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Abstract—Two-station electro-optical observations of the 1998 L eonid shower are presented. Precise heights
and light curves were obtained for 79 Leonid meteors that ranged in brightness (at maximum luminosity)
from +0.3 to +6.1 astronomical magnitude. The mean photometric mass of the data sample was 1.4 x 10-6 kg.
The dependence of astronomical magnitude at peak luminosity on photometric mass and zenith angle was
consistent with earlier studies of faint sporadic meteors. For example, a Leonid meteoroid with a photometric
mass of (1.0 x 10~/ kg corresponds to a peak meteor luminosity of about +4.5 astronomical magnitudes. The
mean beginning height of the Leonid meteors in this sample was 112.6 km and the mean ending height was
95.3 km. The highest beginning height observed was 144.3 km. There is relatively little dependence of
either the first or last heights on mass, which is indicative of meteoroids that have clustered into constituent
grains prior to the onset of intensive grain ablation. The height distribution, combined with numerical
modelling of the ablation of the meteoroids, suggests that silicate-like materials are not the principal
component of Leonid meteoroids and hints at the presence of a more volatile component. Light curves of
many Leonid meteors were examined for evidence of the physical structure of the associated meteoroids:
similar to the 1997 Leonid meteors, the narrow, nearly symmetric curves imply that the meteoroids are not

solid objects. The light curves are consistent with a dustball structure.

INTRODUCTION

Understanding the physical structure and chemical composition
of shower meteoroids is important to understanding these same
quantities in the associated parent comets. The height at which
meteoroids ablate, for a given mass and velocity, is a particularly
good diagnostic measure of the chemical composition of meteoroids.
The beginning height is particularly revealing: the boiling point and
density of the meteoroid places an upper bound on the height at
which ablation may begin. The vast mgjority of sporadic and
shower meteors have beginning heights (as measured by two-station
image intensified video techniques) in the range from 90 to 120 km
(Hawkes and Jones, 1980; Hapgood et al., 1982; Hawkes et al.,
1984; Sarma and Jones, 1985; Ueda and Fujiwara, 1995). However,
previous two-station studies of Leonid meteors have found
beginning heights for a few bright fireballs as high as 160 km
(Fujiwara et al., 1998) to 200 km (Betlem et al., 1999). One
possible interpretation of these observations is that the meteoroids
are much more volatile than conventional theory suggests. This
would be consistent with the suggestion of Steel (1998) that there
may be a significant volatile component in Leonid meteoroids.

It is also possible to impose constraints upon the physical
structure of Leonid meteors from their light curves. By comparing
the shape of the light curve produced from classical theoretical
models of ablation to the observed light curve, some possible
ablation mechanisms can be ruled out. Evidence to date suggests
that most shower meteoroids are dustballs, that is, collections of
solid grains (Jacchia, 1955; Verniani, 1969), probably bound with a
more volatile "glue" (Hawkes and Jones, 1975; Campbell, 1998;
Campbell et al., 1999). This volatile component probably evaporates

completely before the onset of light production, and each solid grain
then ablates individually. This is consistent with observations of
other small meteors (Beech, 1984). Large meteors show evidence of
gross fragmentation consistent with a solid core of materia that
breaks up asthey ablate (e.g., Ceplechaet al., 1993, 1998).

Although the dustball model has been supported in a number of
studies over the past severa decades, that is not to say that
difficulties do not persist (Fisher et al., 2000). In particular, it
appears that faint meteors have very little spread of constituent
grains along the meteor trail (Shadbolt and Hawkes, 1995), which
either sets limits on possible grain-size distribution or implies that
the dustball model itself may require revision.

Aswell asthe absolute values of the beginning heights, the mass
dependence of the beginning and ending heights, and the trail
lengths, can be used to support a specific dustball ablation model.
For example, if, as suggested above, for smaller meteoroids, grain
release occurs prior to intensive ablation of the grains themselves,
one would expect that heights and trail lengths would become
largely independent of mass. Such a model was found to be
consistent with observations of meteoroids of cometary origin from
the Perseid (Hapgood et al., 1982) and Draconid (Beech, 1986)
showers.

The height and mode of ablation is important for understanding
the atmospheric effects caused by these meteors and may be
important for proper modeling of the interaction between meteoroids
and spacecraft (Hawkes et al., 1998; Correll et al., 1999). In this
paper, we present results from a dual-station observational study of
the 1998 Leonid shower, with particular attention to the atmospheric
trgjectory over which ablation takes place and the implications for
physical structure.
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EQUIPMENT AND DATA COLLECTION

During the 1998 Leonid campaign in Mongolia, data were
collected with atotal of 10 image intensified video cameras over the
four nights November 15-18 u.T., inclusive. Additional cameras
were located in Austrdia and operated in conjunction with a
multifrequency meteor radar: data from those systems will be reported
separately.  Nine of the cameras used in Mongolia employed Cohu
4910 series CCD video cameras, which record at NTSC rates (30
interlaced video frames per second). Each of these was lens-coupled
to an image intensifier: six of the image intensifiers were
Generation Il and three were Generation Il image intensifiers.
Generation |11 image intensifiers use a photocathode that results in
an enhancement of sensitivity in the near infrared. The Generation
Il image intensifiers used in this work employed a photocathode
with an S-20 spectral response, which approximates that of the
human eye. In both cases, the total spectral response of the system
extends from [B340 to 870 nm; athough, in the case of the
Generation |11 systems, the response is stronger in the red and near-
infrared regions than for the Generation |1 systems.

