 1). Eggen'™'" describes a local association of
young star clusters and B-type stars moving past the Sun. These
would produce [SPs coming from § = 19°, i = 121°, and a peak
detection rate around day 224.

Our analysis of stringently selected radar-detected meteors
demonstrates that there is a near-Earth flux of small meteoroids
(sizes ~15—40 pm) arriving from interstellar space; these meteor-
oids originate from a few discrete sources in the vicinity of the Sun.
We plan further data collection, and analysis of data in hand, to
refine our knowledge of plausible source directions for these
particles. O
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Semiconducting superlattices
templated by molecular
assemblies :

Paul V. Braun*, Paul Osenar* & Samuel I. Stupp*+i

Departments of * Materials Science and Engineering and f Chemistry, and
Beckman Institute for Advanced Science and Technology and Materials
Research Laboratory, University of lllinois at Urbana-Champaign, Urbana,
lNlinois 51801, USA

ORGANIC-INORGANIC manostructured composites provide a rich
source of new materials"" for a host of technological applica-
tions. For example, the incorporation of organic molecules in an
inorganic lattice can toughen an otherwise brittle material =17 or
be used to tailor its electronic properties™, and cooperative
interactions between organic and inorganic molecules are being
used to generate a range of porous materials for separation and
catalytic technologies*'’. Here we describe the growth of stable
semiconductor—organic superlattices based on cadmium sul-
phide and cadmium selenide. The template for the structures is
provided by a liquid-crystalline phase formed from non-ionic
organic amphiphiles, water and precursor ions for the inorganic
semiconductor. Precipitation of the organic—inerganic solid
takes place within the ordered environment of the mesophase,
and both the symmetry and long-range order of the liquid crystal
are preserved. We anticipate that materials of this type can be
tailored, through the electronic properties of the organic amphi-
philes, for photosynthetic and photocatalytic applications.

£ To whom corespondence shouid be addressed,
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A _promising route to nanostructured composites uses the
ordered environment of a preformed amphiphile-solvent meso-
phase to nucleate and grow inorganic structures. In such a system,
the ordered assembly of organic molecules in the mesophase
partitions the solvent and may therefore confine the reactive
species, providing a controlled environment for the formation of
nanostructures. In the few experiments that have attempted to
harness the order of a mesophase in the synthesis of inorganic
materials, precipitates with unique morphology were obtained,
including oblong crystallites'' and macroporous crystalline net-
works'?. The mesoporous oxide methodology has been applied to
a concentrated system in a recent study" in which the mesoporous
oxide was derived from an isotropic liquid (formed by adding
tetramethyl orthosilicate to a mesophase). Here we report the
growth of a non-oxide, nanocomposite material templated
directly by a hexagonal mesophase yielding a superlattice with
matching symmetry and periodicity (Fig. 1). We believe this is the
first example of a reaction leading to a nanostructure templated
with the characteristic spacings and symmetry of the precursor
mesophase. In our system the nature of the mesophase does not
change at any time throughout the synthetic pathway leading from
precursor te product. This is in contrast to earlier work based on
the cooperative assembly of condensing oxide precursors with
amphiphilic molecules, in which nanocomposites were precipi-
tated from dilute solutions or isotropic solutions formed by adding
precursor to a mesophase®™'™". However, in none of these cases
did the precipitation take place in the preordered environment of
a mesophase.

We have targeted the synthesis of nanocomposites containing
[I-V1 semiconductors. The organized, molecular dispersion of
organic in a semiconductor lattice could provide materials with
properties not attainable by conventional techniques, as the
intimate association of organic and inorganic components in a
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Ongoing Meteor Work

Leonid Dust Trails and Meteor Storms
Robert H. McNaught and David J. Asher

Leonid storms are caused by the Earth intersecting dense trails of dust ejected from Comet 55P /Tempel-Tuttle.
Here, we extend existing studies by examining the higher ejection-velocity regions of young dust trails and the
circumstances around the 2031 return of 55P /Tempel-Tuttle. A model of dust trail density is successfully fitted
to the observed ZHR of storms. Based on this, predictions are made for encounters in the next few years and
around 2031, giving both the times and rates of maxima. The most likely prospects for encounters are from
1999-2002, especially 2001 and 2002. Details of a storm in 1869 are presented and confirm that the time of

maximum is predictable to 10 minutes accuracy or better. The consequences of these findings are applied to the
satellite threat and to the methods of global analysis of Leonid rates.

1. Introduction

Meteor storms occur when the Farth passes through dense trails of meteoroids and dust such as
those observed by the Infra-Red Astronomical Satellite [1]. The motion of Comet 55P/Tempel-
Tuttle only has relevance, with regard to Leonid storms, in defining the initial orbits of the
meteoroids at ejection. To understand Leonid activity requires a study of the perturbed motion
of these meteoroids. It has been known for some time [2—4] that perturbations can be significantly
different on Leonid meteoroids that are separated in mean anomaly. Extensive calculations about

swarm/trail encounters covering the 19th and 20th centuries were first done by Kondrat’eva et
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al. [5] and later (without prior knowledge) by Asher [6]. ;;:I:"E 2 i::_iqgl.u& e U:iﬁ!‘:ii Jl‘w :cja*k
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The natural tendency is for the spatial density of meteoroids to decrease, trails becoming dis-
persed after many orbital revolutions. However, there does exist a dynamical mechanism, namely
a mean motion resonance, that can cause meteoroids in the Leonid and other streams to remain
very concentrated on longer time scales [7]. Thus, a second source of Leonid storms is mete-
oroids many revolutions old in the 5/14 ;g_s&ﬁ%ﬁég'with Jupiter. Meteoroids from every return
of the comet ultimately add to this, if ejection is within a suitable initial range of semi-major
axes. This has been investigated for the 1998 Leonid fireball shower [8], the observed time of
maximum for that outburst [9] being demonstrated to be consistent with the prediction from the
resonant meteoroids and quite discrepant from the comet node (a difference of 0.8 day). Further
study is required on these resonant meteoroids, but this source appears to have been involved
in the fireball display of 1965 and maybe also in the storms of 1799 and 1832. These resonant
meteoroids cover only around 10° of mean anomaly and so could generally be encountered at
high strength only once per comet orbit.

It is not coincidental that the resonant mechanism leads to outbursts that are rich in fireballs.
Larger particles, which produce brighter meteors, are expected to have lower ejection speeds
from the comet nucleus. This means that they go on to orbits more similar to that of the
comet (which is itself in the resonance) and so are more likely to be resonant. However, smaller
particles are more numerous, and the highest ZHR storms result from younger trails, which are
our subject here.

2. Extended table of dust node

Readers should refer to [6] for a description of why our method is appropriate for calculating
dust trail positions. Briefly, the model has meteoroids ejected from 55P/Tempel-Tuttle at each
perihelion and integrated until nodal crossing in any specific year. Thus, at the time of ejection,
. taken to be exactly at perihelion, the perihelion distance and the angular orbital elements are
T}I*ﬁ*gﬂ set, _equal_to tho_se qf the comet, apd the process iterates to find the precise value of the semi-

_“—};__:r;ﬂ - major axis at ejection, ag,'that gives passage through the descending node at the time when

iteuds  the Farth reaches the orbital plane. We used the 15th order Radau integrator [10] in the
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MERCURY integration package [11], kindly provided to us by John Chambers, with accuracy
parameter 107! and perturbations from eight planets (Mercury to Neptune). Particles affected
by radiation pressure must have smaller qy than listed in Table 1 in order to cross the ecliptic
at the correct time. For example, 8 = 0.001 (ratio of the forces of radiation pressure and solar
gravity) means that the correct effective ag is 0.2 smaller than that listed (cf, (6,12]). Possible

variations in the trail geometry due to ejection away from perihelion or radiation pressure are
discussed later (Sections 3 and 5).

Table 1 is an extended version of (some columns of) that given in [6], which included data for
trails generated 1, 2, and 3 revolutions earlier, in the two years prior to, and four years after, the
perihelion passage of 55P /Tempel-Tuttle. In the present paper, trails 4, 5, and 6 revolutions old
are considered in the same years, and a larger range of ejection velocities (allowing nodal crossing
to occur in years further from the comet’s perihelion) are considered for the 1-3-revolution
trails. As more revolutions are considered, the range of Aagy over these six years contracts,
and encounters with trails of this age outside these years could still produce notable activity,
albeit the ZHR. will tend to decrease the older the trail. To save extensive further computation,
reference was made to [5] for other possible years and trails older than 6 revolutions worthy
of consideration; we selected for inclusion the 7-revolution trails in 1832 and 2001 and the 8-
revolution trail in 2000 (the values in Table 1 being derived by ourselves).

Table 1 — Data for dust trails generated a reasonably small number of revolutions previously. Below, Aag is the initial
difference in semi-major axis from the comet that allows the nodal crossing to occur at exactly the relevant
time in November of the year in question; rp and rg are the heliocentric distances of the dust trail’s descending
node and of the Earth at the same longitude; and fas, the “mean anomaly factor,” is inversely proportional
to the stretching in mean anomaly that has occurred since ejection, normalized to a fixed, small interval in ao
centered on the value of Aag in question (refer to Section 5). The spatial density of a trail encountered by
the Earth depends on Aap (ejected meteoroids being concentrated towards orbits nearer the comet), rg — rp
(which gives a measure of the distance between the Earth and the center of the trail), and fus (since the particle
density decreases as the trail lengthens), as investigated quantitatively in Section 5. Finally,  is equal to the
longitude of the Sun at the time of nodal crossing (calculated for orbit of Earth at relevant date, but expressed
in J2000). A dash indicates that the relevant part of the trail had been disrupted to a greater or lesser extent
(cf. [6]), a blank space simply that we did not attempt to calculate the data.

