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Abstract. Detailed analysis of one of the largest and well doc-
umented bolides – the Benešov bolide (EN 070591) – has been
performed. The bolide had an initial velocity of 21 km s−1,
reached a maximal absolute magnitude of−19.5 at the altitude
of 24 km and radiated down to 17 km. Detailed photographic
data for the light curve, geometry and dynamics of the main body
and several fragments are available. This enabled us to test the
theoretical radiative-hydrodynamic model used previously for
the analysis of satellite-detected bolides.

The conventional analysis produces a huge discrepancy
between the dynamic (80–300 kg) and photometric (5000–
13,000 kg) mass. The discrepancy might be removed assuming
a low density of 0.5 g cm−3 but this is unrealistic. The radiative-
hydrodynamic modeling yielded a mass of 2000 kg and density
of 1–2 g cm−3. However, the dynamics was not sufficiently well
reproduced.

There is direct observational evidence of meteoroid frag-
mentation at altitudes of 38–31 km and of catastrophic disrup-
tion at 24 km. These, however, do not explain the problem with
the mass. The crucial point is that the bolide was significantly
decelerated already at the altitudes between 50–40 km, while
enormous luminosity was produced below 40 km. We suggest
that the meteoroid must have been fragmented into 10–30 pieces
of a mass of 100–300 kg already at an altitude of 60–50 km. By
creating a progressive fragmentation model with two types of
fragmentation at three different altitude levels, we were able to
reproduce the dynamics and luminosity sufficiently well. The
best estimate of the initial mass is 3000–4000 kg for a density
of 2 g cm−3.

The comparison with the bolide PN 39434 suggests that
the behavior of Beněsov is typical for large stony meteoroids.
Early fragmentation under dynamic pressures of the order of 1
Mdyn cm−2 is very important. The analysis of the light curve
with the radiative-hydrodynamic model can give good order-of-
magnitude estimates of mass, if no dynamic data are available.
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1. Introduction

The atmospheric entry of a large meteoroid is associated with
intense radiation. The characteristics of the bolide (the energy
of the light flash, its duration, the shape of the light curve) may
be used for the assessment of the meteoroid characteristics, e.g.
its kinetic energy. Bolide spectra may give important informa-
tion on the chemical composition of the meteoroids and the
conditions at which the plasma emits radiation (its temperature,
density, degree of equilibrium).

Large meteoroid impacts are relatively rare and the ground
based photographic networks gather the detailed data rather
slowly. This resulted in great interest in the analysis of very
bright meteors detected by the European Fireball Network (EN),
i.e. Beněsov andŠumava (Spurńy 1994; Borovǐcka & Spurńy
1996). Preliminary estimates of the masses of these bolides
were 5–15 tons (the kinetic energy equivalent to the energy
of about 200–600 tons TNT). Satellite-based photoelectric sen-
sors (Tagliaferri et al. 1994) have detected a large number of
bright flashes caused by the entry and disintegration of large
meteoroids in the Earth’s atmosphere. Initial kinetic energies
of these meteoroids are equivalent to the energy of 0.05–40 kt
TNT (Nemtchinov et al. 1997). For the typical velocities of 15–
20 km s−1, this corresponds to masses in the range of 1–1000
tons. Thus, the energy of Benešov andŠumava are near the
lower sensitivity limit of the satellite-based network.

The Satellite Network (SN) system does not measure the
velocity on the trajectory as yet, so dynamical analysis is not
possible. For Beněsov anďSumava we do have data on the trajec-
tory, velocity, light curve, fragmentation points and even on the
spectrum. This enables us to apply the methods developed for
the analysis of smaller meteoroids registered by the European
Network (EN) and Prairie Network (PN). The methods include
the gross-fragmentation model of Ceplecha et al. (1993) and the
spectral model of Borovička (1993).