Five cameras, including three Generation |1, one Generation 111,
and one ISIT (the video from which has not yet been analysed and is
not presented in this paper) were located at the Khureltogoot
observatory in Mongolia (107.0517° E, 47.8653° N). C-mount
objective lenses with focal lengths from 25 to 75 mm were used,
producing fields of view ranging from 35° to 9°, and a maximum
limiting stellar magnitude on the most sensitive systems of nearly
+9M. The limiting photometric mass for the most sensitive cameras
was [ x 108 kg for Leonid meteors, as calculated from the
integrated luminosity of the entire meteor. The other five, three
Generation |l cameras and two Generation |11, were located at a
remote site 54.6 km away (106.7458° E, 47.4197° N). One camera
at each station followed the radiant, and the other four were used in
triangulation. Problems on the peak night (1998 November 17)
meant that one pairing of cameras produced no useful two-station
meteors. The majority of two-station meteors reported here were
recorded on the two cameras that used the 25 mm focal length
lenses, and therefore, had the widest fields of view. All data were
recorded on VHS or S-VHS videotape in SP record mode.

A totd of 1509 meteors were analyzed, of which 316 were
designated Leonid meteors (using radiant and relative velocity
discriminators). Whereas gpproximate meteor trgjectories can be
obtained for shower meteors using single-station results, the most
precise heights are obtained by triangulation from two stations.
These yielded 81 double-station Leonid meteors, of which 79
yielded precision results and are described here. The results for
individual meteors are presented in Table 1.

In the campaign, each camera system had a letter designation.
The 79 meteors reported here were al a result of pairing of an
observation from camera A with one from camera F, or a meteor-
pairing between camera J and camera K. The orientation and
performance characteristics of these four cameras are given in Table 2.

ANALYSISPROCEDURES

MeteorScan software developed by P. Gural was used for
automated detection of meteors from the video records, with
subsequent human confirmation. In a few cases, human observers
were used in place of MeteorScan for visua detection. It is
estimated that MeteorScan, under optimal operation, detects [170%
of the meteors that would be detected by a careful human observer,
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with most of the missed meteors near the limiting magnitude of the
system.

Following confirmation, the analog meteor video records were
digitized using a SCION LG-3 card to 640 x 480 x 8-bit resolution.
The digital image processing package NIH Image 1.62 (with the
addition of custom meteor macro routines) was used to perform
digital image processing and measurement on the resulting stacks of
meteor images.

At least twice, for each camera position, a number (typically 12
to 18) of reference stars were measured to establish positional and
photometric calibrations. The positional calibrations employed a
"plate constants" approach (Wray, 1967; Marsden, 1982; Hawkes et
al., 1993) to fit actua pixel coordinates to those expected for an
ideal (distortion free) plate coordinate system. Seven terms,
including those to cubic, were used; cross terms were found to have
no significant effect and were neglected. The same calibration stars
were used for the photometric calibration using the technique
described by Hawkes et al. (1993) and Fleming et al. (1993) and
employed in the light curve study by Campbell et al. (1999).

The procedures for triangulation of television meteor data have
been described in detail elsewhere (Hawkes et al., 1993) and will
only be briefly summarized here. The technique is not significantly
different from the procedures developed for two-station photographic
reductions (Wray, 1967; Ceplecha, 1987).

First, a best-fit line is found for the meteor on each camera,
using al points on the meteor's trajectory: thiswill tend to eliminate
small errors in the positional measurements. The geometry of the
two-station analysis is indicated in Fig. 1. Here d is a baseline
vector pointing from station 1 to station 2. Taking the cross product
of vectors to the corrected first and last points (b and e in Fig. 1)
gives a vector normal (n) to the plane containing the meteor as
viewed from each site. The cross product of the normals of these
planes must then lie along the trail of the meteor, and the apparent
radiant can thus be determined. The orientation of the vector r, in
the direction of the meteor, can easily be obtained by converting to
Earth-based coordinates.

Once the radiant vector is obtained, one can set up vector
equations with three scalar parameters to be determined from the
three components of the vector equation. The following equations
(with reference to the notation of Fig. 1) constitute the systems
solved in our triangulation routine:

Cpby =d + Ce2® * Cr12

Cy€ = d +c|02b2 +C ol

P
21
For example, ¢y, will represent the range from station 1 to the
apparent beginning point of the meteor as viewed from that station.
The other scalar parameters have a similar interpretation. One
strength of this approach is that it is not necessary to assume any
common point (as viewed from both stations) and, indeed, the
solution yields the offset of the apparent beginning point from one
station compared to that as viewed from the second station.

A conversion of the radiant vector to geocentric coordinates
yields the zenith angle. The time information provided by the video
frame rate can be used to determine velocities. Heights can be
calculated once the range and angle to any specific meteor point is
known. Because the analysisis done in Cartesian coordinates fixed
on station one, a small correction is applied for the curvature of the
Earth in determining the vertical heights of the meteors.

