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Abstract. The dynamical evolution of the persistent train of a bright Leonid meteor
was examined for evidence of the source of the luminosity and the physical conditions
in the meteor path. The train consisted of two parallel somewhat diffuse luminous
tracks, interpreted as the walls of a tube. A general lack of wind shear along the trail
allowed these structures to remain intact for nearly 200 s, from which it was possible to
determine that the tubular structure expanded at a near constant 10.5 ms™, independent
of altitude between 86 and 97 km. An initial fast decrease of train intensity below 90
km was followed by an increase in intensity and then a gradual decrease at longer
times, whereas at high altitudes the integrated intensity was nearly constant with time.
These results are compared to a model that describes the dynamical evolution of the
train by diffusion, following an initial rapid expansion of the hot gaseous trail behind
the meteoroid. The train luminosity is produced by O (*S) emission at 557 nm, driven
by elevated atomic O levels produced by the meteor impact, as well as
chemiluminescent reactions of the ablated metals Na and Fe with O,. Ozone is rapidly
removed within the train, both by thermal decomposition and catalytic destruction by
the metallic species. Hence, the brightest emission occurs at the edge of the train
between outwardly diffusing metallic species and inwardly diffusing O,. Although the
model is able to account plausibly for a number of characteristic features of the train
evolution, significant discrepancies remain that cannot easily be resolved.
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mesosphere, meteor, persistent train
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Figure 1. The 01:31:16 fireball photographed by Steve Evans of the British
Astronomical Association — Meteor Section.

1. Introduction

Bright Leonid meteors are known for a characteristic long-lasting
persistent glow that is called a persistent train. The luminous source of
persistent trains has not been established, although it is generally
believed that the reaction between ozone and atomic oxygen, efficiently
catalysed by meteoric metals in the train itself, is the dominant
mechanism (Kolb and Elgin, 1976; Poole, 1979; Baggaley, 1980;
Hapgood, 1980).

Persistent trains probe upper atmosphere chemistry. Moreover, they
enable probes of meteoric aerothermochemistry by providing direction to
telescopes many minutes after the meteor has disappeared (Jenniskens et
al., 1998). Several such experiments during the Leonid Multi-Instrument
Aircraft Campaign (Jenniskens and Butow, 1999a) have provided the
first visual, near-IR and mid-IR spectroscopy of trains. In order to better
interpret this spectroscopic information, we study here a rather striking
example of a persistent train observed over the United Kingdom in 1998,
in order to examine the evolution of trail width and intensity with time.
Unlike many other trains, this train exhibited little distortion from wind
shear along the trajectory and remained fairly linear during the
observation period.
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2. Observations

At 01:31:16 UT on November 17, 1998, a bright Leonid meteor (Figure
1) erupted over the southern U.K., moving from Southend-on-Sea to just
beyond Reading. Amateur astronomer Sandy Osborough, from
Chippenham, Wiltshire (51°28'N, 02°07'W), was located near the end
point of the trajectory. The meteor was outside the field of view of his
intensified video camera, but the scattered light in the atmosphere left a
flash in the video record. Osborough adjusted the viewing direction of
the camera and obtained a particularly nice record of the "Chippenham™
persistent train between 15 seconds and 2mb54s after the flash (Figure 2,
right part of each frame). The train persisted longer than that, but the
camera was pointed elsewhere. He used a 45 Ip/mm ITT Night Vision
gogles attached to a 3CCD Panasonic digital video camera. The close
range of the train (116-80 km) produced a spatial resolution of 0.2
km/pixel.

01:31:44 01:32:07 01:32:30

Figure 2. The train as seen by Tim Haymes from the perspective of Knowl Hill
(left) and by Sandy Osborough from Chippenham (right).