For the SN bolides, analysis of the light curve is the only
possibility. The classical theory of meteor phenomena (for a re-
view see e.g. Bronsten 1983) assumes that the amount of emitted
energy per unit time is proportional to the kinetic energy of the
mass losses due to ablation. More generally, the emitted energy
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is proportional to the energy deposition into the atmosphere dur-
ing the meteoroid flight (ReVelle 1979, 1980). The coefficient
of proportionality (luminous efficiency) is an empirical con-
stant, determined from the experiments with artificial meteors
created by small, gram-sized high-velocity projectiles (Givens
& Page 1971) or from the analysis of meteors in which not only
the light curve was measured, but characteristics of a meteoroid
(e.g. Innisfree and Lost City) were estimated using some kind
of trajectory analysis combined with data on the recovered me-
teorites (Halliday et al. 1981; Ceplecha 1987, 1996).

There is a great scatter in the empirical values of luminous
efficiency probably caused by the differences in size, shape,
velocity, strength and composition of the meteoroid. One cannot
use a single value of luminous efficiency determined in a limited
number of events for all the meteoroids, especially for very
bright bolides. For large meteoroids the optical thickness of
the shock-heated air and meteoroid vapor stream formed due to
ablation is rather large. In contrast, for very small meteoroids the
air and vapor plasma is optically thin. Moreover, the luminous
efficiency depends on the spectral sensitivity of the sensor used
and one cannot simply take the data obtained in a photographic
observations and use them in the interpretation of photoelectric
measurements and vice versa without caution. Thus there exists
an acute necessity of a theory of the luminous processes for
large meteoroids.

An attempt to create such a theory has been made in a pa-
per by Nemtchinov et al. (1994). A border case of a very large
body has been considered. In that case the optical thickness of
the shock-heated air is so large that no vapor radiation escapes
from the head of the bolide. The temperature characterizing the
spectrum of the radiation is rather high, although lower than the
temperature near the stagnation point of the blunt nose of a me-
teoroid, which is about 20,000 K. Such large bolides, e.g. with
a size of about 30–100 m, should be considered as possible haz-
ardous objects (Morrison et al. 1994; Adushkin & Nemtchinov
1994; Nemtchinov et al. 1996), but happily have not impacted
the Earth for a long time, at least not in this century with the
possible exception of the Tunguska event in 1908.

For smaller bodies which enter the Earth’s atmosphere much
more frequently (of e.g. 1–10 cm), the role of the air radia-
tion is under suspicion. Meteor spectra in the spectral range of
ground-based observations are dominated by the vapor lines and
the characteristic temperature is only about 4000 K (Borovička
1993). The second component of about 10,000 K consists of
only few lines. This component is faint in slow meteors but
relatively bright in meteors of high velocity and contains also
several atmospheric lines, especially in the infrared (Borovička
1994).

Observations clearly show that vapor radiation dominates
at least for meteoroids smaller than∼ 1 m. To describe me-
teor radiation for meteoroids of various sizes taking into ac-
count radiation transfer both in the air and in the vapor, a
radiative-hydrodynamic model has been developed (Golub’ et
al. 1996a). The emerging spectral radiation was computed and
self-consistent values of luminous efficiency and ablation rate
were calculated for different sizes, velocities, altitudes of flight

and meteoroid composition. The model has then been used to
analyze bolide light curves using the so called radiative radius
approach. The observed luminosity was related to an effective
radius causing the same luminosity (Nemtchinov et al. 1994,
1995, 1997; Popova & Nemtchinov 1996a).

The verification of this theoretical model is the main subject
of this paper and two subsequent papers. Here we analyze the
dynamics, light curve and fragmentation of the Benešov bolide.
The theoretical model is described in more detail in Sect. 2. In
Sect. 3, the model is applied to the Benešov bolide and compared
with the analysis done with the Ceplecha et al. (1993) gross-
fragmentation model. The discrepancies found are discussed in
Sects. 4 and 5. The next paper will be devoted to the analysis
of Beněsov bolide spectrum. The last paper of the series will
be devoted to thěSumava bolide, a bolide with quite different
characteristics than Benešov.