Meteor magnitudes are determined from the photometric
procedures described by Hawkes et al. (1993) and Fleming et al.
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TABLE 1. Double-station results for individual meteors.*

Cam Day Time nf Mag Mass RA Dec cos(2) Hf Hb He HI AL
(u.T) (kg) (km) (km) (km) (km) (km)
AF 17 19:23:39 8 5.48 6.1x108 153.0 20.6 0.59 107.55 - 98.32 98.32 15.58
AF 17 19:25:17 3 5.22 5.0x 108 156.6 15.8 0.52 112.45 112.45 - 108.09 8.56
AF 17 19:29:46 5 6.05 15x 108 137.2 319 0.82 108.60 108.60 101.32 101.32 8.84
AF 17 19:36:15 15 343 9.0 x 107 153.1 19.4 0.61 119.35 119.35 - 100.76 30.57
AF 17 19:39:56 19 311 1.3x 106 1534 19.6 0.62 125.60 - - 100.03 41.36
AF 17 19:41:23 8 4.70 1.3 x 107 152.2 204 0.64 107.42 107.42 97.32 97.32 15.73
AF 17 19:42:20 16 3.22 1.6 x 106 152.8 20.0 0.63 110.72 110.72 89.56 89.56 33.09
AF 17 19:56:30 9 3.23 8.2 x 107 152.6 20.1 0.67 109.63 109.63 97.96 97.96 17.52

AF 17 19:57:39 7 517 49 %108 155.8 22.7 0.67 109.87  109.87 100.97  100.97 13.09
AF 17  20:03:56 13 3.23 1.3x 106 152.4 19.6 0.68 11458  114.58 96.84 96.84 26.16
AF 17 20:11:038 8 5.27 8.6 x 10-8 149.7 20.3 0.72 99.15 99.15 88.40 88.40 14.94
AF 17 20:18:15 5 4.37 2.0 x 107 146.7 27.6 0.81 107.88  107.88 - 100.61 8.97
AF 17 20:18:17 5 5.15 6.6 x 10-8 152.7 189 0.70 109.20  109.20 - 103.10 8.76
AF 17 20124149 19 1.48 4.6 x 106 152.5 19.6 0.72 118.89 - - 90.36 39.71
AF 16 19:36:30 15 0.96 6.9 x 10-6 152.3 22.0 0.64 109.80  109.80 89.08 89.08 3254
AF 16  19:43:50 15 1.83 3.1x10°% 151.9 217 0.65 116.28  116.28 94.40 94.40 33.48
AF 16 20122222 10 241 1.0x 106 153.0 211 0.72 11369  113.69 99.46 99.46 19.93

AF 16 20:35:47 5 - - 154.0 20.6 0.73 108.68 108.68 10147  101.47 9.87
AF 16  20:36:27 17 171 4.0x 10 153.3 223 0.75 119.40  119.40 92.18 92.18 36.17
AF 16 20:43:26 7 2.98 5.0 x 107 153.1 205 0.75 11167 11167 10174 10174 13.26
AF 16 20:48:29 8 3.01 5.8 x 107 153.8 22.8 0.77 110.39  110.39 98.10 98.10 15.94
AF 16  20:52:17 12 217 17x 106 153.6 221 0.77 11360 113.60 94.00 94.00 25.25
JK 17 21:110:20 17 - - 155.2 215 0.79 12299  122.99 95.21 95.21 34.67
JK 17  21:21:58 28 - - 153.9 21.6 0.82 137.96  137.96 85.96 85.96 62.81
JK 17 21:26:36 12 - - 153.5 22.8 0.84 11648  116.48 94.76 94.76 25.72
JK 17 191747 13 - - 1534 21.9 0.59 11211 11211 - 94.60 29.25
JK 17 19:29:03 14 - - 153.0 21.8 0.62 120.37  120.37 - 100.54 31.64
JK 17 1936112 12 - - 153.0 214 0.63 11843 11843 - 101.15 26.94
JK 17 20:02:44 15 - - 153.7 215 0.68 12047  120.47 97.16 97.16 32.98
JK 17 202516 17 - - 153.7 215 0.73 116.73  116.73 89.10 89.10 37.13
JK 16 19:33:11 22 - - 152.6 225 0.63 14443 14443 11066  110.66 52.29
JK 16  19:35:00 18 - - 152.9 22.7 0.63 11201  112.01 86.22 86.22 39.79
JK 16  20:31:37 16 - - 153.2 221 0.74 116.85  116.85 90.75 90.75 34.22
JK 16 20:36:11 21 - - 153.3 21.8 0.75 12791 12791 91.11 91.11 48.35
JK 16 20:59:05 25 - - 153.1 219 0.79 13091  130.91 87.07 87.07 54.85
AF 17 22:01:18 14 0.77 42 %106 155.9 189 0.83 128.76  128.76  104.76  104.76 28.84
AF 17 22:03:11 9 - - 175.1 21.0 0.75 98.03 98.03 87.30 87.30 14.36
AF 17 22:03:11 8 - - 175.2 205 0.74 96.43 96.43 87.60 87.60 11.91

AF 17 22:19:57 5 4.28 9.6 x 10-8 155.1 199 0.86 108.76  108.76  101.21 10121 8.74
AF 18  21:07:56 5 513 4.4 %108 140.0 273 0.91 107.26  107.26  100.76  100.76 7.15

