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Meteoritic dust from the atmospheric disintegration

of a large meteoroid
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Much of the mass of most meteoroids entering the Earth’s
atmosphere is consumed in the process of ablation. Larger
meteoroids (>10cm), which in some cases reach the ground as
meteorites, typically have survival fractions near 1-25 per cent of
their initial mass'. The fate of the remaining ablated material is
unclear, but theory suggests that much of it should recondense
through coagulation as nanometre-sized particles’. No direct
measurements of such meteoric ‘smoke’ have hitherto been
made®. Here we report the disintegration of one of the largest
meteoroids to have entered the Earth’s atmosphere during the past
decade, and show that the dominant contribution to the mass of
the residual atmospheric aerosol was in the form of micrometre-
sized particles. This result is contrary to the usual view that most
of the material in large meteoroids is efficiently converted to
particles of much smaller size through ablation*. Assuming that
our observations are of a typical event, we suggest that large
meteoroids provide the dominant source of micrometre-sized
meteoritic dust at the Earth’s surface over long timescales.

United States Department of Defense space-based infrared sensors
detected a large meteor in flight at an altitude of approximately
75km at 12:07:20.975 UT (universal time) on 3 September 2004 at
latitude 67.72°S, longitude 16.89°E. Space-based Department
of Energy (DoE) visible light sensors also detected the fireball
(Fig. 1). Subsequently, the emissive debris trail from the fireball
was measured, extending from 56-18 km altitude and remained
detectable at infrared wavelengths owing to solar scattering for
over an hour. Two distinct disintegration features were visible
along the path, at 32 km and 25km altitude. We hereafter refer to
this fragmentation region as ‘ground zero’. Application of entry
modelling™® of the light curve and trajectory data yielded initial
mass estimates between (0.6-1.9) X 10° kg, depending on the choice
of various parameters in these models. Extrapolating a previously
determined relation between optical energy and total energy” derived
for smaller bolides yields an estimate for total initial energy of
(5.4 + 0.4) X 10"] (equivalent to 13 * 1kilotons of exploding
TNT) corresponding to a mass of (0.65 = 0.05) X 10°kg. The
original solar orbit of the body (Supplementary Table 1) is similar
to near-Earth asteroids of the Aten group.

In addition to the satellite energy estimates, five infrasound
stations detected acoustic gravity waves from the fireball, with
the furthest detection being 13,000 km from ground zero. Using a
recent calibration between wind-corrected observed fireball acoustic
amplitudes and satellite yields®, a mean source energy of
(1.2 = 0.3) X 10"7] (28 *+ 6kilotons of TNT) was obtained from
signals detected at the four closest stations, equivalent to a mass of
(1.4 = 0.3) X 10°kg. The range of initial mass estimates from
modelling and the optical and acoustic data correspond to a body

of diameter 7-10 m, assuming a mass density typical of chondritic
meteorites® of p = 3,500 kgm°.

Some 7.5h after the satellite observation, an anomalous ‘cloud’
was detected in the upper stratosphere by a polarization Rayleigh
light detection and ranging (lidar) instrument at Davis station
(68.6°S, 78.0°E) in Antarctica'® (Fig. 2). The cloud, which was
directly related to the fireball event (as discussed below), was situated
above the maximum height at which polar stratospheric clouds have
previously been detected in September at Davis (~20 km altitude)
and other similar-latitude sites'"'*. As determined by the lidar, local
radiosondes and the Atmospheric Infrared Sounder (AIRS) satellite
instrument'’, temperatures in the vicinity of the cloud were near
240K. This was ~55K warmer than the expected frost-point for
nitric acid trihydrate, which has the highest equilibrium temperature
of solid polar stratospheric cloud constituents.