2. Theoretical model

2.1. Luminous efficiencies and ablation coefficients

The luminous efficiencies and ablation coefficients used here
for the Beněsov bolide modeling are taken from the radiative-
hydrodynamic model of Golub’ et al. (1996a, 1997). Radiation
transfer in the air and in the meteoritic vapor has been taken
into account. The model is based on the analogy between one-
dimensional nonstationary motion of a cylindrical piston in the
air and the two-dimensional quasistationary flow around the
body (Chernyi 1959; Hayes & Probstein 1959). Detailed tables
of the spectral opacities of iron and chondrite vapors published
by Kosarev et al. (1996) were used. The same data were used for
the analysis of the PN bolides (Popova & Nemtchinov 1996a)
and SN bolides (Nemtchinov et al. 1995, 1997). Luminous co-
efficients in the wavelength range of ground-based optical ob-
servations are given in Table 1. The ablation coefficientσ which
determines the decrease of meteoroid mass with the decrease of
its velocity is presented in Table 2.

It is interesting to note that total radiation losses for large
(with sizes of about 10 cm and larger) iron and H-chondrites and
other meteoroids with rather high iron content do not differ sub-
stantially (no more than by a factor of two or three) from those
of a pure silica body or from values obtained in a framework
of an air-radiation dominated model. This is explained by the
fact that the radiation of the vapor in the ablating piston model
is substantially governed by the radiation emitted by the shock-
heated air, absorbed and re-emitted by the vapor. But we should
keep in mind that the spectrum may be substantially different
and luminous efficiencies in different wavelength ranges (i.e.
for different types of sensors) may differ drastically (Golub’ et
al. 1996b, 1997).

The luminous efficiencies in Table 1 agree to within an order
of magnitude with the empirical values obtained from the anal-
ysis of the photographed meteorite falls (Halliday et al. 1981;
Ceplecha 1996).

The values ofσ in Table 2 are about an order of magnitude
higher than those computed for smooth spherical bodies covered
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Table 1. Fraction of radiative energy emitted in photon energy range
1.88–3.44 eV of the total energy contributed into the air

Height Velocity Radius
km km s−1 0.14 m 1.4 m 14 m
50 30 0.30 0.057 0.13

20 0.013 0.036 0.077
15 0.0074 0.020 0.056
12 0.0052 0.0081 0.030
10 0.0048 0.0040 0.018

40 30 0.038 0.085 0.17
20 0.026 0.061 0.13
15 0.01 0.036 0.095
12 0.0069 0.018 0.059
10 0.0038 0.0068 0.025

30 30 0.066 0.12 0.14
20 0.041 0.098 0.14
15 0.028 0.069 0.11
12 0.016 0.038 0.076
10 0.0083 0.015 0.046

20 30 0.097 0.14 0.15
20 0.075 0.11 0.14
15 0.049 0.069 0.11
12 0.025 0.040 0.078
10 0.011 0.024 0.064

with a special thermal shielding (Biberman et al. 1980). They
agree with the range of empirical values ofσ for meteoritic
bodies of small sizes (ReVelle 1979, 1980; Bronsten 1983).

It is interesting to compare in more detail the resulting ab-
lation coefficients with those determined with the help of a
substantially different method. The gross-fragmentation model
(Ceplecha et al. 1993) was applied to 43 PN bolides (Ceplecha
et al. 1996). In this dynamical method, the observed length and
height are fitted as a function of time. The ablation coefficient is
a free parameter and is assumed constant along the whole trajec-
tory. However, only the part of the trajectory where the body is
being decelerated significantly is crucial for the determination
of the ablation coefficient. This part always lies near the end of
the trajectory, typically at heights below 40 km.