AF 18 21:08:08 11 2.82 7.7 %107 1732 14.6 0.60 110.38  110.38 97.62 97.62 21.42
AF 18 21:112:45 18 151 9.3x 106 153.7 22.8 0.82 12125 12125 87.00 87.00 41.60
AF 18  21:15:33 6 3.96 16 x 107 150.5 38.8 0.93 105.80  105.80 98.16 98.16 8.19

AF 18  21:23:23 5 3.62 19x 107 147.4 45.7 0.97 104.46  104.46 97.10 97.10 7.61
AF 18 21:2829 11 1.55 22x10°% 1534 25.0 0.86 12111 12111 99.98 99.98 24.53
AF 18  21:48:39 9 3.70 2.4 %107 153.1 21.6 0.86 11422 11422 97.86 97.86 19.06
AF 18 21:58:26 15 297 7.8 x 107 166.1 —4.8 0.51 11411 11411 96.76 96.76 33.55
AF 18  19:15:55 4 4.21 8.6 x 10-8 170.5 10.2 0.29 11625 11625 11492  114.92 4.61
AF 18 20:14:33 12 4.59 1.2x 107 157.1 25.0 0.72 11056  110.56 93.93 93.93 23.24
AF 18 20:143:10 12 211 15x 106 157.2 26.4 0.78 111.19  111.19 91.95 91.95 24.64
AF 17 19:23:39 8 5.48 6.1 %108 153.0 20.6 0.59 107.55 - 98.26 98.26 15.58
AF 17 192517 5 5.22 5.0 x 10-8 156.6 158 0.52 11245 11245 - 108.09 8.56
AF 17 19:29:46 5 6.05 15x 108 137.2 319 0.82 108.60 108.60 101.26 101.26 8.84

AF 17  19:36:15 15 343 9.0 x 107 153.1 194 0.61 11935 119.35 - 100.76 30.57
AF 17 19:39:56 19 311 1.3x 106 1534 19.6 0.62 125.60 - - 100.03 41.36
AF 17 19:41:23 8 4.7 1.3x 107 152.2 204 0.64 107.42 - 97.19 97.19 15.73
AF 17 19142220 16 3.22 16x 105 152.8 20.0 0.63 110.72 - 89.56 89.56 33.09
AF 17 19:56:30 9 3.23 8.2 x 107 152.6 201 0.67 109.63  109.63 97.86 97.86 17.52
AF 17 19:57:39 7 412 17 x 107 155.8 22.7 0.67 109.87  109.87 100.97  100.97 13.09

AF 17  20:03:56 13 3.23 1.3x 106 152.4 19.6 0.68 11458  114.58 96.76 96.76 26.16
AF 17 20:11:038 8 5.27 8.6 x 10-8 149.7 20.3 0.72 99.15 99.15 88.34 88.34 14.94
AF 17 20:18:15 5 4.37 2.0 x 107 146.7 27.6 0.81 107.88  107.88 - 100.61 8.97
AF 17 20:18:17 5 5.15 6.6 x 10-8 152.7 189 0.70 109.20  109.20 - 103.10 8.76
AF 17 20124149 19 1.48 4.6 x 106 152.5 19.6 0.72 118.89 - - 90.36 39.71
AF 17 21:.06:47 6 4.23 7.2x108 147.6 25.6 0.86 105.27  105.27 97.88 97.88 8.56
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TABLE 1. Continued.

Cam Day Time nf Mag Mass RA Dec cos(2) Hf Hb He HI AL
(uT) (kg) km)  km)  km)  (km)  (km)
AF 17 21:10:40 14 2.09 2.1x10°6 154.3 19.5 0.78 115.27 115.27 93.66 93.66 27.57
AF 17 21:11:11 11 217 15x 106 155.2 21.0 0.79 87.23 87.23 74.00 74.00 16.67
AF 17 21:15:30 9 5.23 8.0x 108 155.3 205 0.79 110.73 110.73 96.34 96.34 18.10
AF 17 21:30:12 17 1.77 2.8x10°6 155.2 19.8 0.81 119.37 119.37 93.99 93.99 31.38
AF 17 21:33:22 5 441 95x 108 1545 26.9 0.87 98.63 98.63 91.49 91.49 8.21
AF 17 21:35:20 23 0.22 1.2 x 105 155.5 20.7 0.82 125.49 125.49 87.25 87.25 46.45
AF 17 21:38:26 18 0.25 9.7 x 106 154.9 20.6 0.83 117.36 117.36 87.87 87.87 35.57
AF 17 21:38:39 5 452 1.2 x 107 154.8 24.6 0.86 107.98 107.98 101.60 101.60 7.42
AF 17 22:00:44 8 3.53 2.5x 107 154.9 19.7 0.84 115.77 115.77 102.46 102.46 15.80
AF 17 21:46:28 7 3.62 2.9 x 107 157.6 21.0 0.83 109.70 109.70 99.62 99.62 12.17
AF 17 21:50:54 6 4.74 2.9 x 107 141.3 22.0 0.89 105.24 105.24 96.14 96.14 10.16
AF 17 21:51:02 7 4.23 1.1 x 107 154.3 20.0 0.84 99.29 99.29 87.55 87.55 13.84
AF 17 21:54:31 8 2.09 1.1x10%6 - - 0.83 114.89 114.89 102.01 102.01 15.57
AF 17 21:56:55 8 3.84 2.3x 107 - - 0.93 102.12 102.12 88.68 88.68 14.48

*Abbreviations: CAM = camera designations, Day = day (of November, 1998), Time = time (U.T.), nf = number of video frames, mag = gpparent magnitude at
maximum luminosity, mass = photometric mass (kg), RA = radiant right ascension, Dec = declination and error in degrees, cos(z) = cosine of zenith angle of
trajectory, Hf = heights (first), Hb = Heights (beginning), He = heights (ending), HI = heights (last), and AL = trail length (km). Where values were obtained
with both cameras, only the value for the first cameraislisted.