Using the location and time of the fireball, we examined three air
parcel trajectory models to investigate aerosol dispersal in the context
of the lidar observations. According to the best-fit model (from the
Goddard Spaceflight Center'), air parcels from 32 km altitude at
ground zero passed directly over Davis at 28.5km altitude near
19:50 UT. This closely agrees with the onset of the strongest lidar
backscatter shown in Fig. 2. Air from below 30 km altitude at ground

102

«—Peak 2

Peak 1 -

101

1010 ]

109 4

Radiated power (W sr)

2 4 0 1 2 3 4 5
Time (s) relative to 12:07:24.392 uT on
3 September 2004

Figure 1| Optical light curve for the 03 Sep 2004 fireball as measured by
DoE space-based sensors. The signal was approximately 5.5 s in duration
and exhibited two peaks due to discrete fragmentation events. These are
assumed to be correlated with the features along the infrared track at altitude
32km (located at 67.68°S, 18.00° E) and at 25 km altitude (67.67°S,
18.17°E). Intersection of the projected path with the Earth was at 67.64°S,
18.83° E (WGS-84 ellipsoid). The maximum radiated power of the event was
3.08 X 10" W sr™ ', and the total radiated energy was 7.26 X 10'?]
(assuming that the fireball radiated as a 6,000-K blackbody). At its brightest,
the bolide had an absolute visual magnitude of M, = —24.
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zero was modelled as passing more than 100 km north of Davis, and
this suggests that the debris observed by lidar is from the upper
infrared fragmentation event, but not the lower event. Based on the
observed durations of the cloud features and using inferred wind
fields, we estimate that the lower limit on the zonal extent of the trail
at a given altitude was ~75km as it passed Davis.

We modelled the arrival time—-altitude profile of sedimenting
particles at Davis (Fig. 3) to examine the potential range of particle
sizes'”. The main front of the lidar cloud features is well represented
by the arrival of particles with radii of ~5 pm or less. In addition to
the features shown in Fig. 2, narrow (and weak) aerosol layers with a
mean backscatter ratio of ~ 0.05 above their immediate background,
and that were tilted in the arrival time—-altitude plane, were observed
by lidar at lower altitudes. As indicated in Fig. 3, the upper layer had
behaviour consistent with the sedimentation of particles with radii of
~10-20 pm originating near 30km altitude at ground zero. The
lower layer appears to represent the leading edge of an ensemble of
different plumes of large particles.
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Figure 2 | The first unambiguous detection of lidar backscatter from the
dust trail of a large meteoroid. Plotted is the lidar-derived total backscatter
ratio R at a wavelength of 532 nm for a segment of the Davis observations on
3 September 2004, showing discrete structures detected between 19:38 uT
and 20:37 UT. Here R = 1 + (3,,/83 ., where 3,,, and 3, are the sums of the
molecular and aerosol backscatter coefficients for orthogonally polarized
signal components, respectively. The lidar retrieval was calibrated using the
molecular number density inferred from AIRS satellite data'. Also shown
are mean vertical and horizontal cross-sections for R. To investigate the
time-altitude profile of aerosols detected by the lidar, three models of
atmospheric transport were considered: the Goddard Spaceflight Center
(GSFC) model", the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model from the National Oceanic and Atmospheric
Administration, and the British Atmospheric Data Centre Trajectory
Service. Of these models, only HYSPLIT evaluated particle sedimentation.
All of the models clearly showed that for altitudes near 32 km, ground zero
was directly upwind of Davis, with a strong (up to ~95ms~ ') dominantly
zonal flow linking the two sites. The speed of the flow accounted for the time
difference between the bolide and lidar detections to better than 7%. In
addition, the models suggested that the main cloud features represented
suspended or weakly sedimenting particles (that is, descending by less than a
few kilometres per day). The best agreement with the observations was
obtained with the GSFC model using GSFC Data Assimilation Office (DAO)
meteorological fields and diabatic corrections.