The train was also filmed by Tim Haymes from Knowl Hill, Berks.
(00°48' 51.3" W, 51° 30' 22.1" N), again from relatively short range
(~102 km). Haymes used a 28 mm f/2 lens imaging onto an 18 mm 2"
generation MCP image intensifier (30 Ipi). The image resolution was
also 0.2 km/pixel, but the noisier tube created a less exceptional image.
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From his perspective, the train was less foreshortened (Figure 2, left
panels). Haymes also captured the diffuse beginning of the meteor, first
detected at about 183 km altitude at 01:31:13 UT, until it left the field of
view at 145 km. A bright flash was timed at 01:31:16 UT. After that, the
camera was hand held and pointed at the train from 01:31:30 until
01:32:33 UT, and again from 01:34:58 until 01:35:17 UT when only the
bright loop in the center of the train was visible as a diffuse blob. A faint
sonic boom was heard around 01:36:40 UT, consistent with the distance
from the meteor train. This is the second sonic boom reported for a
bright Leonid fireball (ReVelle and Whitaker, 1999). Unfortunately, the
convergence angle between the planes emanating from the two
observing sites is only Q = 3°, too small for stereoscopic measurements.

Fortunately, the meteor was photographed by Steve Evans from
Thurlow, near Newmarket in Suffolk (52° 7' 58".1 N, 0° 26' 49".1 E, Alt:
83m), in a 5m59s exposure on Ektapress 1600 commencing at 01:29:00
UT (Figure 1). The perspective was good, with a convergence angle Q =
29.8° with Chippenham and Q = 27.1° with Knowl Hill. Triangulation
shows that the meteor entered the atmosphere at an angle of 29° with the
horizon and came from an eastern azimuth of 87° from North from a
direction Right Ascension 150.0 + 0.3, Decl. 23.8 + 0.3. The meteor was
first detected at an altitude of 116 km and left the photograph at 86 km.
The two linear parts of the train span the range 98 until 85 km, while the
end point of the Chippenham train is at about 80 km altitude. Photometry
of the meteor and stars gave a peak brightness of M, = -9 £ 1 magn. at
the edge of the photograph. Beginning height and end height suggest a
peak brightness of —10 £ 1 magn. in comparison to the trajectories
calculated for other bright Leonid fireballs (Spurny et al., 2000). The
mass of the meteoroid was about 0.1 kg, within a factor of two.

3. Results
3.1. TRAIN MORPHOLOGY

The train consists of two parallel somewhat diffuse luminous trails,
which are visible along the full length of the recorded trajectory. The
double structure has been noted previously and is a characteristic feature
of long lasting persistent trains (Jenniskens et al., 1998). The diffuse
trails show some amount of puffy billowing, which implies some amount
of turbulence.
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Figure 3. Sequence of images as seen from Chippenham between 0m15s and
02m52s after the meteor, showing the formation of the loop and the evolution of
the linear parts.

This train is very unusual because the two straight sections of the
trajectory remain almost straight with respect to the star background
(Figure 3). Note that the lower part gradually gains upon the higher part
and may be rising in altitude. Only the bright middle section forms a
loop, which eventually overlaps in the line of sight. At the position of the
loop, the wind direction changes dramatically with altitude. It is from the
North in the straight sections, while from the East in the distorted middle
part and end sections, with strong wind shears in the transition regions.
The magnitude of the wind vector changes only by a factor of 2-3. Most
of the wind shear is laminar, preserving the tubular structure of the train
during distortion.

The morphology of the train is either that of a tube, where the two
trails represent the longest line of sight along the walls of the tube, or
they represent the turbulent top and bottom of a ribbon-like structure.
The most likely morphology is that of a tube, for two reasons. First of
all, from the somewhat different perspective of Knowl Hill, the train
diameter (in km) is the same as that measured from Chippenham (Figure
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2). Secondly, one can see that the distance between the two walls does
not change where the train distorts in a knot and the line of sight cuts at a
different angle through the train (Figure 3).

Figure 4. Full frame of the persistent train as seen from Chippenham at a time
45 seconds after the fireball. Four positions are indicated that were studied in
detail, at altitudes 86 (1), 89 (1), 95 (l11), and 97 (1) km.

3.2. DYNAMIC EVOLUTION

Over time, one can see the walls of the tube separate and slightly
thicken. We analyzed this behavior by fitting a set of two Gaussian
curves to the variation of intensity in a slice perpendicular to the train at
four positions indicated in Figure 4. The positions I-1V correspond to
altitudes of about 86, 89, 95, and 97 km, respectively.