(1993). The local background is subtracted from each stellar or To meteor radiant

meteor image, and then the assumption is made that the logarithm of
the summed pixel intensities in the bloomed image is approximately
linearly related to the apparent visual magnitude. The standard
luminosity equation (McKinley, 1961) is then used to determine
photometric masses. It is assumed that the luminous efficiency
factor depends linearly on velocity (as suggested by Whipple and
reported in McKinley, 1961), and the value of the luminous
efficiency factor as determined by Verniani (1965) was used in
determining the photometric mass. It should be stressed that there is
considerable uncertainty in the applicable luminous efficiency factor
for fast meteors. Therefore, the absolute mass is uncertain, although
this does not influence the rel ative mass of one meteor to another, or
the shapes of the light curves.

RESULTS
Photometric M ass and M agnitude

For each double-station meteor, we averaged the various
estimates of the photometric mass to obtain one mean value (we had
potentially three values of photometric mass for some meteors: one
from each station; and from one station, we had computed some
masses using two dlightly different digital image processing routines
for the local background subtraction). The meteors ranged in

FIG. 1. Geometry used for the triangulation analysis. Vectors b, and e; point
towards the apparent beginning and ending of the meteor as viewed from
station 1 (and similarly from station 2). N, and N, represent normals to the
planes containing the meteor as viewed from each station. The vector pointing
towards the meteor radiant isr.

maximum luminosity vs. photometric mass for the wide field of
For

astronomical magnitude from +0.25 to +6.05 with a mean vaue of
+3.50. We provide in Fig. 2 a plot of astronomical magnitude at

TABLE 2. Parameters for the cameras for the double-station meteors
reported in this paper.*

view (cameras A and F) double-station Leonid meteors.
example, a 10-7 kg meteoroid corresponds to a peak luminosity of
about +4.5 astronomical magnitudes.

We performed a regression fit of astronomical magnitude at
maximum luminosity as a function of photometric mass (kg) and
cosine of zenith angle, obtaining the following relationship:

Id Lens Type Loc FOV LM Azim Elev
A 25085 Genll Obs 34.8x 26.1 74 210 72 M =-8.76 (+0.46) — 1.89 (+0.07) log m,—1.35 (+0.63) log cos z
F 25085 Genll Rem 332x249 78 17 79 We can compare this with a similar relationship determined by
J 50095 Genlll  Obs  132x 99 86 134 51 Sarma and Jones (1985) on the basis of a study of 454 mainly
K 50/0.95 Genlll Rem 13.7x 10.2 8.7 97 51

*Thefirst column gives an internal letter designation for the camera. The next
column givesthefocal length (in mm) and the F ratio of the objectivelens. The
image intensifier type is specified in the column labelled Type. Location (Loc)
designates whether the camera was a the observatory (Obs) or the remote
location (Rem). Thefield of view (FOV) is specified in degrees. LM refersto
the apparent stellar limiting magnitude. Note that the limiting magnitude for
Leonid meteors will be several magnitudes brighter than thisvalue. Finaly, the
azimuth (Azim) and eevation (Elev) (both expressed in degrees) of the centre
of thefield of view are given in thelast two columns.

sporadic meteors observed using image-intensified video detectors.
After adjusting their regression to the Leonid velocity of 71.3 knv/s
and converting units to SI, we obtain the following fit from their
work:

M =-9.45 (+0.36) —2.02 (+0.15) log m,—0.10 (+0.24) log cos z

Although there is some hint that the Leonid meteors have a dightly
weaker dependence of magnitude on photometric mass, and a greater
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FiG. 2. Plot of logarithm of the astronomical magnitude at the brightest point
on the meteor vs. the logarithm of the photometric mass (kg) for Leonid
meteors observed by both cameras A and F.

dependence of zenith angle, when the uncertainties in the parameters
are considered the two distributions are essentially the same.

Heights

The sample of 79 double-station Leonid meteors produced
accurate heights (with errors typically <2 km). The question of
heightsis of particular importance because of the proposed presence
of organic compounds in meteors, with beginning heights providing
the best indicator of chemical composition. In many cases, only part
of the ablation profile of the meteor iswithin the field of view of the
observing system. Thus, one must distinguish first heights from
beginning true heights. In samples of true beginning heights, one
has a bias against very low (and very high) meteors that are more
likely to be excluded from the sample. In our sample, we found that
the mean first height observed for the Leonid meteors was 113.0 km,
the mean beginning height was 112.6 km, the mean ending height
was 95.3 km, and the mean last height was 96.2 km. One must keep
in mind that the samples are not the same—because a last height
exists for every meteor, but only a portion of the data set has a true
ending height.