B Lz SR BB D At AT InB o B lin Lia 0: BH
; ; 3R a8 V0 AT A B . :
Year Trails 1 revolution old Trails' 2 revolutions old Trails 3 revolutions old
R on KRR,
Aag g — D% fum ? . Aap TE — I'D M Q Aag TE—TD fm Q
kv a Vioors 3013
ﬁ\ -f.-’"i\:;u

1798 | —0.28 | +0.0043 | 1.08 | 233°04 | —0.15 | +0.0058 | 0.53 | 233°02 | —0.09 | +0.0017 | 0.41 | 232°15
1799 | —0.07 | +0.0032 | 1.00 | 233°04 | —0.04 | +0.0035 | 0.52 | 233203 | —0.02 | -+0.0018 | 0.27 | 232°84
1800 | +0.14 | +0.0028 | 1.00 | 233°03 | +0.07 | +0.0020 | 0.52 | 233°06 | +0.02 | +0.0060 | 0.17 | 233232
1801 | +0.35 | +0.0029 | 0.95 | 233°02 | +0.19 | -+0.0006 | 0.53 | 23317 | +0.06 | --0.0105 | 0.15 | 233?58
1802 | +0.56 | +0.0029 | 0.95 | 233°04 | +0.31 | —0.0011 | 0.55 | 233°49 | +0.09 | -+0.0134 | 0.18 | 233795
1803 | +0.76 | +0.0022 | 0.95 | 233°18 | +0.42 | —0.0008 | 0.43 | 234°45 | +0.12 | +0.0208 | 0.11 | 234?84
1831 | —0.25 | +0.0034 | 1.00 | 233%16 | —0.13 | +0.0051 | 0.55 | 233717 | —0.10 | +0.0068 | 0.40 | 233°16
1832 | —0.04 | +0.0014 | 1.00 | 233°18 | —0.02 | +0.0017 | 0.55 | 233718 | —0.02 | -+0.0019 | 0.39 | 233717
1833 | +0.17 | —0.0003 | 0.95 | 233918 | +0.09 | —0.0015 | 0.53 | 233°18 | +0.07 | —0.0028 | 0.45 | 233°21
1834 | +0.38 | —0.0017 | 0.95 | 233°18 | +0.20 | —0.0044 | 0.52 | 233°17 | +0.15 | —0.0070 | 0.61 | 233°27
1835 | +0.59 | —0.0026 | 0.95 | 233°18 | +0.31 | —0.0065 | 0.50 | 233°16 | +0.24 | —0.0107 | 0.39 | 233242
1836 | +0.79 | —0.0033 | 0.95 | 233°18 | +0.42 | —0.0083 | 0.50 | 233%18 | +0.33 | —0.0142 | 0.43 | 233780
1864 | —0.25 | +0.0124 | 1.06 | 233°96 | —0.13 | +0.0138 | 0.55 | 233°94 | —0.10 | +0.0156 | 0.41 | 233295
1865 | —0.04 | 4+0.0072 | 1.00 | 233°32 | —0.02 | +0.0074 | 0.59 | 233731 = = =

1866 | +0.17 | +0.0036 | 1.00 | 233°30 | +0.09 | +0.0026 | 0.55 | 233731 | +0.07 ( +0.0012 | 0.40 | 233731
1867 | +0.37 | —0.0002 | 1.00 | 233°42 | +0.20 | —0.0026 | 0.55 | 233°43 | +0.15 | —0.0057 | 0.45 | 233742
1868 | +0.58 | +0.0012 | 0.95 | 234°06 | +0.31 | —0.0044 | 0.54 | 234?03 | +0.24 | —0.0096 | 0.40 | 234701
1869 | 4+0.78 | 40.0103 | 0.95 | 233943 | +0.43 | +0.0055 | 0.53 | 233°49 | +0.32 | —0.0005 | 0.44 | 233754
1897 | —0.35 | —0.0020 | 1.00 | 234%24 | —0.18 | +0.0008 | 0.45 | 234°93 | —0.12 | 4+0.0013 | 0.25 | 235726
1898 | —0.14 | +0.0155 | 1.06 | 234°84 | —0.07 | +0.0167 | 0.55 | 234796 | —0.056 | +0.0176 | 0.41 | 235704
1899 | +0.07 | +0.0138 | 1.02 | 235702 | +0.04 | +0.0132 | 0.54 | 234798 | +0.03 | +40.0126 | 0.41 | 234798
1900 | +0.28 | +0.0199 | 1.00 | 234907 | +0.15 | +0.0182 | 0.55 | 234°02 | +0.11 | +0.0168 | 0.41 | 234°05
1901 | +0.48 | +0.0146 | 1.00 | 233°85 | +0.25 | +0.0125 | 0.53 | 233782 | +0.19 | +0.0097 | 0.46 | 233785
1902 | +0.68 | +0.0114 | 0.95 | 233°85 | +0.36 | -+0.0086 | 0.59 | 233°85 | +0.28 | +0.0035 | 0.45 | 234703
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Table 1 - Data for dust trails (continued).

Year Trails 1 revolution old Trails 2 revolutions old Trails 3 revolutions old

Aao TE—TD fum Q Aao re—rm | fm Q Aao TE —TD fm Q
1030 | —0.36 | +0.0075 | 1.00 | 23509 | —0.17 | +0.0071 0.40 | 235°24 | —0.12 | +0.0018 | 0.32 | 235239
1931 | —0.14 | +0.0065 | 1.08 | 235709 | —0.08 +0.0105 | 0.53 | 234°90 | —0.06 | +0.0125 | 0.37 235°09
1932 | +0.07 | +0.0060 | 0.95 | 235°09 | +0.03 | +0.0059 | 0.46 235°36 | +0.02 | +0.0059 | 0.31 | 235743
1933 | +0.28 | +0.0054 | 1.00 | 235°15 | +0.11 | +0.0118 | 0.27 236°01 | +0.07 | +0.0135 | 0.16 | 235°99
1934 | +0.49 | +0.0040 | 0.95 | 23550 | +0.16 | +0.0173 | 0.28 236°24 | +0.10 | +0.0182 | 0.21 | 235295
1035 | +0.69 | +0.0182 | 1.00 | 235°96 | +0.23 | +0.0342 | 0.39 236°20 | +0.16 | +0.0327 | 0.41 | 235766
1961 | —0.75 | +0.0109 | 1.14 | 235°03 | —0.39 | +0.0160 | 0.57 235°10 | —0.25 | -+0.0078 | 0.42 | 234793
1962 | —0.53 | +0.0083 | 1.08 | 235°06 | —0.28 | +0.0116 | 0.55 235°10 | —0.18 | +0.0114 | 0.28 | 235°27
1963 | —0.31 | +0.0059 | 1.00 | 235°09 | —0.17 | +0.0077 | 0.55 235°11 | —0.13 | +0.0136 | 0.34 | 235710
1964 | —0.10 | +0.0038 | 1.00 | 235°12 | —0.05 | +0.0043 | 0.53 235°12 | —0.04 | +0.0063 | 0.44 | 234795
1965 | +0.11 | +0.0023 | 1.00 235°13 | +0.06 | +0.0017 | 0.59 | 235°13 | +0.04 +0.0015 | 0.37 | 235945
1966 | +0.32 | +0.0016 | 0.95 | 235°13 | +0.17 | —0.0001 | 0.52 235°16 | +0.09 | +0.0033 | 0.19 | 235°94
1967 | +0.53 | +0.0012 | 0.95 { 235713 = - - - +0.12 | 4+0.0063 | 0.16 | 236°21
1968 | +0.73 | +0.0010 | 0.95 | 235°15 | +0.39 | —0.0036 | 0.55 235%44 - - - =
1969 | 40.93 0.0000 | 0.95 | 235°27 | +0.51 | —0.0058 | 0.54 | 236209 | +0.20 | +0.0136 | 0.13 237°37
1992 —0.45 | +0.0176 | 0.43 | 235%41
1993 —0.36 | +0.0109 - 235954
1994 —0.38 | +0.0102 | 0.57 | 236°40 | —0.28 | +0.0155 | 0.12 | 236°43
1995 —0.26 | +0.0168 | 0.57 | 235°48 | —0.19 | +0.0211 | 0.42 | 235247
1996 | —0.28 | +0.0009 | 1.08 | 235929 | —0.15 | +0.0126 | 0.55 235°27 | —0.11 | +0.0149 | 0.41 | 235°27
1997 | —0.06 | +0.0085 | 1.00 | 235926 | —0.04 | +0.0091 | 0.55 235°26 | —0.03 | +0.0095 | 0.40 | 235°26
1998 | 40.14 | +0.0068 | 1.00 | 235226 | +0.08 | +0.0055 0.55 | 235927 - | - -
1999 | +0.35 | +0.0047 | 0.95 | 235°28 | +0.19 | +0.0018 0.53 | 235°27 | +0.14 | —0.0007 )] 0.38 | 235%29-
2000 | +0.55 | +0.0031 | 0.95 | 235%29 | -+0.30 | —0.0012 | 0.55 235°27 | +0.22 | —0.0051 | 0.38 | 235932
2001 | +0.76 | +0.0022 | 0.95 | 235%29 | +0.41 | —0.0034 | 0.52 235°25 | +0.30 | —0.0086 | 0.39 | 235239
2002 | +0.96 | +0.0018 | 0.95 | 235%27 - - - - -4+0.39 | —0.0119 | 0.45 | 235°56
2003 | +1.16 | +0.0019 | 0.90 | 235°27 | +0.63 | —0.0061 | 0.49 | 23523 | -+0.48 | —0.0151 | 0.78 236203
2004 +0.74 | —0.0074 | 0.78 | 235°30 | +0.56 | —0.0167 | 0.32 | 237°14
2005 +0.85 | —0.0099 | 0.50 | 235%°63 | +0.61 | —0.0111 | 0.13 | 238790
2006 +0.96 | —0.0001 | 0.53 | 236°62 | +0.63 | +0.0106 | 0.08 | 240721
2007 +0.65 | +0.0214 | 0.08 | 238°99
2008 +0.67 | +0.0254 | 0.12 | 238°24
2009 +0.70 | +0.0264 | 0.18 | 23746
2025 —0.38 | +0.0026 | 0.10 | 237713
2026 —0.34 | +0.0122 | 0.20 | 237°19
2027 —0.39 | +0.0126 | 0.57 | 235°82 | —0.29 | +0.0170 | 0.31 | 236°57
2028 —0.28 | +0.0104 | 0.37 | 235°66 | —0.22 | +0.0156 | 0.42 | 235°90
2029 | —0.32 | 4+0.0071 | 1.00 | 235°88 | —0.17 | 40.0083 | 0.55 | 235°93 | —0.13 | +0.0112 | 0.42 235°97
2030 | —=0.11 | +0.0219 | 1.00 | 23621 | —0.06 | +0.0224 | 0.95 236°21 | —0.04 | +0.0232 | 0.44 | 236721
2031 | +0.10 | +0.0183 | 1.00 | 235°42 | +0.05 | +0.0179 | 0.53 | 235742 | +0.04 | +0.0171 | 0.41 235°42
2032 | +0.30 | +0.0154 | 0.95 | 235°36 | +0.16 | -+0.0140 | 0.55 | 23535 | +0.12 | +0.0114 | 0.46 235236
2033 | +0.51 | +0.0133 | 0.95 | 235°38 | +0.27 | +0.0107 | 0.53 | 235°37 | +0.21 | +0.0063 | 0.42 | 235°36
2034 | +0.71 | +0.0112 | 0.90 | 235°40 | +0.38 | +0.0072 | 0.53 | 235°40 | -+0.29 | +0.0010 | 0.44 | 235°37
2035 | +0.91 | +0.0094 | 0.95 | 235°43 | +0.49 | +0.0040 | 0.53 | 235°41 | +0.38 | —0.0039 | 0.39 235°35
2036 +0.60 | +0.0013 | 0.52 | 235°41 | +0.46 | —0.0079 | 0.38 | 235°31
2037 +0.71 | -0.0007 | 0.52 | 235738 | +0.54 | —0.0111 | 0.40 235°26
2038 +0.82 | —0.0021 | 0.50 | 235934 | +0.62 | —0.0135 | 0.38 | 235724
2039 +0.93 | —0.0033 | 0.50 | 235°33 | +0.70 | —0.0158 | 0.36 | 235°30
2040 +0.78 | —0.0192 | 0.38 |-235°56
2041 +0.87 | -0.0229 | 0.41 | 236°73
2042 = e £ <.
Year Trails 4 revolutions old Trails 5 revolutions old Trails 6 revolutions old