Different groups of meteoroids were recognized by Ce-
plecha & McCrosky (1976) on the basis of their penetration
ability into the Earth’s atmosphere. The existence of the groups
was confirmed also from the distribution of ablation coefficients
(Ceplecha et al. 1993). A typical value of the ablation coeffi-
cient is 0.01 s2 km−2 for group I (ordinary chondrites) and 0.04
s2 km−2 for group II (carbonaceous chondrites). These values
can be compared with the ablation coefficients from Table 2
below 40 km. The latter coefficients decrease with meteoroid
size. The ablation parametersσ for meteoroids with a radius of
about 14 cm at an altitude of 40 km are close to Ceplecha’s esti-
mates for H-chondrite bodies (meteoroid of type I according to
his classification). For type II meteoroids the estimates of Ce-
plecha et al. (1996) are higher:σ ≈ 0.022–0.053 s2 km−2. When

Table 2.Ablation coefficient [s2 km−2] from the model

Height Velocity Radius
km km s−1 0.14 m 1.4 m 14 m
50 30 0.020 0.0094 0.0065

20 0.023 0.012 0.0094
15 0.014 0.012 0.010
12 0.012 0.0076 0.0069
10 0.012 0.0076 0.0046

40 30 0.0094 0.0049 0.0026
20 0.013 0.0075 0.0052
15 0.012 0.0078 0.0059
12 0.0078 0.0050 0.0058
10 0.0078 0.0041 0.0038

30 30 0.0040 0.0022 0.0011
20 0.0056 0.0038 0.0017
15 0.0063 0.0049 0.0024
12 0.0045 0.0042 0.0024
10 0.0031 0.0027 0.0023

20 30 0.0017 0.0009 0.00025
20 0.0025 0.0011 0.00036
15 0.0031 0.0016 0.00055
12 0.0025 0.0016 0.00071
10 0.0018 0.0015 0.00078

the altitude decreases, theoretical ablation parameters also de-
crease and are lower than the average Ceplecha estimates (0.01
s2 km−2 for type I) by a factor of 3–5 at 20 km altitude and
by a factor of 1.5–3 times at 30 km altitude. Possibly, some
additional ablation processes must be taken into account at low
heights.

In the ablating piston model (Golub’ et al. 1996a) mass
losses are dominated by vaporization due to thermal radiation
falling onto the surface of a meteoroid. The ablation process
was assumed to take place uniformly over the surface of a me-
teoroid in accordance with the value of the radiation flux. Melt-
ing, and shedding of the melted layer, are also incorporated into
the model. The mass loss rate due to the shedding of a melt-
ing layer is estimated assuming that the melting layer gradually
flows along the surface of a meteoroid under the pressure gradi-
ent. Separate vaporization of inclusions with a low vaporization
temperature and low specific energy of vaporization and an in-
crease of shedding due to roughness of the surface and rapid
evaporation of inclusions have not been taken into account.

There are some other known limitations of the theory under
consideration. A strict boundary between vapor and air is as-
sumed. But in reality this boundary is unstable and large-eddy
and small-scale turbulent mixing of the vapor and air may occur.
This effect is now being included into a modified ablating piston
model (A.P. Golub’, personal communication), but no numeri-
cal calculations have been obtained as yet. At the present stage
of investigation the tabulated theoretical luminous efficiencies
and ablation coefficients are used to analyze bolide light curves.
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2.2. Radiative radius approach

In the radiative radius approach (Nemtchinov et al. 1994, 1995,
1997), the radius is defined from the light curve. The simplest
way to determine the size of the body at any moment is to
compare the observed intensity with the theoretical values for
different sizes for the given velocity and at the altitude under
consideration and to chose one which gives the best fit of radi-
ation intensity to the light curve.

Assuming some shape of the body and a value of the bulk
density it is easy to obtain the mass of the meteoroid. But to
use this estimate (we call it model R) one needs information on
the velocity of the meteoroid versus altitude and on the breakup
points. Such information is available for the Prairie Network
(PN) and European Network (EN) bolides.