Figure 5a (top) shows the separation (in km) as a function of time. We
find a constant expansion velocity of 10.5 + 0.5 ms™ for all positions.
There is no sign of a slowing down over this time interval, except
perhaps for the highest position at 97 km. The fact that the expansion is
practically altitude independent between 85 and 98 km is surprising. In
addition, the least-squares fit through the data does not extrapolate to
zero separation at zero time, but yields a positive intercept of 0.13 + 0.03
km. This may signify an initial rapid expansion of the train, but the small
value does not exclude a more mundane artifact of the measurement
procedure.
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The tubular walls are resolved at the end of the exposure. We measured
the thickness at half peak intensity as a function of time and deconvolved
with a 2-pixel wide Gaussian response curve. We find that the turbulent
walls tend to show slightly more billowing over time, gradually
thickening, but the expansion slows down after about 100 s (Figure 5b).
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Figure 6. Altitude dependent decay of emission during the first period from
15.0 to 34.5 seconds after the meteor (in intervals of 1.5 seconds). A star (left) is
shown for brightness reference.

The two sides of the tube do not have the same intensity at positions |
and Il (Figure 6). One side is brighter by up to 50% over the other. The
integrated intensity of both tubular walls shows three distinct periods of
decay, particularly below 90 km (Figure 5c, bottom graph). An initial
fast decay (1) is followed by an increase in intensity, which after some
time decreases again (Il). At the end of the observing time the train
decay rate slows significantly (I11).

Phase (I) has a decay time of about 15 seconds, which is slightly
altitude dependent. This altitude dependence is apparent when viewing
the train intensity in the meteor video during the first 30 seconds (Figure
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6). The brightness decays fastest at the lower altitude end of the train
(left in Figure 6), while the higher altitudes follow in succession.

Phase (1) is characterized by the initial brightening of the train. The
intensity peaks earliest towards the middle part of the trajectory, with
mechanisms delaying the increase at very high and very low altitudes.
The subsequent decay has a time constant of about 63 + 2 s at 86 km, 70
+ 2 sat 89 km, 150 + 20 s at 95 km, and about 190 s at 97 km altitude.
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Figure 7. Integrated intensity variation of the knot (¢) and the total intensity of
the loop (0), scaled to that of the "quiet" train at position | (+). Solid line shows
a model fit for the height of 86 km (in units of 10° photons cms™).

This intensity increase during Phase (II) may be related to the
brightening phenomenon that enhances the brightness of the loop
between 90 and 94 km. The integrated intensity of the loop (box in
Figure 4) is shown in Figure 7, in relation to the brightness of the linear
part of the train at position Il. At the end of the observation, the loop is
the only part that remains clearly visible. A remarkable feature is the
"knot™" (marked in Figure 4), where wind shear appears to be particularly
high at the beginning of the observations. We see that the tubular
structure breaks down during bending and a wall of billowing emission
is observed. Here, we find the quickest brightness increase, which is
followed by a decrease that mimics the linear part of the train (open
circles in Figure 7).

Phase (I11) is most apparent in the high altitude part of the train, but
also visible in position I1. This phase represents the late stages of train
evolution. It is well represented by our model calculations below.
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4. Discussion
4.1. A MODEL OF A PERSISTENT METEOR TRAIN

The persistent train luminosity is thought to be caused by the catalytic
recombination of ozone and oxygen atoms by meteoric metal atoms
(Chapman, 1956; Kolb and Elgin, 1976; Poole, 1979; Baggaley, 1980).
Recent spectroscopic observations of persistent trains during the Leonid
MAC mission and at the Weybourne Atmospheric Observatory in
Norfolk (Jenniskens et al., 2000b) have confirmed that the most intense
emission arises from the Na D-line, almost certainly through the
Chapman airglow mechanism:

Na+0O, - NaO+O, (1)
NaO + O — Na(3?P, 3%) + O, )

where the branching ratio of reaction 2 to produce the Na (3°P) state
(which then emits an orange photon at 589 nm) is about 10% (Clemesha
et al., 1995). Molecular emission bands also probably arise from:

Fe+ 0, -~ FeO(°Aetc.) + O, (3)
FeO+0 - Fe+O, (4)

where reaction 3 is sufficiently exothermic to produce FeO in excited
electronic states, leading to emission in the “orange arc” bands between
570 and 630 nm with about a 2 % efficiency (Helmer and Plane, 1994).
Other metals such as Ca and K will also contribute to the overall
emission intensity, but the ablated concentrations of these metals are
much lower (Plane, 1991).