Aag | re—71p | fm Q Aag | re—rp | fum Q Dag | re—T1p | fum Q
1798 | —0.09 | +0.0044 | 0.38 | 232.15 | —0.08 | +0.0069 | 0.29 | 232.36 | —0.03 | —0.0039 | 0.11 | 232.49
1799 | —0.02 | +0.0015 | 0.24 | 232.80 | —0.01 | +0.0015 | 0.25 | 232.77 | —0.01 | —0.0001 | 0.10 | 232.80
1800 | +0.01 | +0.0066 | 0.13 | 233732 | +0.01 | +0.0068 | 0.10 | 233°32 0.00 | +0.0083 | 0.04 | 233°25

= a
e Dy [y
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Table 1 — Data for dust trails (continued).
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Year Trails 4 revolutions old Trails 5 revolutions old Trails 6 revolutions old
Aag | TE~1D | fm Q Ago | rE~TmD | fMm Q Aag | re—m | fum Q0
1801 | +0.03 | +0.0114 | 0.10 | 233°47 | +0.03 | +0.0114 | 0.09 | 233°42 | +0.01 | +0.0144 | 0.04 | 233°24
1802 | +0.06 | +0.0139 | 0.15 | 233772 | +0.05 | +0.0134 | 0.14 | 233°60 | +0.02 | +0.0174 | 0.10 | 233°21
1803 | +0.08 | +0.0218 | 0.09 | 234°45 | +0.08 | +0.0213 | 0.33 | 234°25 | +0.04 | -+0.0252 | 0.08 | 233°56
1831 | —0.07 | +0.0035 | 0.34 | 232250 | —0.07 | +0.0056 | 0.42 | 232°34 | —0.07 | -+0.0091 | 0.08 | 232°47
1832 | —0.01 | +0.0012 | 0.20 | 233°10 | —0.01 | +0.0011 | 0.17 | 233°09 | —0.01 | +0.0010 | 0.16 | 233°07
1833 | +0.02 | 40.0010 - 233°47 - = 2 - o & - o
1834 { +0.05 | +0.0013 | 0.12 | 23369 | +0.03 | +0.0022 | 0.08 | 233°61 | +0.02 | +0.0023 | 0.07 | 233°56
1835 | +0.08 | +0.0013 | 0.13 | 233790 | +0.05 | +0.0021 | 0.10 | 233°72 | 4+0.04 | +0.0018 | 0.10 233°63
1836 | +0.11 | +0.0022 | 0.12 | 234°50 | +0.07 | +0.0032 | 0.09 | 234°27 | +0.06 +0.0029 | 0.09 | 234°17
1864 | —0.09 | +0.0178 | 0.37 | 233°93 - - - - —0.08 | +0.0188 | 0.61 | 233°07
1865 - - - - - - - - = = 5 i
1866 | +0.06 | —0.0004 | 0.37 | 233233 | +0.02 | +0.0029 - 233°60 - - - -
1867 | +0.14 | —0.0093 | 0.44 | 233°51 | +0.05 | —0.0019 | 0.12 | 233°93 | +0.03 | —0.0010 | 0.08 | 233°86
1868 | +0.21 | —0.0147 | 0.35 | 234°22 | +0.07 | —0.0037 | 0.12 | 234°73 | +0.05 | —0.0030 | 0.10 | 234°56
1869 | +0.29 | —0.0078 | 0.36 | 234°05 | +0.10 | +0.0058 | 0.13 | 234°80 | +0.07 | +0.0069 | 0.10 | 234°62
1897 | —0.10 | +0.0023 | 0.12 | 235%45 | —0.09 | +0.0039 | 0.17 | 235°54 | —0.07 | +0.0008 | 0.17 | 234°85
1898 | —0.05 | +0.0187 | 0.35 | 235°12 | —0.05 | +0.0201 | 0.36 | 235917 | —0.03 | +0.0187 - 234991
1899 | +0.02 | +0.0119 | 0.36 | 234797 | +0.02 | +0.0110 | 0.34 | 234°98 | +0.01 | +0.0124 | 0.15 | 235°13
1900 | +0.10 | +0.0145 | 0.59 | 234°05 | +0.10 | +0.0112 | 0.35 | 234°11 | +0.04 | +0.0165 | 0.05 | 234°49
1901 | +0.17 | +0.0048 | 0.40 | 233°87 | +0.18 | —0.0017 | 0.49 | 234%11 | 40.06 | 4+0.0077 | 0.14 | 234°67
1902 | +0.25 | 40.0044 | 0.24 | 234°46 | +0.24 | +0.0062 | 0.44 | 234769 | +0.09 | +0.0187 | 0.11 | 235°14
1930 | —0.10 | +0.0011 | 0.23 | 235955 | —0.08 | +0.0018 | 0.18 | 235°70 | —0.08 | +0.0031 | 0.16 | 235°82
1931 | —0.05 | +0.0134 | 0.31 | 235926 | —0.05 | 4+-0.0143 | 0.13 | 235°40 | —0.05 | +0.0154 | 0.24 | 235°54
1932 | +0.02 | 4+0.0058 | 0.25 | 235°48 | +0.02 | +0.0054 | 0.23 | 235°52 | +0.02 | +0.0049 | 0.23 | 235°57
1933 | +0.05 | 40.0137 | 0.13 | 235998 | +0.05 | +0.0132 | 0.12 | 235°96 | +0.05 | +0.0121 | 0.15 | 235°95
1934 | +0.08 | -+0.0175 | 0.25 | 235°81 | +0.08 | +0.0158 | 0.23 | 235%°69 | +0.09 | +0.0128 | 0.28 | 235°59
1935 | +0.14 | 4+0.0299 | 0.35 | 23543 - - - - - - - -
1961 | —0.20 | +0.0126 | 0.26 | 235°42 | —0.14 | +0.0124 | 0.12 | 235°90 | —0.12 | +0.0122 | 0.08 | 236°07
1962 | —0.14 | +0.0054 | 0.32 | 235°31 | —0.12 | 4-0.0064 | 0.20 | 235°59 - - - -
1963 | —0.09 | +0.0111 | 0.19 | 235°48 | —0.08 | +0.0087 | 0.16 | 235°66 - - - -
1964 | —0.04 | +0.0088 | 0.04 | 234799 - - - - —0.04 | 40.0128 | 0.27 | 235730
1965 | +0.03 | 4+0.0018 | 0.21 | 235°57 | -+0.02 | +0.0019 | 0.19 | 235°66 | +0.02 | 4-0.0016 | 0.04 | 235°71
1966 | +0.06 | +0.0051 | 0.11 | 23600 | +0.05 | +0.0056 | 0.09 | 236502 | +0.04 | -+0.0063 | 0.08 | 236°03
1967 | +0.08 | +0.0082 | 0.11 | 236°10 | +0.06 | +0.0084 | 0.10 | 236°04 | +0.06 | +0.0075 | 0.14 | 235°98
1968 | +0.11 | +0.0096 | 0.16 | 236930 - - - - - - - -
1969 | +0.13 | +0.0157 | 0.11 | 237°00 | +0.12 | +0.0157 | 0.12 | 236°81 | 4+0.13 | +0.0135 | 0.17 | 236°60
1996 | —0.10 | +0.0215 | 0.33 | 235%15 | —0.08 | +0.0217 | 0.18 | 235°55 | —0.07 | +0.0195 | 0.14 | 235°78
1997 | —0.03 | +0.0107 | 0.40 | 235°14 | —0.03 | +0.0130 | 0.59 | 235°11 - - - -
1998 | +0.04 | +0.0040 | 0.29 | 235°63 | +0.03 | +0.0044 | 0.18 | 235°79 | +0.03 | +0.0044 | 0.04 | 235°85
1999 | +0.08 | +0.0016 | 0.17 | 236°04 | +0.06 | +0.0034 | 0.10 | 236°13 | +0.05 | 4-0.0039 - 236°16
2000 | +0.11 | +0.0008 | 0.13 | 236°28 | +0.07 | +0.0028 | 0.09 | 236°23 | +0.06 | +0.0030 | 0.08 | 236°19
-~ 2001 | +0.14 | 40.0002 ;| 0.13 | 23646 | +0.09 | -+0.0017 | 0.11 | 236229 | +0.08 | -+0.0014 | 0.13 | 236°20
2002 | +0.17 0.0000) | 0.15 | 236°89 | +0.12 | +0.0015 | 0.12 | 236°72 | -+0.11 | -+0.0014 | 0.13 | 236%67
2003 | +0.20 | +0.0031 | 0.10 | 237°62 | +0.14 | 40.0059 | 0.08 | 237929 | +0.12 { +0.0062 | 0.08 | 237°12
2029 | —0.11 | +0.0144 | 0.49 | 236°02 —0.12 | 4+0.0228 | 0.34 | 236°05 | —0.09 | --0.0204 | 0.19 | 236°53
2030 | —0.04 | +0.0242 | 0.38 | 236°21 - - - - —0.05 | +0.0321 | 0.50 | 236718
2031 | 4+0.03 | +0.0161 | 0.36 | 235742 - - - - 40.03 | +0.0150 - 235784
2032 | +0.11 | +0.0086 | 0.36 | 235°36 | +0.07 | +0.0092 | 0.14 | 236°02 | +0.05 | -+0.0107 | 0.10 | 236°15
2033 | +0.18 | +0.0016 | 0.35 | 235°39 | +0.11 | +0.0054 - 236°29 | +0.07 | -+0.0072 | 0.09 | 236729
2034 | +0.25 | —0.0054 | 0.36 | 235°43 | +0.13 | 4+0.0012 | 0.13 | 236°46 | +0.09 | -+0.0028 | 0.10 | 236°33
Year Trails 7 revolutions old Trails 8 revolutions old
Aag TE—TD _fM Q Aag TE —TD fM‘ Q
1832 0.00 | +0.0004 | 0.06 | 233709
2000 +0.06 | +0.0008 | 0.27 | 236°10
2001 | 4+0.08 | —0.0004 - 236°11 i
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3. Use of comet and dust node to predict peak time

Much of the uncertainty in predicting Leonid storms in the past has been due to the reliance on
the comet’s nodal longitude and distance, to predict activity. Based on the dust trail data in
(6] and the observed times of maxima in [13], it has been shown [14] that the comet’s orbit only
gives a first approximation to predicting storms, but that the dust trails represent the time of
maximum of a storm to within the uncertainty of the observed maximum (£8 minutes in the
best observed cases). BT I BeBA0D :

It must be stated that the priority in these calculations belongs to Reznikov for the general
technique and to Kondrat’eva, Murav’eva, and Reznikov [5] for application to the Leonids.
However, the independent work by Asher [6] provided a resolution in nodal longitude of 0701
(about 15 minutes) as opposed to the ~ 0°1 (2.4 hours) of [5]. It is this additional resolution in
the nodal longitude that has allowed a critical check on past showers [14] and gives us reason to
be confident in predicting the time of maximum of future Leonid storms. The results in [6] and
in this paper confirm the times and distances of encounters given in [5] with only some minor
differences. Between 100 and 200 years in the past, there appears to be a slight but systematic
and unexplained difference in encounter distance (rg —rp) of between +0.0001 and +0.0002 AU
([5) relative to [6]). One date in [5] appears to be wrong: from [6], we find November 13.8 UT for
1802, whereas Kondrat’eva et al. [5] have November 13.2 UT, possibly duplicated in error from
their line immediately above. The encounter distance for the 1866 trail in 2000 is misprinted in
[5] and should be +0.00078 AU (Emel’yanenko, private communication), confirmed in Table 1.