For the case of the satellite observational system in most
cases trajectory tracking has not been done as yet. In this case
another technique has been used (Svetsov et al. 1995). Indirect
integration of the system of equations of meteoroid motion, ab-
lation and radiation allows us to obtain the initial parameters.
The functionsm(t), R(t), v(t) andh(t) (mass, radius, velocity
and height as a function of time) may be found, if we use the
initial velocity as initial data and the height at peak signal and
the velocity at the end of the radiation impulse as boundary con-
ditions. A numerical solution can be calculated by an iterative
procedure. The values of initial mass and size at the beginning
of the light signal follow from the numerical solution. A precise
value of the terminal velocity is of little importance, because the
main part of the numerical solution is not appreciably influenced
by its value for most of the bolides. The coefficients of ablation
and luminosity are calculated beforehand and are considered as
given functions of radius, height, velocity, and assumed type of
meteoroid.

Obtaining the initial mass and size from the solution, we
can assess the initial density of the body, assuming that the me-
teoroid is not very elongated or very flattened. For the Benešov
bolide we shall calculate masses using this estimate (S model)
and estimate R – and of course the usual dynamic mass and
compare them. Model S is in fact a combination of the instan-
taneous radiation radius technique (model R) and the usual dy-
namic method.

Comparison of the ablation piston model with observations
for some of the PN bolides was already given in Popova &
Nemtchinov (1996a). The light intensity depends substantially
on the type of fragmentation. If a small number of large frag-
ments are formed and they diverge due to aerodynamic forces
between them (Passey & Melosh 1980; Artem’eva & Shuvalov
1996) after a short period of interaction between the fragments
they begin to move and emit radiation independently. There is
no substantial increase in the intensity and the radiation radius.

If a large number of fragments is formed, the smallest frag-
ments rapidly evaporate, and a cloud of fragments and vapor,
bounded by a common bow shock-wave, expands under aero-
dynamic forces acting on the leading edge of the cloud (Svetsov
et al. 1995). The result is an intense flash. In this case fragmen-
tation is taken into account in a simplified manner. For the cloud

of fragments and vapor the same single-body model is used as
for the unfragmented body. A rapid increase in the size of the
cloud of small fragments and vapor was modeled in the frame-
work of a liquid-like model. The size of a cloud giving the same
light intensity as the observed cloud is the radiative radius. The
dependence of this radius on the altitude is the result of obser-
vations. Of course, intermediate regions may exist, e.g. at the
first breakup only large fragments are formed but later gross-
fragmentation may follow. It is difficult to predict which type
of fragmentation will occur in a particular event and additional
analysis of the observational data is necessary.

3. Analysis of the Beněsov bolide with the radiative radius
model

The Beněsov bolide (EN 070591) entered the atmosphere al-
most vertically with an initial velocity of about 21 km s−1 and
reached a maximum absolute stellar magnitude of−19.5 mag
(Borovička & Spurńy 1996). It penetrated deeply into the at-
mosphere; the last point at which the velocity of one of the
fragments has been determined (5 km s−1) is at 19 km. The
type of fragmentation accompanied by obvious brightening of
the bolide (similar to observed for SN bolides) was registered
during the flight. Several fragmentation events were directly vis-
ible on the photographs (Spurný 1994). The trajectories of the
fragments deviating slightly from the main trajectory could be
directly measured (Borovička & Spurńy 1996).

The Beněsov bolide was simulated using the radiative ra-
dius approach in the same way as has been done for satellite
registered (SN) bolides (Svetsov et al. 1995; Nemtchinov et al.
1994, 1997). Unlike the SN bolides, not only the light curve
and height of maximum intensity, but also the trajectory slope
and initial and terminal velocities are well known for Benešov
from the observations. The light curve is shown in Fig. 1a. Only
the heights below 50 km, where the simulations were done, are
shown. The quasi periodic fluctuations obvious especially at the
beginning of the light curve are an artifact caused by the rotating
shutter.

The resulting effective radiative radius as a function of
height is shown in Fig. 1b. The radius shows two major maxima
– the main at an altitude of about 24 km and other below 40 km, at
altitudes of 38–31 km. A substantial increase of radiative radius
is interpreted in the model as fragmentation of the meteoroid
creating a cloud of vapor and small fragments. The intervals in
which the radiative radius increases really correspond with the
observed fragmentation events (see below).