If we now assume that the twin tracks of the observed train are due to a
luminous tube with a dark center when viewed from below (e.g. Figure
8), then the explanation for the dark center must be that O,, which
“fuels” these chemiluminescent reactions, has been consumed. The same
hypothesis was made independently in a recent paper by Kelley et al.
(2000). Of course, these emissions also depend on atomic O to complete
the catalytic cycles. However, O is in excess over O, by about 3 orders
of magnitude in the ambient nighttime upper mesosphere, and the
meteoric impact on the atmosphere causes the dissociation of O, to
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produce additional O (the green tail of Leonid meteors, in particular, is
caused by emission from O (*S) which is highly dependent on the atomic
O concentration, as discussed below). The depletion of O, could arise
both from thermal dissociation in the initially very hot train, and metal-
catalysed destruction. Effective catalytic removal places a lower limit
on the concentration of metallic species produced by ablation. Note that
all neutral metal atoms, as well as metallic ions with the exception of the
alkali metal ions, participate in catalytic O, destruction (Plane and
Helmer, 1994).
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Figure 8. Three cross-sections through the persistent train at an altitude of 86
km, showing the modeled emission intensity at times 50s (bottom), 100s and
150s after the meteor. The 100 and 150 s sections have been displaced upward
by 500 and 1000 m, respectively, for the purpose of presentation. The central
emission patch visible at 50 s and 100 s is due to [OI] emission, the outer ring is
due to chemiluminescence from metal atom reactions with ambient ozone.

We have therefore constructed a model of a Leonid meteor train in order
to simulate the train expansion, the increase in wall thickness and the
observed brightness variation as a function of position and time. The
model makes the following assumptions:

1. The meteoroid ablates according to the deceleration equation
(particle density = 3,200 kg m™®, drag coefficient = 0.75 and shape
factor = 1.2 for a sphere) and heat transfer equation (heat of
sublimation = 2 x 10° J kg™ and heat transfer coefficient = 0.5) given
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by Hughes (1992). Fragmentation is not considered in this simple
model. In order to provide sufficient metallic species to cause
effectively total removal of O,.in the centre of the train after 50 s, the
initial meteoroid mass has to be in excess of 0.1 kg. The simulations
shown here employed an initial mass of 0.2 kg, at the upper end of
the estimated mass of the Chippenham meteoroid (see above).

. Even at the very low pressures of the upper mesosphere/lower

thermosphere (< 107° bar), the size and velocity of this meteoroid
would create a turbulent wake (Reynolds number > 2,000). Thus we
assume that the train radius is initially 30 m, in which the air is then
heated almost instantaneously to 2,100 K. The resulting pressure
increase by more than a factor of 10 creates a shock wave which
expands radially. Assuming that this expansion occurs adiabatically,
then the pressure will equilibrate with the background atmosphere
when the radius is about 70 m, leaving a train temperature of about
1,100 K. This train radius and temperature are predicted to be nearly
constant between 97 and 86 km (heights IV and I in Figure 4), with
the concentration of ablated metallic species ranging from 2.5 x 10°
t0 9.9 x 10° cm™ at these respective heights. The ambient O, within
this initial train volume would be thermally decomposed.

Following this very rapid expansion on a time-scale of less than a
second (the speed of sound is 270 ms™ in this region), the subsequent
expansion of the train is controlled by the diffusion of mass and heat.
For the modelling exercise presented here, this was allowed to vary
as a function of height and be different in the horizontal and vertical,
with the lower limit being the atomic diffusion coefficient of Na
(Helmer and Plane, 1993).

. The reaction rate coefficients for 1-4 were taken from Plane and

Helmer (1994). The relative concentrations of Na and Fe were
assumed to be in their meteoritic ratio, about 1:8 (Plane, 1991).