The validity of a 5th decimal in rp is questionable as a result of various unconsidered factors
like ejection away from perihelion and solar radiation pressure. Preliminary simulations incor-
porating these suggest that the structure of the dust trail is not uniform. On these grounds,
we believe the true center of the dust trail is slightly beyond rp, but that the peak density is
towards the inside of the trail (see Figure 1, later). For these reasons, the 5th decimal in rp is
only partly justifiable. Comparison of our values of 7 — D and those in [5] also suggest the
differences in this 5th decimal are partly random.

In Table 2, the observed and calculated nodes are given to 3 decimal places for the four showers
with well-observed maxima. The simulations just mentioned suggest that the longitude is less
sensitive to the unconsidered factors than rp is, and, even if the accuracy is not quite 1 in the
3rd decimal, the very small residuals against the observed time of maximum given in [13] seem
instructive. Even the worst of these well-defined maxima has an O—C of only 7 minutes! The
maximum in 1833 is poorly defined and the large residual (45 minutes) may be unimportant.
McNaught [14] showed that, for years with maximum ZHR smaller than around 500, the time of
maximum may be poorly defined using predictions based on distant dust trails. This is largely
a result of the background dominating the activity curve. However, hidden within the activity,
a peak due to the dust trails (the “storm peak”) can sometimes be discerned. This was the case
in 1965 and 1998 with a peak of faint meteors present close to the correct longitude, but of lower
rates than the fireball shower. Several years from the comet’s return, when the background rates
of Leonids are sufficiently low, a close approach to a dust trail can produce a distinct, short-lived
and well-predictable shower. This occurred in 1969 [13], when the observed peak reached a ZHR
of 300, and differed in time by only 7 minutes from the calculated dust trail node.

4. Storms since 1833

Over the next four years, the Earth will closely encounter individual dust trails at various
distances. To predict the circumstances, it is necessary to examine the past close approaches to
such dust trails. Table 2 lists the circumstances of storms using the dust trail data from Table 1
and the observed ZHR from [13]. The ZHRs quoted in [13] are not fully corrected owing to
the heterogeneous data and lack of information in many of the primary sources used, but the
uniform analysis by Brown makes the data set as uniform as might ever be expected. The data

for]1867 have been adjusted to correct for moonlight interference using the value suggested in
13].
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Table 2 - Data for storms (excluding 1799 and 1832) and the well-defined 1969 outburst, %) “l

Year Trail Obs. node | Calc. node 0-C Aay TE —Tp fu ZHR
(32000) (32000) w4l (AU) (AU)

1966 2 rev 2352160 2359158 +0°002 +0.17 —-0.00014 0.52 90000

1833 1 rev 233915 233°184 —0°03 +0.17 -0.00029 0.95 | 60000

1866 4 rev 2332337 2332333 +0°004 +0.06 —0.00036 0.37 8000

1867 1 rev 2332423 2332420 +02003 +0.37 —0.00021 1.00 4500

1969 1 rev 2352277 2352272 +0°005 +0.93 —0.00005 0.95 300

Since 1833, specific attention has been paid to recording Leonid activity; so, looking for other
years that had close approaches to dust trails would be a useful check on the validity of using
the dust trails as the main predictor of high activity. The circumstances of encounter with trails
up to 6 revolutions old and passing within 0.0010 AU of the Earth are given in Table 3.

Table 3 — All additional approaches to dust trails since 1833 that are within 0.0010 AU and up to 6

revolutions old. = £ . 1)
Year Trail Obs. node Calc. node 0-C Aag TE — D far ZHR
(J2000) (J2000) (AU) (AU)

1869 3 rev 2332533* 2332536 —02003" | +0.32 —0.00053 0.44 1000
1897 6 rev 234°852 —-0.07 +0.00079 0.17

1897 2 rev 2349929 BTy —0.18 +0.00075 0.43

1968 | 1 rev 235265 2359147 +0%50 | 4+0.73 | +0.00095 | 0.95 | ~ 110

Mh -t B /
Eamy ' .
* Time assumed to be local and converted from longitude. See t:n?t :j-f. v 0.0005 W 1Yy w7

Activity in 1869 could have been expected around November 14.02 UT from western Asia,
eastern Europe, and the Middle East. This shower is mentioned by Kronk [15], and the author
was contacted regarding the details. We are most indebted to Gary Kronk for his immediate
reply giving the full text from his primary reference [16]. Mr. Meldrum and six other observers
at Port Louis Observatory and other parts of the island of Mauritius in the Indian Ocean made
a specific watch for Leonids on the nights of November 12-13, 13-14, and 14-15. It was on the
morning of the November 13-14 night, just at the start oj twilight that the peak was observed.

' 1 s 8 Em-RET &
T CEo @ i"”,’\f}

Meldrum wrote the following: &30 2

“I have not had time to analyze the observations carefully, but the time of mazimum
intensity was about 4209™ a.m. The only source of doubt in this subject arises from
the circumstance that after 4215™ daylight was setting in.”

Observations continued until 4240™ a.m. On the assumption that the time system used was
local, as was the function of such observatories for the setting of ship’s chronometers, we have
corrected these times to UT using a longitude of A = 57°30’ for Port Louis as given in the
Times Atlas of the World. This is 3%50™ ahead of UT, and the observed time of maximum
converts to November 14, 0219 UT. The calculated longitude for the responsible dust trail was
Ao = 233°536 (J2000), which converts to November 14, 0224™ UT. As Meldrum notes that
twilight could have affected the time of maximum, the influence through loss of meteors in the
morning twilight would act to make the true maximum later than observed, if it had any influence
at all. This could bring the observed and predicted times into even closer agreement. Nautical
twilight is calculated to have started at 4220™ a.m., in accord with Meldrum’s statement.

Meldrum quotes a number of watch durations and meteor counts from which an effective ZHR
at maximum of close to 1000 seems to be a reasonable conclusion after making appropriate
corrections for factors they mention. It is probable that the rates at maximum were double
those half an hour earlier. A fuller account of this shower will be presented as a separate paper.
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The two trails in 1897 represent meteoroids on orbits with smaller semi-major axis than 55P /Tem-
pel-Tuttle, something that is known to be less common following ejection. Hasegawa [17] men-
tions strong activity as seen from Beijing Observatory on November 14-15, 1897, but the maxima
predicted from the dust trails are November 15.50 and November 15.57. These would have been
visible from western North America, but it would appear that nothing substantial was observed.

The trail in 1968 is of meteoroids with high ejection velocity, although of lower velocity than in
the 1969 outburst. This trail and the two trails of 1897 are not approached closely. With values
of Aag somewhat outside the range of known storms no substantial activity would be expected.
The 1-revolution trail in 1968 is evidently not what was observed at longitude Ag = 235765.

5. A model of the relative spatial density

As noted in the Introduction, Leonid storms can result from two causes: close approaches to a
single recent dust trail or an encounter with the dense resonant zone. As the storms of 1799
and 1832 were rich in fireballs and probably contain a component of such resonant meteoroids,
they are excluded from this analysis. It is also clear from [5] that both these storms comprised
encounters with multiple dust trails.

Here, making the assumption that all recent dust trails are created equal, an attempt is made
to fit the dust trail parameters, Aag, rg — rp, and fpr, of the storms listed in Tables 2 and 3, to
the observed ZHR. If this can be done, then storm ZHRs can be predicted.

All the observed storms had small negative values of rg — rp. This need have no special signif-
icance as there simply happen to be no values of rg — rp between —0.0001 and +0.0008 since
1833. The values for 1799 and 1832 were —0.0005 and +0.0005, respectively, for the several dust
trails given in [5] that are older than the ones we considered here. An attempt to fit the observed
ZHRs for storms was made initially on the assumption that the density profile in rg — rp is a
Gaussian distribution centered on zero. The simulations mentioned earlier (Section 3) produce
an elliptical cross section on intersection with the ecliptic, but with a concentration towards the
inside of the ellipse (Figure 1). Thus, calculations were also made with the center of the dust
trail at distances rp + 0.0001 AU and rp + 0.0002 AU, values that seem appropriate for the

' possible outward shift of the trail center.
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Figure 1 — Cross section in (z,y) ecliptic coordinates of trail generated in 1899, at epoch of ejection and
at nodal crossing in 1999. Initial elements of particles were generated by assuming ejection
uniform in true anomaly, isotropic, and at 25/r m/s (cf. Figure 2), but only particles with
appropriate ap were integrated and plotted. In the 1899 plot, the cross is the comet’s node
(which is in a different part of the ecliptic and so not on the 1999 plot). The line on the

1999 plot is the Earth’s orbit; slightly higher ejection speeds would bring orbits to Earth
intersection.
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To fit the observed ZHR to the dust trails, it is necessary to have a relationship defining the
relative spatial density of the trails. In a given trail encounter, particles have a tightly constrained
value of Aag (Section 2). Therefore, trails’ relative densities depend on the relative amount of
material ejected on to orbits with different values of Aag (Figure 2), with an effective value of
Aayp of about +0.2, believed to be a good representation for the bulk of the meteoroids in the
stream that are of a size that produce visual meteors. Lower and higher values of Aag will be
represented by lower spatial densities and also by a variation in mass. Higher mass meteoroids
will tend to be at values of Aag closer to zero.