LETTERS

The lidar depolarization ratio'® as a function of backscatter ratio
(Fig. 4) shows that the clouds were dominated by non-spherical
(solid) aerosols. The lidar data also show that these aerosols were
optically thin. We could only place an upper limit of 0.01km™ ' on
the mean aerosol optical depth over the altitude range 28-31.5km.
This property was used together with the observed frequency
distributions of depolarization ratio and backscatter ratio (in par-
ticular, the clustering into two groups shown in Fig. 4) to constrain
the parameter space of effective particle radius, number density,
shape and composition. This was done through comparison
with scattering calculations'”'® for randomly oriented irregular
spheroids comprising six cosmic dust analogue materials'' for
particle radii up to 5pm; meteoric aerosol, glassy olivine, glassy
pyroxene, silicon, iron and iron oxide. We found that the simplest
match to the observed range and distribution of depolarization
ratios was exhibited by olivine and pyroxene (materials found in
chondritic meteorites®®) for effective radii of between ~0.3 and
~1.1pum and nearly spherical shapes (shape factors between 0.9
and 1.1).
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Figure 3 | Comparison between the time-altitude characteristics of the
lidar-detected aerosols and the predictions of a sedimentation model. The
model evaluated trajectories for spherical particles along the lagrangian path
between ground zero and Davis using interpolated United Kingdom
Meteorological Office (UKMO) Stratospheric Assimilated Data'”. The
plotted lines show the arrival time-altitude loci obtained from the model for
the longitude of Davis, assuming a particle mass density of 3,500 kgm ™.
Overlaid are lidar scattering features (grey) having R > 2 (see Fig. 2). The
crosses refer to weak aerosol features described in the text. Open squares
show where particles of different radii released from ground zero at 30 km
altitude would lie. The bold dashed line shows the case of suspended
particles for a wind speed 3% lower than its mean value, to indicate one side
of the expected spread in arrival times due to the influence of atmospheric
gravity waves. The UKMO wind speed reached a peak value of ~95ms™ '
near 34 km altitude. The vertical gradient in the wind speed below the peak
was 4ms~ 'km™ ' and this accounted for the majority of the arrival time—
altitude dispersion of the leading cloud fronts evident in Fig. 2. The cloud
features above ~ 30 km appear more complex and extended than those at
lower altitudes, and this may be related to shearing in the wind profile near
34 km, or produced by the fireball itself. An additional possibility is that the
upper layers represent relatively heavy particles from higher altitudes

(35 km to at least 60 km, the top of the UKMO model) that had fallen to this
region. However, this association is problematic because the size
distribution of the particles would need to be extremely narrow because of
the small vertical extent of this cloud layer as a function of time.
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Olivine gave the best agreement between the limiting depolariza-
tion values 6, for the two aerosol associations (Groups 1 and 2, shown
in Fig. 4) and peaks in the calculated depolarization at effective radii
r of 0.41 = 0.12 and 0.98 = 0.29 um, respectively. Using lidar-
derived mean backscatter coefficients and theoretical backscatter
cross-sections we estimated effective particle-number densities N
for the two groups as (6.0 £ 2.7) X 10°m™— 3 (Group 1) and
(1.7 + 0.4) X 10°m ™ > (Group 2).