The calculated decrease of mass with height is shown in
Fig. 1d. The initial mass estimate is about 2000 kg. This is lower
than the estimate of Borovička & Spurńy (1996), i.e.M ∼
5000–13,000 kg. The high value of the terminal mass (about
1000 kg) is probably due to an underestimation of theoretical
ablation rates below 30 km (Popova & Nemtchinov 1996a). An
artificial increase of these rates close to their quasi-empirical
values (Ceplecha et al. 1993) does not change the initial mass
estimate but decreases the end mass value by a factor of two to
three.
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Fig. 1a–d.Numerical simulation of the light
curve of the Beněsov bolide by the radiative
radius model:a observed light curve,b sim-
ulated radiative radius,c simulated velocity
(thick line), d simulated mass. The veloc-
ity curve obtained as a result of fitting ob-
servational data by the gross-fragmentation
model is shown as the thin line in panel c

The density of the meteoroid, calculated from the mass and
effective radius before the fragmentation, seems to be about 1–
2 g cm−3. The density determination in this model is slightly
uncertain because it depends on the assumed shape and the drag
coefficients. The estimate R may be used for the Benešov bolide
only above 40 km, as below this altitude fragmentation is ev-
ident. It allows us to obtain a meteoroid mass of about 2000–
4000 kg for an assumed density of 2 g cm−3 or 4000–8000 kg
for ρ = 3.7 g cm−3. These values are close to the photomet-
ric mass and substantially greater than the dynamic mass. This
divergence will be discussed below.

The radiative radius model can be checked by comparison
of the predicted and observed deceleration along the trajectory.
The deceleration curve was obtained from observations with the
help of the gross-fragmentation model of Ceplecha et al. (1993).
The time-length data along the bolide trajectory below altitude
50 km were fitted to obtain the best solution. This procedure
revealed the main fragmentation point as discussed below. The
resulting deceleration curve is shown by the thin line in Fig. 1c
– the theoretical curve based on the radiative radius approach is
given by the thick line.

The curves coincide rather well above an altitude of 24 km,
where the catastrophic disruption of the body occurred. The
more rapid velocity decrease below 24 km for the theoretical
model is caused by the creation of a spreading cloud of vapor and
small fragments in the last gross-fragmentation. The end of the
observed light curve and deceleration curve after the flare relates

to fragments which survived the disruption. They continue their
ways independent from each other and this leads to violation of
the single-body model used in the simulation. Exclusion of the
last points on the light curve from the simulation allows us to
get a better termination of the velocity and mass dependencies.

To compare the model results directly with observations,
length as a function of time along the meteoroid trajectory was
determined (Fig. 2). The thick line shows the difference be-
tween the observed (lobs) and computed (lcom) lengths for the
theoretical radiative radius model. The thin line is a result of the
application of the gross-fragmentation model mentioned above.
In the latter model the observed lengths are directly fitted, so
the residualslobs − lcom show only random variations caused
by the inaccuracy of the measurements. The standard deviation
of one measurement is 17 meters.

The radiative radius model shows larger deviations. Apart
from the main difference below 24 km discussed above, a
smaller deviation is observed also at the time 0.7–1.0 s cor-
responding to altitudes 36–31 km. (Time is counted here from
the beginning of the simulations at altitude 51.2 km). This devia-
tion reaches about 150 m at maximum which is not a particularly
large value, nevertheless it is significant. The deviation demon-
strates the fact that the meteoroid was being decelerated between
the altitudes 50–37 km more than predicted in the model (see
also Fig. 1c). At altitudes around 35 km, the increasing effec-
tive radius caused more deceleration in the model, the predicted
velocity decreased and the length difference began to decrease.
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Fig. 2.Comparison of the length along the meteor trajectory as a func-
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At first sight, it seems that the gross-fragmentation model
of Ceplecha et al. (1993) describes the bolide better. It fits the
dynamics below altitude 50 km quite well. However, if we look
at the parameters of the model, we find that the initial meteoroid
mass in the final solution is only 82 kg for an assumed density
3.7 g cm−3 or 280 kg forρ = 2 g cm−3. This low mass is
quite understandable considering the fact that the meteoroid
was significantly decelerated already at altitudes between 40
and 50 km. However, this mass is in strong discrepancy with
the extreme brightness of the bolide. The initial photometric
mass was determined to be 5000–13,000 kg by Borovička &
Spurńy (1996). Even if we considered an unrealistically high
luminous efficiency of the order of 30% and possible errors in
photometry, the initial meteoroid mass could not be lower than
1000 kg.