The initial density is diluted by the stretching of the trail as it evolves. The contribution of this
stretching factor to the density can be derived from integrations. Unlike the TE — rp and Aag
factors, it is not dependent on the ejection model, and no parameters need fitting. To calculate
the stretch of a particular trail, a few particles were ejected at perihelion with orbits identical
except for increments in e of 0.000 001, all of which crossed the ecliptic very close to the correct
time in November in the relevant year (Earth encounter occurring if |rg — rp| is small). The
average difference in mean anomaly M between these particles at the time of encounter gives

an indication of the linear stretching, and we introduce a “mean anomaly factor” fjr (Table 1)
which decreases as the stretch increases.

Examination of Figure 1 indicates that, to a high degree of accuracy, the dispersion in the other
elements does not increase from that at formation during the early evolution of dust trails. It
would appear, therefore, that the spatial density decreases linearly with the stretch in M. Thus
the variable that is fitted is ZHR/ far, where fjr normalizes the data to the median stretch value
of a 1-revolution trail. No account of dispersion of particles with size due to radiation pressure
is considered although it undoubtedly occurs and has the effect of a small outward shift of the
center. This would indicate that the mass index will be higher for encounters at positive rg —rp.
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Figure 2 — Initial distribution in semi-major axis of particles ejected uniformly in true anomaly within
heliocentric distance r < 3.4 AU, ejection velocities being isotropic at 25/r m/s. This is prob-
ably a reasonable ejection model (see [18]) but there are still free parameters. For example,
lower ejection velocities would narrow the distribution. The distribution is centered on the
comet’s ag. Particles affected by radiation pressure having the same @ as the comet will fall
behind the comet, i.e., their effective value of ag will be greater. This shifts the distribution
to the right, but the shift depends on the radiation pressure parameter, which varies among
meteoroids. However, to keep our model manageable, it appears acceptable to use a Gaussian
distribution, with mean and dispersion to be fitted.
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The fit to the data was by a two dimensional Gaussian profile to Aag and rg — rp. With the
observed ZHR being only proportionately correct, a least-squares fit to the fractional residuals
was made. This put the maximum in Agg at +0.16 to +0.17 for radial profiles with the center
assumed to be in the range rp to rp+0.0002 AU. These fits are good for most of the storm data
(mean fractional error 10-15%). These data and the observed ZHRs (normalized to 1 revolution)
are plotted in Figure 3. It is clear that there is both a paucity of data and a paucity of potential
data from past encounters to help refine the fit. The center of the Gaussian can be fitted to a
center as small as rp — 0.0002 AU, but with errors of around 25%. Larger values of rg — rp
are fitted with decreasing errors, but then an anomaly arises that a major storm should have
occurred over western Europe in 1801, when at present no activity is known. This is discussed
later (Section 7).

The parameters of the fit are given in Table 4. The peak ZHR is the rate that would be
encountered by passage through the center of a 1-revolution old dust trail. This potential peak
value has to be reduced by the fas for a specific dust trail.

Table 4 also displays the drop off in rates over the radius of the Earth (0.000043 AU) on the flanks
of the profile of a 1-revolution trail. This has significance in the global analysis of meteor rates.
The effect is modified by fas for older trails, and would have to be calculated individually for
every storm. With the indication that parts at least of dust trails retain their shape over many
revolutions (at least in the case of the Leonid trail cross section simulation mentioned here), this
effect will have to be considered for a short outburst from any shower. The center and shape of
the profile would have to be known for the specific correction factor to be calculated.
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Figure 3 — Variation of ZHR. with the three parameters, rg — rp, Aap, and far, given in Table 1. As the effect of
far on the ZHR is calculable from integrations, ZHR/ fps is fitted to rg — rp and Aag. The five solid
squares are the points (Tables 2 and 3) used to derive the fit (observed ZHR./ f)s in parentheses), and
the elliptical contours represent the fit itself. Three fits have been done, successively assumed to be
centered on rp, rp + 0.0001 AU, and rp + 0.0002 AU, shown as lines of decreasing thickness. In each
case the inner, middle, and outer contours correspond respectively to values of ZHR/fys of 10°, 104,
and 10%. Larger squares are drawn for larger values of f), the size of square being illustrated for
values of fp of 1.0, 0.5, and 0.25. Multiplying the fitted ZHR/fa by far gives the estimated ZHR.
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Table 4 -~ Characteristics and consequences of the fit. Fit

0.0001 AU, and Fit 2 on rp + 0.0002 AU.
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0 is centered radially on rp, Fit 1 on o +

Fit Mean Peak ZHR | Aaq | FWHM | FWHM Percentage drop over 1 Earth radius
no. | fractional Aag r at distance from trail center, AU
error, % t:'"-_ 7 aFHENR A B
Sk 0.0002 | 0.0004 | 0.0006 | 0.0008
0 14 160000 +0.17 0.19 0.00056 | 13% 25% 35% 45%
1 11 210000 +0.16 0.19. 0.00062 10% 21% 30% 3%
2 10 290000 +0.16 0.19 0.00064 8% 17% 25% 32%

Extrapolation of the double Gaussian storm profile predicts a ZHR. of zero for the 1-revolution
trail encountered in 1969, when, as mentioned, the observed peak ZHR was 300. This is hardly
surprising, with the sparse and unreliable data used in the fit, and the likelihood that a Gaussian
1s not a good representation of the spread in Agg this far from the dense storm region. The
wings of the Gaussian profiles represented in [13] in every case show activity enhanced above the
profile. Whilst the storm peak seems well presented, it appears necessary to use another profile
for the overall structure of the dust trail. One such attempt has been made by Jenniskens [19)].

6. Predicting time and ZHR of maximum
Encounters at the current epoch
Figure 4 shows that some of the dust trails encountered in the next few years, 1999, 2001 (7-

revolution), and 2002, can be interpolated or reasonably extrapolated from the existing data (cf.
Figure 3).
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Figure 4 — Values of rg — rp, Aag, and fyr (Table 1) for future tra.i_ls plottgd. aga.inst- the fitted contours of
Figure 3. The estimated value of ZHR/ fs is shown by a point’s position relative to the_a contours (see
caption to Figure 3), and this should be multiplied by far (shown by size of square as in Figure 3) to
yield the ZHR.
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Tt is also clear that several trails will be encountered in the previously unobserved zone, 2000
and 2001 (4-revolution). The trails in 2000 probably lie beyond the uncertain peak and on the
steep descending profile, making any rate prediction for these years rather uncertain. As previ-
ously mentioned, the effect of radiation pressure may increase the number of smaller meteoroids
encountered in these years.

The data from each year will allow the fit to be recalculated, or a better model developed. It
is possible that before the potential storms of 2001 and 2002 the predictions could be very well
defined.

Based on the dust trail parameters in Table 5, predictions for the next few years are given in
Table 6. As the trails encountered in 1999 and 2000 (8-revolution) were responsible for the
1966 and 1866 storms, respectively, we should be confident that the cores of these streams are
dense. Trails that have never previously been encountered are assumed to be similar to other
trails and for our simple analysis all are necessarily assumed equal. Encounters with the same
trails at different values of Aag will allow the structure and evolution of specific dust trails to
be investigated.

Table 5 — Circumstances of dust trail encounters for the current epoch. The last
column indicates previous encounters with the same dust trail.

Year | Trail Aag TE — TD fm Previous encounters
1999 3 rev +0.14 —0.00066 0.38 1966 storm

2000 8 rev +0.06 +0.00077 ~ 0.27 1866 storm

2000 4 rev +0.11 +0.00077 0.13 none

2001 7 rev +0.08 —0.00043 ~ 0.14 1869 storm, 1893*
2001 4 rev +0.14 +0.00022 0.13 none

2002 4 rev +0.17 —0.00005 0.15 none

2006 2 rev +0.96 —0.00009 0.53 1969

* Mentioned in [5] (Aag = —0.10, rg — rp = —0.00019).
Outside range of years considered as potentially storm-producing.

Table 6 — Predictions for the current return of 55P /Tempel-Tuttle.

Time (UT) Estimated ZHR Trail Moon age | Visible from

1999, Nov 18.089 (02"08™) 1500 3 rev 10 Europe, Middle East, Africa
2000, Nov 18.156 (03P44™) 100-50007 8 rev 22 Europe, Africa

2000, Nov 18.327 (07P51™) 100-5000 4 rev 22 E. USA, E. Canada, Atlantic
2001, Nov 18.417 (10"01™) 25007 7 rev 3 Americas

2001, Nov 18.763 (18P19™) 1000035000 4 rev 3 E. Asia, W. Pacific, Australia
2002, Nov 19.442 (10236™) 25000 4 rev 15 Americas

2006, Nov 19.198 (04P45™) 150 2 rev 28 W. Europe, W. Africa

The 8-revolution trail in 2000 has nearby sections both in front and behind that have been
disrupted owing to close approaches to Earth between 1733 and the present, albeit the section
with the critical mean anomaly for intersection with the Earth should just survive. For the
7-revolution trail in 2001, fas is quite rapidly varying at the critical M. The derived ZHRs for
these two trails are therefore denoted with a question mark in Table 6. No other close encounters
to dust trails 6 or less revolutions old occur prior to 1999 in the current return of 55P, consistent
with observations. Kondrat’eva et al. [5] do mention an 8-revolution trail on 1991 Nov 20.2 UT

at Aag = —0.16 and rg — rp = —0.00041. We would expect activity from this to have been low,
but probably detectable. '

The time qf r.naxirlnum is derived from the nodal longitude of the dust trails. The uncertainty of
these predictions is probably better than 10 minutes (see Tables 2 and 3 and reference [14]).
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ZHR predictions may be “reliable” (within a factor of 2?) for 1999 and 2002. It is in the region
:of Figure 3 at positive rg — rp that the data are extrapolated with the largest uncertainty. This
includes the 4- and 8-revolution trails in 2000 and the same 4-revolution trail in 2001.

~Observations in 1999 may not affect the predictions for following years, due to the constraining
effect of the steeply rising profile fitted through the storm data. However, the observations of
the trails in 2000 should dramatically lower the uncertainty for future years. One especially
interesting feature is that the same (4-revolution) trail will be encountered in 2000, 2001, and

- 2002. Following observation in 2000, predictions for this trail in 2001 and 2002 should be
especially well-defined. The assumption that all trails are created equal is certainly the case
here, although the mass distribution will probably change over the three years and will be an
important observational result.

In 2006, the Earth encounters an adjoining section of the same dust trail that produced the 1969
outburst. The circumstances in these two years are almost identical, but the stretch in M is
double in 2006, giving a prediction of half the ZHR of 1969. This prediction is unrelated to the
profile fitted to the storm data.

The Last-Quarter Moon will reduce the observed rates in 2000 and the near-Full Moon will be
a bigger problem in 2002. The highest observable rates at this epoch may be in 2001, despite
the uncertain rates, as no moonlight will be present.