On the relatively short time scale of the train (minutes rather than
hours), and particularly in the presence of elevated concentrations of
atomic O, it is very unlikely that the metallic species would be able
to form more stable reservoir compounds such as NaHCO, or
Fe(OH),. Indeed, between 85 and 100 km in the background
atmosphere the meteoric metals are overwhelmingly in the atomic
form (Plane et al., 1999).

The “green line” emission at 557 nm from the O (‘S - 'D) transition
(termed [OI]) was assumed to be produced by the Barth mechanism
with the absolute intensity calculated using the parameterisation of
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Murtagh et al. (1990). Assuming that this emission dominates the
train emission immediately after the meteor, then in order to simulate
the observed decrease in intensity of the Chippenham train at longer
times the model requires that about 15% of the O, in the initial train
was dissociated.
The train model was then run with a spatial resolution of 25 meter and
integration time-step of 0.2 seconds. Figure 8 shows cross sections
through the modelled train at an altitude of 86 km at 50s, 100s and 150s
after the meteor. Initially, strong [Ol] emission is observed at the center
of the trail because of the enhanced O atom concentration produced from
dissocation of atmospheric O, by the meteor. The [OI] intensity is
dependent on [O]°, so that the intensity falls very quickly as the atomic
O diffuses outwards from the centre of the train.
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Figure 9. Variation in the metal atom and O, densities across the center of the
trail at 98 km, 100 s after the meteor. The vertically integrated emission
intensity which would be observed from the ground, is shown for comparison.

As shown in Figure 9, after 100 s the O, concentration within the train
has been reduced by orders of magnitude by the combined effects of
thermal decomposition and catalytic destruction. The concentration
profile of the metallic species is approximately Gaussian, as expected for
diffusion-controlled transport. The metallic emission is strongest at the
edge of the train, where fresh ambient O, is diffusing inwards.
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For reasonable diffusion rates, the model does account for the general

widening of the train, the tubular structure, and the increase of the train
width. The model also explains phase Il in the brightness decay.
The model simulations of the wall separation, the wall thickness, and the
integrated intensity are plotted as a function of time in Figure 5 for
comparison with the observations at positions I-1V. In the case of the
wall separation (Figure 5a), the model is able to simulate the “average”
observed rate of separation over the first 180 s by using a horizontal
diffusion coefficient ranging from (5-7) x 10° cm?® s™* between 86 and 97
km, and a vertical diffusion coefficient set to the larger of either the
vertical eddy diffusion coefficient K,, employed in 2D atmospheric
models [Garcia and Solomon 1994], or the molecular diffusion
coefficient with a temperature T*® dependence (Helmer and Plane,
1993). The reason for choosing different horizontal and vertical
coefficients is discussed below.

Inspection of Figure 5a shows that the model, being based on diffusive
transport necessarily produces a separation that varies as time t“2
whereas the observed separation increases linearly with time at all four
heights. This striking observation remains unexplained. Free expansion
is ruled out, because the passing meteor cannot have affected the air
density over such large volume. Interestingly, the thickness of the walls
does increase much more like t“2 (Figure 5b), in accord with a diffusion-
controlled process. Note that the rapid initial expansion of the train to a
wall separation of about 150 m, driven by a shock-heated pressure wave
(see above), is in good accord with the extrapolated intercepts of the
observed separations at the four heights (Figure 5a).

Although there is reasonable overall agreement, the model is unable to
match the contrast between the dark center and the walls that is apparent
in the images. Figure 10 illustrates the vertically integrated emission
intensity across the train when viewed from below, comparing model
and observation at 89 km, 160 s after the meteor. If the trail is indeed a
cylinder with a luminous wall and dark center, then the model predicts
that the contrast between the center and the brightest part of the walls, as
seen from the ground, is about 0.5, remaining roughly constant with
time. This factor arises simply from the fact that when viewed from the
ground, the center is seen against the top and bottom of the cylinder and
therefore cannot be very dark. By contrast, we observe an exponential
decrease of contrast to about 0.1 after 120 s. The symbols in Figure 10
show the train cross-section between 153 s and 165s at positions | and
I11. The data have been scaled to the model curve to compare the contrast
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between the central minimum and the wall maxima. In fact, the lack of
contrast in the model is all the more striking because we have maximised
the contrast by using a smaller vertical diffusion coefficient to reduce the
vertical transport of metallic species and fresh O,, thereby minimising
the wall brightness in the top and bottom parts of the tube (Figure 8).
The lack of contrast is not explained by decreasing the initial ozone
concentration in the center faster, for example as a result of
photodissociation of ozone by the meteoric UV light (Zinn et al., 1999).