We show in Fig. 3 a histogram of the percentage of the sample
with beginning heights in various intervals. It can be seen that the
vast majority of the observed double-station Leonid meteors begin
in the interval from 100 to 120 km, and the highest beginning (and
also first) height observed was 144.3 km for a meteor observed by
the Generation Il camera J at 19:33:11 u.T. on 1998 November 16.
The paired camera K did not view the true beginning height for this
meteor but recorded afirst height of 138.75 km. Recent two-station
observations have found Leonid meteors up to 160 km heights (e.g.,
Fujiwara et al., 1998) and higher (Betlem et al., 1999). Note,
however, that the largest mass Leonid meteoroids included in the
present study sample was 1.2 x 10-5 kg, which is aimost 3 orders of
magnitude smaller than the Leonid meteoroids for which extreme
beginning heights have previously been measured.

One possibility, however, is that the field-of-view overlap
requirement for simultaneous observation from the two stations
introduces a bias against extreme heights (Woodworth and Hawkes,
1996). The camera geometry had been designed so that the centre of
the fields of view intersected at a height of 108 km. To evauate this
height bias, a numerical simulation was performed to determine
height sensitivities. We calculated the percentage of meteors
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FiG. 3. Histogram of the distribution of beginning heights for the double-
station Leonid meteors.

observed by one camera that would aso be within the field of view
of the other camera, using various trial meteor ablation heights.
Although the fields of view (in terms of surface area covered)
continue to rise with height, meteors at these heights would have
their light diminished and the effective meteor rate would go down.
Therefore, we applied a second correction on the basis of the
diminished brightness because of the inverse square law loss of light
intensity. To apply this correction, one must assume some mass
distribution index for the shower, and we used avalue of s=1.7. In
1998, the s value varied extensively over the course of the shower,
starting anomalously low (s = 1.3) on November 16, and then rising
to a value in the range of 1.6 to 1.8 on Novmber 17 and 18. Arlt
(1998) reports a value of s=1.36 for November 16-17 and s= 1.75
on November 17-18. Murray et al. (1999) measured a value in the
range of 1.44 to 1.67 on November 17-18 using similar equipment
to that employed in this study. Small changes in s value would not
dramatically affect the height bias simulations, and we assumed a
constant value of s= 1.7 throughout.

Because of the large field of view of the A-F camera
combination, and the high pointing elevation, there is not a severe
height bias. Results of this simulation for the A-F camera
combination are shown in Fig. 4. The curve marked "geometric"
takes into consideration only the overlap at that height, whereas the
curve marked "total" also takes into account the effect of loss of
sensitivity at great heights. Although there is some bias against very
high and low meteors (e.g., 200 km Leonid meteors would only be
detected with less than one-quarter the efficiency of Leonid meteors
at 100 km), the tail of partial detection extends up to many hundreds
of kilometers. Hence we may conclude that there is no absolute
geometrical bias against reasonably high meteors. Although there
may be occasional very high "tails"' on the light curves of very bright
Leonid meteors, as observed by Fujiwara et al. (1998), the
beginning heights of most Leonid meteors are <145 km.

As well as the absolute value of the heights, a critical
differentiating test for different models of dustball ablation is the
way in which the heights vary with meteor magnitude or
photometric mass. We show in Fig. 5 a plot of the first height for
the double-station Leonid meteors observed with cameras A and F
(wide field of view) vs. the astronomical magnitude at the brightest
point on the meteor trajectory. There is relatively little dependence
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FIG. 4. The relative observational efficiency for meteors that ablate at
different heights, for the geometry of the camera A—F pairing. The curve
labeled geometric takes into account only the overlap between the two fields
of view, whereas that labeled total also considers the effect of the meteor
appearing fainter at greater heights.

of beginning height on meteor brightness. A regression of first
height (km) with astronomical magnitude (at the brightest point on
the meteor trail) yields the following relationship:

Hfirg = 123.9 (£1.7) = 3.0 (+0.4) M

Figure 6 isa similar plot, but for the last point observed for the
meteor. Again, only meteors from the wide field of view systems
(A, F) have been included, so as not to mix systems with
significantly different fields of view and limiting sensitivities. A
similar regression plot yielded the result:

Hiast=93.6 (£1.7) + 1.6 (x0.5) M

The fact that the heights are largely independent of meteor
magnitude (and mass) is indicative of total clustering of the
meteoroid into fundamental grains prior to the onset of intensive
evaporation of the grains themselves (Hawkes and Jones, 1975;
Campbell et al., 1999). This is consistent with the relative absence
of flares on all but the brightest of the Leonid meteors observed in
1998, and also with the findings for other shower meteors (Hapgood
et al., 1982; Beech, 1986; Campbell et al., 1999).