Encounters around the 2031 return

It has long been assumed that no significant activity could occur around the next perihelion
passage of 55P/Tempel-Tuttle. However, this conclusion was based on the use of the comet’s
orbit alone. The data in Table 7 are for three outlying trails approached in 2033 and 2034.
These are plotted in Figure 4. Unfortunately, they are probably too distant for any reasonable
chance of high activity, but, again, the region is one of very uncertain extrapolation. Predictions
based on this data appear in Table 8. The substantial data that can be gathered between 1999
and 2006, with seven close approaches to dust trails during that period, should allow a realistic
assessment of activity to be made before this next return. In particular, the possibility of a storm
in 2034 will likely be decided by the strength of activity in 2000. The prediction of zero ZHR is
from an unreasonable extrapolation of the model, and it refers only to that particular dust trail
and not the shower that year as a whole. Some activity from such a dust trail will probably
occur, but strong activity is highly improbable. Background activity will still be present, but
this will also be rather uncertain in the changed circumstances.

Table 7 — Circumstances of dust trail encounters for next return of 55P /Tem-
pel-Tuttle. The last column indicates previous encounters with the
same dust trail.

Year Trail Aag TE —TD M Previous encounters

2033 4 rev +0.18 +0.00161 0.35 1966 storm, 1999
2034 3 rev +0.29 +0.00098 0.44 1969, 2006
2034 5 rev +0.13 +0.00119 0.13 2000, 2001, 2002

Table 8 — Predictions for the next return of 55P /Tempel-Tuttle.

Time (UT) Estimated ZHR | Trail | Moon age | Visible from

2033, Nov 17.904 (21h42™) 0 4 rev 26 E. Asia, W. Pacific,
W. Australia

2034, Nov 18.139 (03"20™) 0-1000 3 rev 7 Europe, Africa

2034, Nov 19.222 (0519™) 0-100 5 rev 8 W. Europe, W. Africa
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7. Historical studies

The form of this analysis could profitably be carried back to examine the dust trail characteristics
of Leonid storms throughout history. This would provide more data on the parameters relevant
to storm production and give information on dust trail evolution. In fact, such data could
locate the position of the center of the dust trail. They could also be used to check the dates
ascribed to storms from historical references. Some apparent discrepancies between dates of
storms as reported in different parts of the world could conceivably be the result of multiple
storms separated by a day or more.

The circumstances of approaches to Leonid dust trails within 0.005 AU in the last 200 years and
up to the year 2039 are given in Table 9. This lists the encounters in chronological order giving
the nodal crossing time, revolution number, and the ZHR derived from the fits to the storm data
using three assumed center positions. As previously mentioned, a value of zero does not indicate
the Leonid ZHR was zero in that year, but only that the contribution of that specific dust trail
to the overall ZHR, was zero. It has also been noted that this extrapolation to well outside the
storm region is unwarranted.

Table 9 — Predictions of time of nodal crossing and ZHR, for individual dust trails up to 6 revo-
lutions old (and selected older ones) passing within 0.0050 AU of the Earth. The three
ZHR. predictions are for the highest density in the dust trail assumed to be centered
at rp.(ZHRy), rp + 0.0001 AU (ZHR,;), and rp + 0.0002 AU (ZHR2). The factor
far represents the extent of dispersion of the trail relative to the median density of a
1-revolution trail and has been used in the calculation of the ZHRs. The symbol “*”
refers to trail encounters used in the ZHR fit (Section 5).

Date (UT) Trail fm ZHRy ZHR, ZHR, Moon age
1798, Nov 11.431 (10"20™) 3 0.41 0 0 0 3
1798, Nov 11.431 (10P20™) 4 0.38 0 0 0 3
1798, Nov 11.772 (18%32™) 6 0.11 0 0 0 4
1798, Nov 12.317 (07"36™) 1 1.08 0 0 0 4
1799, Nov 12.306 (07"21™) 5 0.25 0 0 1 15
1799, Nov 12.339 (08"08™) 6 0.10 1500 2000 2000 15
1799, Nov 12.336 (08204™) 4 0.24 0 0 0 15
1799, Nov 12.377 (09P02™) 3 0.27 0 0 0 15
1799, Nov 12.567 (13P37™) 2 0.52 0 0 0 15
1799, Nov 12.575 (13248™) 1 1.00 0 0 0 15
1800, Nov 12.823 (19"45™) 1 1.00 0 0 0 25
1800, Nov 12.856 (20"33™) 2 0.52 0 0 0 25
1801, Nov 13.065 (01P34™) 1 0.95 0 0 0 7
1801, Nov 13.211 (05"04™) 2 0.53 2500 | 15000 | 50000 7
1802, Nov 13.344 (08215™) 1 0.95 0 0 0 18
1802, Nov 13.795 (1904™) 2 0.55 0 1 1 18
1803, Nov 13.737 (17h41™) 1 0.95 0 0 0 29
1803, Nov 14.995 (23"53™) 2 0.43 2 2 3 0
1831, Nov 13.244 (05"52™) 4 0.34 0 0 0 9
1831, Nov 13.897 (21P31™) 1 1.00 0 0 0 9
1832, Nov 13.076 (01"50™) 6 0.16 0 10 100 20
1832, Nov 13.088 (02R07™) 5 0.17 0 6 80 20
1832, Nov 13.091 (02"11™) 7 0.06 200 800 2000 20
1832, Nov 13.103 (02h28™) 4 0.20 0 1 20 20
1832, Nov 13.176 (04"14™) 2 0.55 0 0 0 20
1832, Nov 13.175 (04"13™) 1 1.00 0 0 3 20
1832, Nov 13.174 (04P11™) 3 0.39 0 0 0 20
1833, Nov 13.429 (10"17™) 2 0.53 0 0 0 9
*1833, Nov 13.435 (10"26™) 1 0.95 | 70000 | 70000 | 70000 2
1833, Nov 13.455 (10"56™) 3 0.45 0 0 0 p)
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Table 9 - Predictions of time of nodal crossing and ZHR. (continued).
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Date (UT) Trail fm ZHR, ZHR, ZHR, Moon age
1834, Nov 13.681 (16"20™) 2 0.52 0 0 0 12
1834, Nov 13.692 (16137™) 1 0.95 0 0 0 12
1834, Nov 14.070 (01P40™) 6 0.07 0 0 0 13
1834, Nov 14.112 (02P42™) 5 0.08 0 0 0 13
1834, Nov 14.192 (04P36™) 4 0.12 0 1 15 13
1835, Nov 13.948 (22h44m) 1 0.95 0 0 0 23
1835, Nov 14.396 (09"30™) 6 0.10 0 0 0 23
1835, Nov 14.487 (11h42™) 5 0.10 0 0 0 23
1835, Nov 14.667 (16"00™) 4 0.13 0 0 15 24
1836, Nov 13.202 (04"51™) 1 0.95 0 0 0 4
1836, Nov 14.181 (04720™) 6 0.09 0 0 0 5
1836, Nov 14.281 (06M45™) 5 0.09 0 0 0 5
1836, Nov 14.507 (12210™) 4 0.12 0 0 0 5
1866, Nov 14.017 (00h24™) 1 1.00 0 0 0 7
1866, Nov 14.022 (00b31™) 3 0.40 0 9 200 7
1866, Nov 14.024 (00"34™) 2 0.55 0 0 0 7
*1866, Nov 14.046 (01"06™) 4 0.37 8000 8000 8000 7
*1867, Nov 14.392 (09"25™) 1 1.00 4500 4500 4500 18
1867, Nov 14.401 (09"38™) 2 0.55 0 0 0 18
1867, Nov 14.829 (19h54™) 6 0.08 1 1 2 18
1867, Nov 14.896 (21"30™) 5 0.12 0 0 0 18
1868, Nov 14.252 (06"02™) 2 0.54 0 0 0 29
1868, Nov 14.281 (06"45™) 1 0.95 0 0 0 29
1868, Nov 14.777 (18"39™) 6 0.10 0 0 0 30
1868, Nov 14.940 (22733™) 5 0.12 0 0 0 30
"1869, Nov 14.016 (00"24™) 3 0.44 900 900 1000 10
1897, Nov 14.890 (21h22™) 1 1.00 0 0 0 20
1897, Nov 15.498 (11257™) 6 0.17 2 20 100 20
1897, Nov 15.574 (13"47™) 2 0.45 0 1 4 21
1897, Nov 15.907 (21"46™) 3 0.25 0 0 0 21
1897, Nov 16.086 (02"04™) 4 0.12 0 0 0 21
1897, Nov 16.184 (04"25™) 5 0.17 0 0 0 21
1901, Nov 15.557 (13"21™) 4 0.40 0 0 0 4
1901, Nov 15.790 (18"57™) 5 0.49 0 0 0 4
1902, Nov 15.971 (23h18™) 3 0.45 0 0 0 16
1902, Nov 16.391 (09"23™) 4 0.24 0 0 0 16
1930, Nov 17.497 (11h56™) 3 0.32 0 0 0 27
1930, Nov 17.657 (15"46™) 4 0.23 0 0 2 27
1930, Nov 17.804 (19718™) 5 0.18 0 0 0 27
1930, Nov 17.917 (22P01™) 6 0.16 0 0 0 27
1932, Nov 17.189 (04733™) 6 0.23 0 0 0 19
1934, Nov 17.628 (1504™) 1 0.95 0 0 0 10
1964, Nov 16.946 (22"43™) 2 0.53 0 0 0 13
1964, Nov 16.944 (22"40™) 1 1.00 0 0 0 13
1965, Nov 17.219 (0516™) 2 0.59 0 0 0 24
1965, Nov 17.215 (05710™) 1 1.00 0 0 0 24
1965, Nov 17.527 (12h40™) 3 0.37 0 0 1 24
1965, Nov 17.653 (15"41™) 4 0.21 0 0 0 24
1965, Nov 17.739 (17h44™) 5 0.19 0 0 0 24
1965, Nov 17.786 (18"52™) 6 0.04 0 0 0 24
1966, Nov 17.467 (11"12™) 1 0.95 0 0 1 5
*1966, Nov 17.495 (11P53™) 2 0.52 | 70000 | 75000 | 75000 5
1966, Nov 18.270 (06"28™) 3 0.19 0 0 0 6
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Table 9 - Predictions of time of nodal crossing and ZHR (continued).

