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Asteroids with diameters smaller than ~50-100 m that collide
with the Earth usually do not hit the ground as a single body;
rather, they detonate in the atmosphere'. These small objects
can still cause considerable damage, such as occurred near
Tunguska®, Siberia, in 1908. The flux of small bodies is poorly
constrained, however, in part because ground-based observa-
tional searches pursue strategies that lead them preferentially to
find larger objects’. A Tunguska-class event—the energy of which
we take to be equivalent to 10 megatons of TNT—was previously
estimated to occur every 200-300 years, with the largest annual
airburst calculated to be ~20 kilotons (kton) TNT equivalent
(ref. 4). Here we report satellite records of bolide detonations in
the atmosphere over the past 8.5 years. We find that the flux of
objects in the 1-10-m size range has the same power-law distri-
bution as bodies with diameters >50 m. From this we estimate
that the Earth is hit on average annually by an object with
~5kton equivalent energy, and that Tunguska-like events occur
about once every 1,000 years.

Our data are based on observations made by United States
Department of Defense and Department of Energy space-based
systems in geostationary orbits. These systems are designed to detect
the signature of nuclear explosions and other objects of military
interest on or above Earth’s surface®. For the past eight years, data
from optical events registered as probable bolides have been
recorded and saved for later examination. In total, 300 events
from February 1994 to September 2002 have been designated as
probable bolides, and a time—intensity plot for each event recorded.
From these time—intensity plots, the peak radiated power (maxi-
mum brightness) and the integrated energy were determined.
Figure 1 shows an example of the original data for a large bolide
recorded on 6 June 2002.

From this data set of recorded optical flashes, we obtain a number
distribution of the optical energies of the 300 bolides in our sample.
The total optical energy is expected to be an indicator of the original
kinetic energy of the meteoroid®. We corrected the number distri-
bution based on the percentage coverage of the Earth’s surface,
which varied from 60% to 80% throughout the period of study.

To convert these raw optical energy estimates to an equivalent
source energy requires knowledge of several poorly known param-
eters. First, the spectral energy distribution at the source needs to be
defined to determine the true radiated energy detected by the
sensor. This process requires knowledge of the spectrum of the
bolide. Previous workers have assumed a 6,000 K blackbody distri-
bution®, but the dominant line emission from bright fireballs
observed from the ground suggests that this assumed distribution
might be a poor approximation’. In the absence of better data for
these larger fireballs, we continue for consistency to use the 6,000 K
blackbody assumption as others have also done®. As the peak in
sensitivity for the optical sensors is near this temperature, our
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corrections to the energy estimates will be more conservative than
would be the case if the fireball temperatures were closer to 4,500 K
(ref. 9). We expect the 6,000 K temperature assumption to produce
less than ~30% uncertainty on the final flux numbers.

Second, a much greater unknown is establishing the fraction of
total initial kinetic energy transformed into light production. This
integral luminous efficiency (7; ref. 10) has been measured to be of
the order 3% for photographically measured fireballs with energies
between 10> and 10~ " kton (median of the sample, 7 X 10~ *kton)’.
Theoretical models® suggest that this value should be 10-15% for
bolides of chondritic composition with energies between 10~ ' and
10 kton, with the efficiency increasing as energy increases. More
generally, we expect that the integral efficiency will be a complex
function of velocity, mass, entry angle, body shape and compo-
sition, as well as porosity'', differing from one bolide to the next.
This effect is reflected in the wide variability observed in the analysis
of high-precision ground-based bolide data where an order-of-
magnitude, systematic variation in luminous efficiency between
strong/chondritic bodies (highest values) to weak bodies (lowest) is
found'*. No observational constraints for this value as a function of
energy have been previously published for objects in our size range.

In an attempt to derive an empirical fit for 7| for our population,
we have examined those fireball events recorded by optical sensors
and for which an independent estimate of the energy exists. A total
of 13 events have optical data and independent energy estimates
(Table 1).

The fit between optical energy and total calibrated energy (Fig. 2)
leads to:

71 =(0.1212 = 0.0043)E2 1150073 (1)

where E, is the optical energy (in kilotons TNT equivalent,
4.185 X 10'?]) measured by the space-based sensors assuming a
6,000 K blackbody emission from the bolides.