Trail Lengths

Trail lengths were calculated for al two-station meteors. The
trail length will depend principaly on the zenith angle and on the
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Fic. 5. A plot of the first height for the double-station Leonid meteors
observed with cameras A and F (wide field of view) vs. the astronomical
magnitude at the brightest point on the meteor trgjectory. Thereisvery little
dependence of beginning height on meteor brightness.
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Fic. 6. A plot of the last height for the double-station Leonid meteors
observed with cameras A and F (wide field of view) vs. the astronomical
magnitude at the brightest point on the meteor trajectory. Thereis almost no
dependence of ending height on meteor brightness.

mass of the meteor. Trail length, and its dependence on mass,
provides an indicator of the physical characteristics of the meteor.
Furthermore, knowledge of how trail length varies with mass is
important for calibrating the effective collecting area of meteor radar
systems. We performed a regression relating trail length (km) to
these parameters (mass is expressed in kg), obtaining the result
shown below.

dL=1105(+7.1) —12.5(+5.4) cosz+ 12.8 (+0.9) logm

There is a surprising amount of scatter on the zenith angle
dependence. As expected, it is found that trail length will increase
with increasing meteoroid mass and will decrease as the zenith angle
is decreased. The fit suggests that a Leonid meteor with a zenith
angle of 45.6° (cos z = 0.7) and with a mass of 1.0 x 10-6 kg will
have atrail length of 25.0 km, with avertica trail length component
of 17.5 km. A Leonid meteor with the same zenith angle but with a
mass of 1.0 x 10-7 kg will have a trail length of 12.2 km. Caution
should be exercised in applying this relationship, however, because
the difference between the meteor magnitude and the limiting
magnitude of the system will vary with meteor magnitude.

We plot in Fig. 7 trail length vs. meteor magnitude for the
double-station Leonid meteors observed with cameras A and F.
There is some hint of aflattening of the distribution below a mass of
(1.0 x 106 kg. The small size of the sample, the variety of zenith
angles, and the differing amount that the meteors were above the
limiting magnitude of the system all contribute to the large scatter in
the distribution.

The fact that there is an increase in trail length with meteor mass
is consistent with the dustball model of meteoroid ablation: small
meteoroids are made up of grains of similar sizes, all of which take
the same time and distance to ablate. Larger meteoroids either
contain large grains, which ablate over a wider range of heights, or
do not fragment completely before ablation. The fina observed
result should be a "flattening” in the trail length at smaller masses
(as one approaches the limit a which individual grain ablation
dominates the process) with a steeper dependence at large sizes
where the meteoroid behaves more like a classica single body
object—thisis exactly what is observed.

Photometric Analysis

Light curves were obtained for 22 Leonid meteors with
complete trails (i.e., the full beginning and ending of the meteor was
observed inside the camera field of view, and a number of
photometric points were above the background by a statistically
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FIG. 7. Plot of trail length (km) vs. the logarithm of the photometric mass (kg).
Although the trend of shorter trail length for fainter meteors predominates,
thereisahint of aflattening of the curve for meteors smaller than 1.0 x 10-6kg.

significant amount). Asin our analysis of the 1997 Leonid meteors
(Campbell et al., 1998, 1999), shape parameters were obtained by
fitting a parabola rotated by a certain angle (Campbell, 1998;
Campbell et al. 1998). The coefficient of the second-order term of
the parabola gives a measure of the width of the parabola: the angle
of rotation defines the skew. This method has the advantage in that
it uses all points on the curve to determine the two parameters,
making it less susceptible to noise in the data than other methods.
As with the 1997 Leonid meteors, the light curves were largely
symmetric, with the average skew being dightly later than the
midpoint. A histogram of skew values is provided in Fig. 8; the
average skew and width of the curves are given in Table 3. Because
a classically modelled single solid object has, in general, a wider,
later skew light curve than those produced by Leonid meteors, the
Leonid meteors observed in our TV sample are not solid,
homogenous objects. A dustball model, in which each meteor is
composed of a large number of tiny grains that ablate individualy,
can produce light curves of the kind observed (Campbell et al.,
1999).
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Fic. 8. Histogram of skew angle of meteor light curves. The magjority of
Leonid light curves are very close to symmetric (skew angle 0).
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TABLE 3. Average results for the Leonid light curvefits.*
Width
8.42 + 2.39 2.3

Angle Magnitude

-0.042 = 0.124

*Angle is a measure of the skew of the light curve. The average skew is
symmetric, within the scatter of values. Width is a measure of the width of
the ablation profile. Magnitude gives the average magnitude (at peak
luminosity) of the 22 Leonid meteors that were used in thisanalysis.

No flares were observed on the vast mgjority of Leonid meteors
recorded in 1998. Flares have only been observed on the very
brightest meteors: this implies that small Leonid meteors have
completely fragmented before they begin ablating. Larger Leonid
meteors may till be in the process of breaking up during their
luminous phase. Thisis aso consistent with the results from 1997
(Campbell et al., 1998; 1999), and with studies of other showers
(Fleming et al., 1993).

ABLATION MODELS

The height of ablation is influenced by a number of factors,
including the speed of the meteoroid, its mass, the heat required to
ablate the meteor material, its boiling point, and the bulk density of
the meteoroid. An earlier modeling process that was used to
estimate the ablation of Leonid meteoroids (Campbell et al., 1999;
Fyfe and Hawkes, 1986) was modified to include particles of
different chemical compositions. In particular, maximum beginning
heights and minimum ending heights were found for Leonid meteors
over the complete observed size range. Three different bulk
compositions were investigated:  stony (Smilar to chondritic
meteorites), density of 3500 kg/m3 and a melting point of 2100 K;
Fe, density of 7650 kg/m3 and melting point of 3000 K; and a
complex organic CigH340,4, density of 1500 kg/m3 and melting
point of 600 K. More volatile substances, like water, have little
chance of surviving the Sun's heat at the Earth's distance from the
Sun, and the latter organic was suggested by Elford et al. (1997) to
be one of the simplest compounds stable enough to last more than
one passage around the Sun. We show the results of these
simulations in Table 4. A dustball meteoroid made of only any one
of these substances could conceivably produce luminosity over the
complete range of heights given for that substance in Table 4
(depending on the distribution of grain sizes) but could not be
observed higher or lower than this.