Date (UT) Trail s ZHRg ZHR, ZHR, Moon age
1967, Nov 17.721 (17h18™) 1 0.95 0 0 0 16
1968, Nov 17.000 (23"59™) 1 0.95 0 0 0 26
1968, Nov 17.293 (07h02™) 2 0.55 0 0 0 26
1969, Nov 17.374 (08"58™) 1 0.95 0 0 0 7
1998, Nov 18.168 (04"02™) 4 0.29 0 0 0 29
1998, Nov 18.329 (07"54™) 5 0.18 0 0 0 29
1998, Nov 18.392 (09"24™) 6 0.04 0 0 0 29
1999, Nov 18.072 (01"44™) 2 0.53 0 0 0 10
1999, Nov 18.078 (01753™) 1 0.95 0 0 0 10
1999, Nov 18.089 (02h08™) 3 0.38 1200 1400 1500 10
1999, Nov 18.830 (19"55™) 4 0.17 0 0 0 11
1999, Nov 18.916 (21P59™) 5 0.10 0 0 0 11
2000, Nov 17.329 (07"53™) 2 0.55 0 0 1 21
2000, Nov 17.348 (08"22™) 1 0.95 0 0 0 21
2000, Nov 18.156 (03"44™) 8 0.27 90 1000 5000 22
2000, Nov 18.244 (05"51™) 6 0.08 0 0 0 22
2000, Nov 18.280 (06"44™) 5 0.09 0 0 0 22
2000, Nov 18.327 (07"51™) 4 0.13 80 1000 5000 22
2001, Nov 17.559 (13"24™) 2 0.52 0 0 0 2
2001, Nov 17.595 (14"17™) 1 0.95 0 0 0 2
12001, Nov 18.417 (10"01™) 7 0.14 2500 2500 2500 3
2001, Nov 18.505 (12"08™) 6 0.13 0 0 10 3
2001, Nov 18.595 (14"18™) 5 0.11 0 0 0 3
2001, Nov 18.763 (18"19™) 4 0.13 | 13000 | 25000 | 35000 3
2002, Nov 17.842 (20713™) 1 0.95 0 0 0 13
2002, Nov 19.225 (05"24™) 6 0.13 0 0 4 14
2002, Nov 19.274 (06"35™) 5 0.12 0 0 3 14
2002, Nov 19.442 (10"36™) 4 0.15 | 25000 | 25000 | 30000 15
2003, Nov 18.100 (02"23™) 1 0.90 0 0 0 24
2003, Nov 20.425 (10"11™) 4 0.10 0 0 0 26
22006, Nov 19.198 (04"45™) 2 0.53 150 150 150 28
2025, Nov 19.582 (13"58™) 3 0.10 0 0 0 29
2033, Nov 17.904 (21"42™) 4 0.35 0 0 1 26
2034, Nov 18.139 (03%20™) 3 0.44 4 130 1200 7
2034, Nov 19.094 (02"15™) 6 0.10 0 0 0 8
2034, Nov 19.222 (05"19™) 5 0.13 0 6 120 8
2035, Nov 18.379 (09706™) 3 0.39 0 0 0 18
2035, Nov 18.447 (10743™) 2 0.53 0 0 0 18
2036, Nov 17.691 (16P35™) 2 0.52 0 0 0 29
2037, Nov 17.918 (22"01™) 2 0.52 0 0 0 10
2038, Nov 18.143 (03"26™) 2 0.50 0 0 0 21
2039, Nov 18.382 (09"10™) 2 0.50 0 0 0 2

1 The 7-revolution trail in 2001 has a slightly uncertain value of fjs causing the predictions
for that year to be additionally uncertain.

2 [n 2006, the formal prediction based on the Gaussian fit to Aap predicts a ZHR of 0 as in
1969. However, the circumstances are almost identical as in 1969 and the encounter is with
the same trail. The ZHR given is from the observed 1969 ZHR corrected by far.

Most years of substantial activity in Table 9 correspond to known showers. One year does stand
out, though. Some activity should have occurred in 1801 from a 2-revolution trail with low
stretch in M. This is of particular interest as the circumstances are similar to both trails in
2000. The rg — rp of +0.0006 is an intermediate value missing from the encounters since 1833
when more attention has been paid to Leonid activity. A strong shower or minor storm could
have occurred as seen from western Europe or western Africa on November 13.21 UT in 1801.
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An initial examination by Mark Bailey and John McFarland of the observing log of Armagh
Observatory indicates that observations were in progress that night, but no mention was made
of meteor activity. Examination of other records in western Europe and western Africa for that
date would be useful. Reports that can put constraints on the meteor activity at that time will
have a substantial bearing on what to expect over the next several years. It would seem unlikely
that a major storm was overlooked in a moonless sky, and this does tend to rule out Fit 2 and
possibly even Fit 1. This would unfortunately mean that activity in the next several years would
be at the lower end of the predictions. :

8. Threat to satellites

Should the Earth pass through the center of a 1-revolution trail at Aag = +0.17, the predicted
peak ZHR would likely be in the range 150 000-300000. The higher rates would be predicted
if the maximum density were located beyond our calculated value of rp. Whilst the Earth is
8.6 x 107 AU in diameter, and presents a small target (nominally, “collision” if |rg — rp| <

43 x 1079 AU), the region inhabited by satellites is very much larger. Geostationary (GEO) g

satellites can pass through this dense zone of meteoroids when |rg — rp| < 2.7 x 10~* AU. This
will occur in 2001 and 2002, when the same 4-revolution trail is encountered.

The maximum density in the center of these trails is likely to have an equivalent ZHR of 20 000-
40000. These estimates are much lower than what was actually encountered in 1966 (about
90000), although the effective rates in parts of the GEO region in that year could have been
some 50% higher still. The risk to an individual satellite is probably much lower than in 1966,
when no satellites were damaged, but GEO and low-Earth orbit (LEO) space is now much more
crowded with active satellites. (e

In 2001, the densest part of the dust trail at the time of encounter is almost certainly near the
GEO satellite belt over the Far-Eastern Pacific. GEOs over the Indian Ocean and Indonesia
will be least affected. Should the densest part of the dust trail be beyond rp, GEO satellites at
intermediate longitudes will be most affected.

The most threatened GEO satellites in 2002 are on the leading (South-American) and trailing
(Indonesian) longitudes of the Earth. If the densest part of the trail is further out than rp, this
will affect GEO satellites closer to the central Pacific. This potential “direct hit” of a dust trail
with the Earth in 2002 will result in LEO satellites being directly threatened.

Given that we may be able to predict the time of Leonid maximum activity to a few minutes
accuracy, and that the direction and distance of the closest approach to the dust trail are
known (to a somewhat lesser accuracy), there are two strategies that satellite operators could
use to minimize the threat. These are only available to satellites other than GEOs. The first
is to position the satellite in its orbit furthest from the dust trail at the time of maximum.
This position would be at the satellite’s maximum distance towards or away from the Sun, the
Leonid dust stream at its node being nearly perpendicular to the direction of the Sun. For a
circular orbit, this point would be the longitude given in Table 10 for a trail that passes inside
the Earth’s orbit (2000, 4-revolution and 8-revolution, and 2001, 4-revolution), but would be
180° opposite (and latitude negated) for trails that pass outside the Earth’s orbit (1999 and
2001, 7-revolution). If the peak flux in 2001 and 2002 is encountered on one side of the GEO
belt (either towards or away from the Sun), the other side may only experience about 10% of
that flux.

GEO satellites (0° inclination) will lie some 14 000 km below the ecliptic at the longitude opposite
the Sun. They will experience the peak some 25 minutes earlier than the times given; so the
longitude would be modified by +6°. GEO satellites towards the Sun have maximum 25 minutes
later centered at a longitude A = +174° from that given.
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The instant of maximum appears to be predictable with around 10 minutes uncertainty or
better. ;

Encounters with multiple trails in a single year can be separated by several hours or days. Rate
analysis would require separate profiles fitted to each trail. If the time of maximum is confirmed
to be very close to the prediction of when single dust trails are encountered, then, for years
with multiple encounters, use of the predicted time of maximum for each trail could help fit
overlapping profiles. The general background activity would require an additional profile to be
fitted as the activity from the dust trails exists within the population of older Leonid meteoroids
that have an indistinct or disrupted trail structure. The spatial density in radius vector can drop
off by up to 40% over the radius of the Earth whilst rates are still high. This has implications
for global analyses of observations. At the instant of maximum, the greatest separation in radial
distance is between the point on the Earth’s surface at latitude ¢ = 19° N with the radiant
rising, and all points with the radiant in the sky at around morning twilight. If the trail passes
inside the Earth’s orbit, the gradient in the profile results in the morning twilight region of the
Earth having an enhanced incident flux over regions further into darkness at that same moment.

With the intensity contours plotted in Figure 3 being based on ZHRs derived from visual obser-
vations, they are directly comparable with the activity curve observed in a single shower. The
observed stream duration in any year, when measured at a suitable intensity level, allows the
ellipticity of the dust trail cross-section to be derived. This will be presented in a separate paper.
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Table 10 - Orientation of Earth during forthcoming trail encounters.

Date (UT) Trail Point opposite Sun Center Leonid “shadow”
A 12 A 7
1999, Nov 18.089 | 3rev | 324°E 19° N 245° E 22° S
2000, Nov 18.156 | 8rev | 300°E 19° N 220° E 22° S
2000, Nov 18.327 4 rev 238° E 19° N 158° E 22° 8
2001, Nov 18.417 | T7rev | 205°E 19° N 126° E 22° 8§
2001, Nov 18.763 | 4 rev 80° E 19° N 1°E 22° 8§
2002, Nov 19.442 | 4rev 196° E 19° N 116° E 22° S

The second strategy would apply to satellites whose orbits pass into Leonid “eclipse.” For
satellites with this potential geometry, it is simple for the satellite to pass through this zone
at the predicted time of maximum. Slight maneuvers in height are made to alter the mean
anomaly to the appropriate value. The satellite would then maximize its time in the shadow,
shielded from any storm. The maximum duration a satellite could be in the Earth’s shadow is
around 36 minutes for LEO satellites out to around 5000 km. Above this, the duration increases,
reaching 70 minutes at GEO distances. However, GEO satellites, with inclinations of 0°, orbit
totally outside the Leonid shadow. Estimates of several storms (given in [13]) give a FWHM
of around 0°011 to 0°022 in solar longitude (15 to 30 minutes). Given a probable uncertainty
in the predicted time of maximum of less than 10 minutes, a satellite with optimum geometry,
placing it in the middle of the Leonid “shadow” at the time of predicted maximum, would have
a vastly reduced overall threat.

One possible caveat is that, as a satellite enters and leaves the Leonid shadow, meteoroids will
be encountered that have passed through the Earth’s tenuous outer atmosphere. It might be
expected that a dustball structure would fragment under such circumstances increasing the flux
of particles in this narrow zone. The maximum gravitational deflection such a Leonid would
experience on skirting the atmosphere is 1°4.

Satellites a considerable distance perpendicularly out of the ecliptic will have the time of en-
counter altered by 1.8 minutes per 1000 km. This is earlier than the predicted maximum if below
the ecliptic and later if above. The cause is the 163° inclination of the dust trail to the ecliptic.
GEO satellites at the same (opposite) longitude as the Sun during the Leonids are 14000 km
above (below) the ecliptic and will thus experience the peak some 25 minutes after (before) the
Earth. GEO satellites leading (trailing) the Earth have the maximum about 40 minutes earlier
(later). This interval is partly due to the GEO satellites in these directions being over 9000 km
out of the ecliptic, but also being in front of (behind) the Earth in its orbit. GEO satellites
ahead and behind the Earth will experience identical rates, unless passage through the near-
Earth environment led to a breakup of particles. The trailing GEO satellites are well outside
the Leonid shadow.