To display the difference between dynamic and photomet-
ric mass, the computed and observed light curve were plotted
(Fig. 3). The computed light curve includes the luminosity of the
main body and the observed fragments (see Sect. 4), summed at
each altitude, and the contribution of the dust released at each
fragmentation event and evaporated in a short time interval. The
dust was simulated as a fragment with an ablation coefficient of
0.08 s2 km−2. The empirical luminous efficiency was used in
this case (see Eq. (1) below).
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Fig. 3. The comparison of the observed light curve and the light curve
computed on the basis of the dynamical solution and the luminous
efficiency as given in the text

The observed and computed light curve between 50 and
20 km show some common characteristics but the predicted
brightness is much lower than observed. At 50–45 km and
around 28 km, where probably no fragmentation occurred, the
difference is about 3 mag, i.e. the photometric mass loss is 10–
20 times higher than the mass loss rate derived from the dy-
namics. The beginning of fragmentation at about 45 km initi-
ated a steeper increase of brightness than predicted. A violent
fragmentation between 37–29 km and around 24 km produced
bright maxima, with larger amplitude and width than predicted,
indicating that much more dust was present and enhancing the
discrepancy between the total dynamic and photometric mass.

Some parameters are free in the gross-fragmentation model.
The ablation coefficient, drag coefficient, meteoroid density and
shape are assumed to be constant. The product of the drag co-
efficient and the shape coefficient was assumed to beΓA = 1.2
which means a relatively flat body considering a realistic value
of Γ ∼ 0.7. The size of the meteoroid decreases due to ablation
and fragmentation. The mass was computed assuming a density
of 3.7 g cm−3. For 2 g cm−3 the resulting initial mass would
be 280 kg. To obtain 5000 kg, an unrealistically low density of
0.5 g cm−3 would be needed. We consider this density unre-
alistic because the bolide penetrated deep into the atmosphere,
survived a relatively large dynamic pressure of 90 Mdyn cm−2

and very probably produced meteorites. The body was almost
certainly an ordinary or carbonaceous chondrite, so the density
was not lower than 2 g cm−3.

In summary, the gross-fragmentation model does not pro-
vide a self-consistent solution for the Benešov bolide. There
is an order-of-magnitude difference between the dynamic and
photometric mass. The radiative radius model is based on the
light curve analysis, so the light is explained automatically. The
dynamics is explained relatively well above 24 km, neverthe-
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less also in this case the real deceleration between 40–50 km
is larger than modeled. Moreover, the physical reasons for the
substantial increase in effective radius are to be established.

Probably, the high intensity radiation at the altitudes of about
50–40 km is determined by the motion of a large number of
fragments; that motion is somehow equivalent to the motion of a
large low density single body with radius 60–80 cm, increasing
to 100–150 cm due to aerodynamic loading and spreading at
low altitudes (below 40 km). The largest surviving fragment
determines the dynamical mass. The real mass of the Benešov
meteoroid is much larger than its dynamical mass, and that is
probably caused by its fragmentation at high altitudes. We will
discuss this scenario in Sect. 5.

3.1. Bolide PN 39434

The Beněsov bolide is not an exceptional one. There are some
other bolides for which there is a great difference between dy-
namic, photometric and radiation masses. Another big bolide
demonstrating such discrepancy is PN 39434, registered by the
Prairie Network. It was a bright (−14 mag) bolide, although less
intensive than the Benešov one and has a lower initial velocity
14.2 km s−1. The divergence between the dynamic and photo-
metric masses reaches about 70 times. The photometric mass is
about 2000 kg, the dynamic mass is less than 30 kg (forρ = 3.7
g cm−3). This bolide had a rather high intensity and begun to
decelerate at high altitudes (of about 50 km), as Benešov did.