From our simulations of ablating Leonid meteors, Fe begins
ablating a a maximum height of 109 km. Because 73% of the
meteors had initial heights greater than this, Fe is not likely a major
component of Leonid meteoroids. Solid stone, which was used in
modeling Leonid TV observations from 1997, begins ablating at a
maximum height of 118 km. Again, a significant number (34%) of
the precision results give heights higher than this. Our chosen
complex organic compound ablated between 163 and 121 km.

Although this would seem to suggest that many of the Leonid
meteoroids have significant organic inclusions, this is not necessarily
the case. Other compounds, or physical structures, might produce
heights that also fit the data; notably, porous stone having a lower
density than that assumed, but otherwise similar characteristics.
More volatile metals, such as Na, would also ablate higher than
stone or Fe. Indeed, differential ablation of Na has been observed in
the spectrum of TV Leonid meteors (Borovicka et al., 1999), and
this suggests that Na composes some of the volatile "glue" holding
the meteoroid together. Additional evidence for differential ablation
in Leonid meteors has been obtained with multifrequency lidar
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TABLE 4. Maximum and minimum ablation heights for Leonid meteoroids
assumed to have a dustball physical structure for three different assumed
compositions.

Substance Highest beginning Lowest ending
height (km) height (km)
Fe 109 95
Stone 118 99
C1gH3404 163 121

systems (von Zahn et al., 1999). If Leonid meteoroids were largely
organic, it would mean that their masses are much larger than
calculated, because the luminous efficiency depends on chemica
composition. Carbon radiates predominantly in the ultraviolet,
which is not recorded on the intensified video, whereas chondritic-
like substances and metals radiate extensively in the visible and would
produce more totd light from less initial mass. Spectra information
would be required to further narrow down the composition: a spectra
camera was used in the 1999 Leonid campaign, the results of which
have not yet been analysed.

DISCUSSION AND CONCLUSIONS

The heights which we have measured are consistent with those
reported in Betlem et al. (1999) from photographic observations of
the 1998 Leonid shower. The shapes of the light curves are
consistent with our earlier measurements (Campbell et al., 1999)
and with other observations of the 1998 Leonid shower (Murray et
al., 1999). Overall, the dependence of magnitude on photometric
mass, the heights of ablation, and the trail lengths are similar to
those reported for sporadic meteors and the Perseids (Hawkes and
Jones, 1980; Hawkes et al., 1984; Sarma and Jones, 1985; Ueda and
Fujiwara, 1995).

We have not found evidence for anomalously high Leonid
meteors, as reported by Fujiwara et al. (1998), although, as noted
earlier, the meteors studied here are not nearly as bright as those
with anomalous heights. It is possibly significant that our highest
beginning heights were registered with the Generation |11 cameras,
possibly indicating either that there is a long, low luminosity early
portion of the ablation light curves that was detected by these more
sensitive cameras, or that the early trail emits mainly in the red and
infrared and was therefore more effectively imaged by the
Generation |11 systems.

The trail lengths and light curves of the Leonid meteors studied
here are broadly consistent with the two-component dustball model
of meteor ablation (Hawkes and Jones, 1975). The lack of significant
flares on small meteors implies that little fragmentation takes place
once ablation begins, and the symmetry of the light curves is
consistent with alarge number of small grains. In some cases, non-
atmospheric processes may be responsible for the fragmentation of
meteoroids. We feel that the "outburst" observed in the 1997 Leonid
shower by Kinoshita et al. (1999) may be an example of a Leonid
meteoroid that clustered in interplanetary space. A less spectacular
cluster was observed by Piers and Hawkes (1993) for a non-Leonid
meteor. In at least two examples from the 1998 Leonid meteors, we
observed significant transverse spread in the light production region,
indicative of a severely fragmented dustball meteoroid (LeBlanc et
al., 2000).

The beginning heights of the Leonid meteors reported here are
higher than can be explained with the ablation of solid stone, unless
the structure is unusually porous with a very low bulk density.
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Possible candidates for light at these atitudes include heavy organic
compounds, Na or other volatile metals, and porous stone. If the
meteors are primarily organic, it would mean that the luminous
efficiency is much lower, and therefore the masses much higher than
those calculated using classical meteor ablation. Metals, on the
other hand, would tend to have a greater luminous efficiency and
therefore lower masses. Spectra information, particularly in the
infrared and ultraviolet, would be useful for narrowing down the
range of possible substances.

Clearly additional observations, particularly those that combine
two-station triangulation for precise heights, spectroscopy, and
precise determination of light curves, are needed to more fully
specify the physical structure and chemical composition of Leonid
meteoroids. Also, clearly it is necessary to make more sophisticated
ablation models, which take into account a mixed chemica
composition and which have more sophisticated modeling of the
thermal processes.
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