9. Conclusion

Study of the perturbed motion of dust trails from 55P/Tempel-Tuttle indicates that the Earth
will begin a series of close approaches to trails starting with a possible minor storm in 1999.
Storms can be expected in the years 2001 and 2002, but estimation of their intensity is strongly
limited by the lack of observational data. The effect of the Full Moon in 2002 will reduce the
observed rates making 2001 potentially the year of highest observed rates at this epoch.

During the next return, activity is likely to be low, but a storm in 2034 is possible. Data from
the current epoch will allow a much better assessment of what may occur.
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1. ZOBEC TR RS TOELEA, 1979 I ERIESNELT, LT 199047, 1995 LI ZIElRA RS
NELFA, 1995 429 B 22 BISER A2 EBLERERR A~D BOABIEAZEEIL. 10 A LAICHE 5 FEET
sayel F i, SEOEMNL, EREAMAS RSB 134 B 200145 A 31 A |THIBRASIRAZ s 5 0.056AU (MK
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HEL TEELI-,
%1:73P/Schwassmann-Wachmann 3 £28 BRI R B HER THMPC FE3R0 2001 SEOHEZ )
METH. ALPHA DELTA VG L DATE-MAX. Q E  PERI. NODE INCL.

1  208.9 29.3 12.21 69.9 MAY 31.3 0.9918 0.6939 198.8 69.9 1l.4 q TV A AV NME
H 209.1 210 13.89 54.3 MAY 15.1 0.9374 0.6939 214.7 543 110 w7 U¥ARRAV ME
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ADDITIONAL INFORMATION : (=) DIST. = 2.497 AU; DT = 134.0 DAYS; MIN. DIST. = .0420 AU
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C1973=A. F. Cook, 1973 KM1979=/NEEIEJA, 1979 HI1993=fEAS A, 1993
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D.D. Meisel, D. Janches, J.D.Mathews, “Extrasolar Micrometeors Radiating
from the Vicinity of the Local Interstellar Bubble”, ApJ, 567, 323-341, 2002.
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H, IS AN TRE D 1AU & 10 SEAEDFERED L3 K 50 FiEd 5 O TIHFEEE D & ORL 75 2 134581
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DEPRT 2 0Mit 2 LThE Lz,
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Extra-Solar Meteor
BERH BK: TS3AYT/ IZHELE—)
EBIZUKA, Noboru
(Plasma Nanotechnology Research Center, Nagoya Univ.)

Detectlon of interstellar media i in the solar system

Par,tlcle Arecibo

UlySS S Galileo \f\ © NASA
Particle with (Radius: 0.005~2 pm@1g/cm?) are
detected by particle counters of spacecrafts.

of particles are assumed to be

/250,000 ) —
[M. Baguhl et.al. 1996]  « (R: >5 um@1g/cm?),

— Ve > 100 km/s (

GCOEWf7E=

(R 0.2~10 },Lm@lg/cm3)

— e >1.0 (Arecibo, Puerto Rico, D=300m, 430MHz). HEHIRRA:
. (R: 10~100 pm@1g/cm3),
(MARS: Ukraine, 31.1MHz).
(1,600/350,000)
, AMOR, New Zealand).
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(Smithsonian
1950s era)

Super Schmidt camera
Astronomical observatory,
(R: 0.5~ 5 mm@1g/cm3, Mag.: -3~ -10) :
(59/4,581, IAU/MDC Photograph),
(R: 10~500 pm@1g/cm3, Mag.: 9.5~ -3) :
(2/160, Video@Canada) — (Ve > 46.6 km/s).

Meteor camera

o=~ |
- (143/3000)

plasahi/meteor/star/index. htr

(7,911

Optical meteor observations of Mr. Shigeno
» Photograph in 1983, 1987, 1989 and 1991

¢ LI. Video camera from 1992 to 2009.
» 3787 trajectory data of meteors.
¢ Data could download from

Interstellar particles
Resuling ISP flux
Divine

- Fechtig

http://www004.upp.so-net.ne.jp/msswg/ .

Flux of interstellar particles
[M. Hajdukov4 Jr., et.al. (2006)]

Candidates of extra solar meteors

w00

i : min.: 0.742
e max. : 1.056

N meteors: 110
e average: 0.908

Radiant pomts of Leonid
@18, Nov., 2001.
R.A. x Dec. 12°x 1°

Ve | Vh |L abs

| & i

Precision, Asymptote direction

181.6 | 177.9180.0 [ 50.5| 3.6

A Leo (Approached to Saturn)

O Leo (Approached to Jupiter) |intersection angle of 1mues of a meteor

B R A
q: 1.012
Q: 146.4
i:177.9
Asymptote direction: Leo
Approached 5 au to Saturn

EREe A A BRI R58E AY EovhRRE 0848 A0
q: 0.964
Q:140.3

i:116.4

Aug. 19,2008

e: 1.909
w: 146.4

Oct.24, 1063

trajectory projected on the celestial sphere.

e: 1.146
: 155.3

Asymptote direction: Leo
Approached 2 au to Jupiter

Stereoscopic and spectroscopic observation system for extra—solar meteors

Meteors

S8
N

NTSC/PAL
Analog
Composita/s

Video Capture
Device

b4

| EEE1334(0%)

UFOCapture

_UFOAnalyzer UFOOrbit

ecurity

UV-HDTV cumer;(UV sensitive LI - ol

HDTYV camera, above) and L.I.-HDTV
camera with grism (Direct vision
grating, below).

UFOCapture, http://sonotaco.com/

HDTV Spectrum of 2001 Leonid Meteor
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wavelength (nm)
UV spectrum of a meteor taken by the UV-
HDTV camera above and an objective
spectrometer of reflection grating.

Meteor spectra taken automatically by a grism, CCTV
camera and UFOCaptur. (Dr. K. Maeda, Mikyazaki Univ.)

. about 1 magnitude
fainter than a I.I.-CCTV camera since a HDTV camera
have 6 times pixels as a CCTV camera.

¢ 3 sets of LI. HDTV cameras will be placed with 20~
50 km in distance.

* Remote observations and automatic detection.

. (150 meteors x 8 hours x 200 nights) of

brighter than 8 magnitude

e LI. HDTV camera
Initial costs
Maintenance costs

: ~$15,000/camera
: $100,000 ~ $200,000?
: ~ $20,000?

Human resouce :2— 0.5 persons?

Telescope Array for observations of extreme hight energy cosmic
ray. (Institute for Cosmic Ray Research, Univ. Tokyo, Utah, USA)

Conclusions

. (37/3722) of meteors on Sigeno’s observations are

¢ Trajectory of 2 meteors have been influenced by Jupiter or Saturn,
nevertheless,
among the 7 candidate meteors.

. will be detectable
stereoscopic observations with .

. with hyperbolic trajectory
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UlySSes By

RE#F DParticle counter|Z &k 2 T10°~101kg
(EfE: 0.005~2 um@1g/cm’) DFIFEHEH,

ERHhNS,
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10 14~10 9kg (E 0. 2~1o um@l g/cm3) (143/3000) 75\
(Arecibo, 7")» k13, O&300m, 430MHz),

5x109~10-kg (EfF: 10~100 um@1g/cm?) :

(7,911/250,000 )H3 (MARS: V%9 54 F,31.1MHz),

>10-1%kg (EF: >5 um@1lg/cm3) : (1,600/350,000) Hith
IIRE > 100 km/s ( ,AMOR, —a2—9—5 2 R),
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104~10"! kg (-3~ -10%F): (59/4,581 ) & 109~10

E > 46.6

(9.5~ -3%) kg: (2/160 )H (B IR,

km/s. IAUMDCERIEEE., hF+ 3D E TAEA],
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2N
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SAOUDSuper Schmidt camera

http://www.ne.jp/asahi/meteor/star/index.html (1950 4%)
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NIV RAEREEF (41.7 km/s) D %Eiﬁ%ﬁi@ BilaEE &
SEEDT, 224/835 (27%)HS > 42.1 e>1DEIT,

km/s (e>1). 5/835 (0.6%)H’ > 46.6
km/s (e>1.45),

AR - 1.3km/s (e: 0.11)? IAUMDCORIEEREAZ O

M. Hajdukova Jr., et.al. (2006)
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No.| q e o) Q i Ve | Vh |L abs R, FkITM
1/ 1.012]1.909 | 181.6 | 146.4 | 177.9| 80.0 | 50.5| 3.6 |/ L LFE (1T 2ITHT)
2|1 0.822 | 1.382 | 225.5 | 211.5| 118.7| 654|469 | 34|© v x 9} AJE&
31 0.882 | 1.244 | 36.4| 54.2|134.5|68.7|452| 0.9|© Ko T
41 0.979 | 1.208 | 200.2 | 140.1 | 143.0 | 69.5| 440 | 4.6|© X x L&
5/ 0.916 | 1.180 | 329.8 | 54.7|153.3|71.9|443| -0.7|O 9B
6/0.926 | 1.160 | 211.5| 329 | 82.2|49.7 29|© I AT
71 0.964 | 1.146 | 155.3 | 140.3 | 116.4 | 62.1 | 43.4| 3.8|O L LFE (KEIZET)




RN REIRFEIDENE
q: 1.012 e: 1.909
2: 146.4 w: 181.6
1:177.9

X AM : LLE

Eanbaanse: 1473 &Y | Aug. 19, 2006

Aug. 19, 2006 Eﬂﬂ'bPé:sér?Ee“ }6?3 RH Aug. 19, 2006
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q: 0.822 e: 1.382
Q:211.5 w: 225.5

1:118.7
EEAMR Y &DITAE

Oct. 24, 1993

Eanbraanse: 82,087 AY | Oct. 24,1993 Eanbraanse: 82.087 AY Oct. 24, 1993
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q: 0.882 e: 1.244
C2: 54.77 w: 36.4
1:134.5
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q: 0.979 e: 1.208
Q2: 140.1 w: 200.2
FISEAME : E & LrofE /

EEH'bP%ﬁESe 8374 Ad

BN baanse: 8374 AY Aug. 12,1097 Eanbamanse: 8374 AY Aug. 12, 1997
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q: 0.916 e: 1.180
Q: 54.7 w: 329.8
1:153.3
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q: 0.926 e: 1.160 )

Q: 32.9 0: 2115 ——Ey)
i:82.2 \
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q: 0.964 e: 1.146
Q2: 140.3 w: 155.3
1:1164
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\ NTSC/PAL  Video Capture UFOCapture
N

Ana log Device
Compos itesS PCI

_ — —— USB2. 0
Sprites , T

| EEE 1334(D)
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