Applying this form of the integral luminous efficiency under our
6,000 K blackbody assumption to the bolide data set collected over
8.5 years, we find the flux as a function of impact energy (Fig. 3; see
figure legend for details). We also convert these total impact energies
into equivalent diameter of colliding body, assuming a mean impact
velocity with the Earth of 20.3kms™" (W. Bottke, personal com-
munication) and a bulk density of 3,000kgm ?, an appropriate
compromise between ordinary chondritic densities (average near
3,400 kg m~>) and primitive (CI/CM) carbonaceous chondrite
densities (average near 2,600kgm ™ >)'>. We note that below
~10""kton, a roll-off in the cumulative number of bolides detected
by the satellite is observed as the system limiting sensitivity is
approached.

The power-law fit to the satellite data shown in Fig. 3 can also be
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Figure 1 Optical light curve from the 6 June 2002 bolide over the Mediterranean Sea. The

estimated energy for this event (on the basis of infrasonic/acoustic data) was 26 kton TNT
equivalent.
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Table 1 Details of calibrated bolides shown in Fig. 2

Bolide date Time (uT) Location (lat., long.) Optical energy (kton) Calibrated energy (kton) Calibration method*
25/7/02 15:58 29°S, 47°E 0.060 0.60 + 0.20 Infrasound

6/6/02 04:28 34°N, 21°E 0.908 25.77 £ 2.16 Infrasound

9/3/02 01:20 7°N, 147°W 0.053 1.05 £ 0.79 Infrasound
23/4/01 06:12 28°N, 134°W 1.100 0.63 = 0.33 Infrasound
25/8/00 01:12 15°N, 106°W 0.337 2.35+1.24 Infrasound
6/5/00 11:52 50°N, 18°E 0.006 0.09 + 0.04 Infrasound/meteorites®?
18/2/00 09:26 1°8, 109°E 0.860 3.89 £ 0.73 Infrasound
18/1/00 16:43 60°N, 135°W 0.263 1.66 = 0.70 Infrasound/velocity/meteorites®
16/8/99 05:18 35°N, 107°W 0.009 0.18 = 0.03 Infrasound
9/10/97 18:47 32°N, 106°W 0.045 0.29 Infrasound®*
15/6/94 00:03 46°N, 73°W 0.003 0.03 £ 0.01 Meteorites/velocity>
7/5/91 23:04 50°N, 15°E 0.012 0.19 Photos/spectra/ velocity*®
- - 0.0007 0.0164 Photos/velocity®

*Calibration methods include: ‘infrasound’, infrasound energy derived from period at maximum amplitude®’; ‘meteorites’, recovery mass estimate from cosmogenic nuclides; ‘velocity’, entry velocity and
trajectory known; ‘photos’, multi-station photos of fireball; and ‘spectra’, spectral records of fireball. The final row of data represents the median values of the fireball events given in ref. 8.

represented by an equation of the form

logN =ay — bylogE 2)
where N is the cumulative number of objects colliding with the
Earth each year with energies of E (in kilotons) or greater; in this
representation, ay = 0.5677 £ 0.015, and by = 0.90 £ 0.03. We may

recast this in terms of diameter of the colliding body using our
assumptions above as:

our power-law determination is in good agreement (within error)
with the flux values estimated based on the small number (~30) of
tens-of-metres class LINEAR discoveries. Influx estimates based on
lunar crater" counts extend down to meteoroids of several metres
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Figure 3 The flux of small near-Earth objects colliding with the Earth, for diameters less
0.014 than 200 m. Filled circles, the satellite-determined flux based on 8.5 years of global
' observations (this work). The black best-fit line represents data for objects in excess of
~1m in diameter where optical sensor data are most complete. Error bars represent
counting statistics only. The thick black lines above and below the satellite flux represent
0.001 f T T T the extreme limits, assuming integral luminous efficiencies for the entire population of 5%
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Figure 2 Bolide energy calibrations. These are based on simultaneous observations by
optical sensors (or equivalent) and energy estimated from another technique. The optical
energy estimates are made assuming a 6,000 K blackbody. Open circles, events that have
also been detected infrasonic/acoustically and for which a source energy was computed
using the calibrated relation between energy and period at maximum signal amplitude?.
Only events with periods greater than two seconds were used, to avoid issues of Doppler
wind changes at small signal periods. Filled circles, events that have higher-precision
source energy calibrations owing to recovery of meteorites and/or availability of
information on atmospheric velocity—see Table 1 for details. The filled square represents
the 23 April 2001 fireball event, which is particularly unusual®” and was excluded from our
analysis. The upper solid line shows the fit to the data represented by open and filled
circles. The lower, thicker, solid line represents objects with integral luminous efficiencies
of 100%; that is, those bodies to the right of this curve are unphysical within the context of
our assumptions.
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(top line) and 20% (bottom ling). On the basis of the fit in Fig. 2 over our energy range of
interest, 7, varies from 6% t015%. From ground-truth calibrations and the analysis
summarized in Fig. 2, we adopt 5% and 20% as the extreme probable limits for the
average integral luminous efficiencies over the energy range represented by the lines. For
comparison, we plot debiased estimates of the near-Earth asteroid impact frequency
based on telescopic search data for smaller LINEAR discoveries (upward red triangles)'
and larger LINEAR discoveries®® (pink diamonds), Near-Earth Asteroid Tracking (NEAT)
(filled squares) and Spacewatch (blue squares)'” surveys, where diameters are
determined assuming an albedo of 0.1. LINEAR values at the smaller sizes are normalized
to the larger LINEAR discoveries. Energy for telescopic data is computed assuming a
mean bulk density of 3,000 kgm > and an average impact velocity of 20.3kms ™. The
intrinsic impact frequency for these telescopic data was found by computing the average
probability of impact for the 1,000 largest known near-Earth asteroids, and using this
frequency (2 x 10~ 2yr") as the average for the entire population™. As well, the
infrasonic/acoustically measured bolide flux (downward dark green triangles)'® and lunar
crater counts assuming a geometric albedo of 0.25 (solid green ling)'® are shown.
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Figure 4 The flux of small near-Earth objects colliding with the Earth. Data are shown over
a range of 14 magnitudes of energy. In addition to data shown in Fig. 3, this plot also
shows the Earth collision hazard in the 1,000 Mton and larger energy range, based on
modelling the albedo distribution of near-Earth asteroids®. At smaller sizes, the power-
law number distribution derived from a decade-long survey of ground-based observations
of fireballs' is indicated.

diameter, and we find a good fit with these data in the 3—10-m size
range assuming an average geometric albedo of 0.25. We are unable
to match the crater flux curve over the 3—-10-m size range with our
data for a typical main-belt mean albedo of 0.11 (near the average
for C and S types in the main belt), further supporting the notion
that small near-Earth asteroids have higher mean albedos than large
main-belt asteroids'®. We note, however, that the true geometric
albedo distribution for the near-Earth asteroid population is
uncertain.

The only telescopic flux measurement to overlap our population
directly is that based on a debiasing of Spacewatch data'’. In
particular, the Spacewatch estimate (albeit with large error) of the
flux of 4- and 10-m diameter bodies striking the Earth is in
agreement with our satellite energy estimates within error limits.

We also find that extrapolation of our power law is in agreement
with the flux of smaller bodies'® for energies between 10> kton and
10 kton (Fig. 4), these data being based on observations with
ground-based cameras of fireballs having energies of <10 kton.
However, the influx measurements derived from infrasonic/acous-
tic measurements are slightly higher on average than the satellite
estimates (notably between 1kton and 10kton), though in agree-
ment near the upper end of our energy range where the infrasonic/
acoustic set has the best overall global coverage. One possible reason
for the difference is the small number of statistics associated with the
infrasound/acoustic data (only 19 events in total). Alternatively, a
large range in meteoroid porosity may influence the optical light
curve interpretation, potentially making an order-of-magnitude
difference between the estimated and true energy. That the infra-
sonic/acoustic and satellite influx agree in the size range in which
both are accurate (~7-10m) is further evidence that the most of the
flux of bodies striking the Earth is asteroidal, rather than cometary,
as only deeply penetrating bodies can generate infrasonic/acoustic
shocks and thus be detected with these infrasonic/acoustic sys-
tems'>?. Agreement in fit between our power-law extrapolation
(solid line in Fig. 3) and LINEAR data, as well as with the cratering
record and infrasonic/acoustic data at larger sizes, further suggests
that objects of cometary origin make a small contribution to the flux
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of 1-10-m bodies striking the Earth*'.

Using the best fit of these satellite data and extrapolating the
power law to higher energies, we find that the Earth is struck by an
object with the energy of Tunguska (assumed to be 10 Mton) every
1,00078%9 years (with an allowed range from 400 to 1,800 years on
the basis of our most extreme assumptions for luminous efficiency).
We estimate that the Earth is on average struck annually by an object
of energy ~5 kton (with a possible range of 2-10 kton), and struck
each month by an object with 0.3 kton of energy. Every ten years, an
object of energy ~50 kton strikes Earth. O
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