Iivberaity |&.u.)

Distance [aw.)

Figure 10. Contrast in brightness of center and walls in model (solid line) and
observations. Model in units of 10* photons cm™ s™.,

Also, there are significant difficulties with modeling the brightness
behavior (Figure 5c). The phase | decay is thought to be due to emission
of the forbidden 557 nm O ('S - 'D) transition. Indeed, meteors of lesser
brightness are known to have persistent emission on a time scale of
about 10 seconds, sometimes referred to as the meteor "wake" (Halliday,
1958). This is a direct result of molecular oxygen dissociation by the
meteor and has been well recorded in photographic and TV video spectra
(e.g. Borovicka et al., 1996). Figure 11 reproduces one of our own
measurements, where it can be seen that the [Ol] emission starts shortly
after the meteor itself, peaks, and then rapidly decays. The model
predicts that the [Ol] emission in the Chippenham train would have been
brighter at and below 90 km (positions | and Il), since this is where more
atomic O is produced in the meteor. The emission is predicted to decay
on a time scale of only about 10 s (due to its [O]® dependence and the
rapid outward diffusion of atomic O), rather than the observed 30 - 40 s
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in phase I. Note also that the [OI] line intensity should be concentrated
in the center of the train (Figure 8), rather than the train walls, whereas
from Figure 6 it is clear that at least part of the early decay is the result
of emission from the train walls.

Figure 11. Forbidden line emission of Ol in the wake of a -1 Leonid meteor
(Nov. 17, 1998, 19:31:11 UT). This first order spectrum was taken with a low-
resolution visible spectrometer onboard FISTA during the 1998 Leonid MAC
(Jenniskens and Butow, 1999). The meteor moved from top to bottom. Short
wavelengths are to the right.

The models predict very little change in intensity over the 174 s of
observations that comprise Phase Il in Figure 5c. This is because as the
peak intensity of the walls decreases so the thickness of the walls
increases with time, and hence the integrated intensity hardly changes.
This behavior does reproduce the phase 111 behavior as signified by the
decay of intensity observed at altitudes above 90 km, and also correctly
predicts that the intensity at lower altitudes of 86 and 89 km will
eventually decrease to similar levels. However, the complex time
evolution of the intensity at these lower altitudes, particularly the
intensity increase of Phase Il, remains unexplained

4.2. ALTERNATIVE TRAIN MODELS

The present model does not include a detailed treatment of small-scale
turbulent mixing at the boundary of train and ambient air. The
observations seem to suggest that wind shear enhances the observed
luminosity, and the walls show clear signs of billowing. This could
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increase the interfacial area between the train and surrounding air,
enhancing the rate of chemiluminescent reactions between metallic
species and O,. If such turbulence spread horizontally rather than
vertically, this would help to explain the high contrast between train
center and walls.

The model assumes that the longer-lived emission is due to metallic
atoms reacting with O,. A rapid decline in train intensity, such as
observed in phase Il at 86 and 89 km, could be because of depletion of
these metals. However, there are no reactions with background
atmospheric constituents such as H,0, CO,, O, etc. that will convert
these species to stable forms on the time scale observed. The only other
possibility is that these metals are reacting with the high concentration of
silicates and other debris in the trail, although again the time scale of 200
seconds is very short.

In summary, the present model coupling meteor ablation with simple
diffusive transport of the resulting train is able to account satisfactorily
for some of the significant features of this unusual event. These include
the appearance of two luminous tracks, the average rate of increase of
their separation and thickness, and some aspects of the luminous
emission decay. However, the model fails to explain the strikingly
constant rate of separation increase, which cannot be diffusive in nature,
and the complex variation of the emission with time at some altitudes,
amongst others. Clearly, there is still much to be understood about the
nature of persistent trains.
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