Taking the values of N, together with r and mass density p, and the
inferred dimensions of the lidar-detected cloud (zonal ~75km,
meridional ~200km from trajectory modelling, vertical ~3km
from Fig. 2), we estimate the total mass of the aerosols as
(1.1 = 0.3) X 10°kg. This value compares favourably with the
meteoroid mass from the satellite and airwave data given above.
We note that this mass estimate probably relates only to part of the
debris cloud (that is, the upper fragmentation event) and hence is a
lower limit. Further trajectory and scattering modelling is required to
refine these values. We also note that that iron and iron oxide gave
reasonable depolarization values at radii less than ~ 0.3 pm for highly
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Figure 4 | Evidence that the lidar backscatter was due to non-spherical
particles. Plotted is the lidar-derived depolarization ratio 6, = S,/S, as a
function of total backscatter parameter X =1 — R~ '. Here Spand S, are
the perpendicular and parallel polarized signal components, respectively,
and R is the backscatter ratio. Divisions (dashed lines) have been assigned on
the basis of the apparent clustering of points into distinct groups with the
weighted linear regression fits to the rightmost (Group 1, crosses) and upper
(Group 2; dotted circles) associations also shown (solid lines). The inset
shows where points from Groups 1 and 2 lie in relation to the cloud.
Clustered in the lower left-hand quadrant of the main plot are points
representing the background aerosols that do not show a preferred
association with the cloud features. Photon-counting noise, as well as gravity
waves unresolved by the AIRS data, tends to scatter the points in the X-axis.
For the non-spherical (solid) aerosols, Group 1 are characterized by low
depolarization and high backscatter ratios and are associated with the leading
edges of the strongest cloud layers. They have a limiting depolarization ratio 6,
(limé, as X — 1) of 2.3 * 0.4%. Group 2 particles have a wide range of
depolarization and backscatter ratios, with 6, = 7.6 = 0.7%. The backscatter
coefficient for Group 1 was mean 3, = (2.351 = 0.003) X 10~ "m "~ "sr™ '
and total 8, = (5.831 = 0.008) X 10 °>m ™ 'sr_ !, and for Group 2 mean
B.= (431 £ 0.01) Xx 10" *m™ 'sr™ ! and total 8, = (1.197 = 0.004) X
10 °m™ 'sr~ . The Group 1 aerosols produced similar depolarization to
those associated with an anomalous aerosol layer observed by lidar in the
Arctic winter of 2000-2001 (ref. 27). This similarity strengthens the case for
a meteoric origin for the Arctic layer.
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non-spherical particle shapes. However, the inferred optical depth
for these aerosols was significantly larger than that deduced from the
lidar observations.

Our measurements suggest that a substantial fraction of the total
ablated mass from large (metre-sized) chondritic bodies entering the
atmosphere is deposited as ~micrometre-sized dust. This dust is
likely to have atmospheric residence times of weeks to months.
Micrometre-sized aerosols play a crucial role in climate forcing,
through direct (radiative) and indirect (cloud nucleation) effects, as
well as in ozone depletion through heterogeneous reactions. Aerosols
with radii between about 0.05 pm and 1 pm scatter the most light per
unit mass, and tend to have the longest atmospheric residence
times”. The conventional view is that the background meteoritic
aerosol flux is of low significance in climate forcing primarily because
nanometre-sized particles dominate the size spectrum®. In light of
our findings, this view requires further investigation.

If most of the mass from large (> 0.1 m) meteoroid disintegrations
is reduced to micrometre-sized particles, this process would domi-
nate the influx to the Earth’s surface of extraterrestrial dust at these
sizes. Indeed, the mass flux from primary meteoroids of 1 pm and
smaller is a few hundred tonnes per year, which is less than the mass
delivered by sizes >0.1m on century timescales*. Although our
measurements apply strictly to larger meteoroids disintegrating
lower in the atmosphere (constituting a mass influx of ~ 1kt per
year), a substantial fraction of the total ablated mass of smaller
meteoroids may also be partitioned into larger (micrometre versus
nanometre) meteoric dust. Micrometre-sized ablation products
cannot easily be measured individually in large numbers at the
Earth’s surface and so the mass distribution of meteoric material at
such small sizes is largely unknown®. In particular, models of
atmospheric heating of interplanetary dust generally treat
meteoroids as single ablating bodies, whereas much evidence
suggests® that small (10~ ®kg) meteoroids near the peak of the
mass influx curve ablate as a collection of grains (dustballs), empha-
sizing the importance of fragmentation. In such a situation, the
survival of a large fraction of the total incident meteoroid mass as
micrometre-sized particles to the Earth’s surface would be possible.
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