Our estimates with the help of radiative radius approach
is less than photometric one (by a factor of two), but greater
than dynamic one by a factor of about 40. The resulting density
is too low to be physically realistic for a body that has pene-
trated so deeply. The estimate of the radiative radius for this
bolide is rather large (about 80–100 cm) at altitudes 40–50 km,
it decreases with decreasing height (in contrary to Benešov)
probably due to ablation, up to the terminal small increase. The
pressure loading is smaller than that for Benešov bolide; its
maximum is about 22 Mdyn cm−2.

The earlier beginning of deceleration and the high value of
the radiative radius may be arguments for the existence of a
really big radiative volume due to early disruption. Attempts to
reproduce simultaneously light and deceleration curves of this
bolide in the framework of a single-body model run into the
same problems as for Benešov: a rather high intensity at the
end of trajectory simultaneously with rapid deceleration causes
assumption of a low density for the bolide. So this bolide is
probably caused by a body which was fragmented at rather high
altitudes and later was flying as a swarm of fragments.

In the next section we will analyze the geometry and dynam-
ics of individually observed fragments to obtain more data on
the fragmentation of Benešov meteoroid. The data given here
extend and update the information given in Borovička & Spurńy
(1996).
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Fig. 4. The measured geometry of eight individual fragments of
Beněsov bolide. The individual positional measurements are given as
squares. Larger squares belong to the main body. Note the highly en-
hanced scale on the y-axis. The lateral deviation represents in fact the
projection to the plane perpendicular to the line of sight

4. Direct observational evidences of Benešov fragmentation

The fragments of the Benešov bolide were studied on the spec-
tral record covering the lower part of the bolide trajectory. There
are two regions of fragmentation. Five fragments are visible
around altitude 30 km. These fragments deviate from the main
trajectory and are all much fainter than the main body. They
were measured on the zero spectral order. Some information on
velocity was obtained for four of the fragments.

Below altitude 23 km the main trajectory splits into three
measurable individual trajectories. As the zero order image is
out of the field of view below altitude 21 km, the end of the
fragment trajectories were measured on the sodium line in the
first order spectrum. The sensitivity is lower in the first order
and it can be expected that the fragments would be visible to
lower altitudes on the zero order than on the first order. The
bolide was visible down to 17 km in the fish-eye image where
the individual fragments cannot be resolved.

The geometry of all fragments is displayed in Fig. 4. The
positional measurements of the fragments are given with the
lateral distance scale highly enhanced. Straight lines are drawn
through the measured points. There seems to be a cyclic trend
in the positions of fragment 2, but it is probably insignificant.
In fact, the lateral deviations are projections on the plane per-
pendicular to the line of sight from Ondřejov. Around altitude
30 km, the fragments could be separated only if they deviated
laterally at least 20 meters from the bright main body. Only if
they were visible in the shutter breaks was a smaller deviation
sufficient (fragment 4).

In Table 3, some data for individual fragments as derived
from Fig. 4 are given. The separation altitude and the angle of
separation were determined from the intersection of the trajec-
tories of the fragment and the main body. The first detection
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Table 3. Individual fragment data

Fragment No. 1 2 3 4 5 6 7 8

Separation height [km] – 32.6 31.0 30.9 27 23.4 23.8 42
± 0.1 0.1 0.5 5 0.6 0.5 2
Separation angle [deg] – 0.89 1.00 0.24 0.06 0.25 0.35 0.23
± 0.02 0.02 0.03 0.05 0.07 0.06 0.04
First detection [km] 33.3 31.1 29.8 28.5 22.6 22.6 22.6 33.8
Last detection [km] 29.5 24.8 25.7 25.0 19.9 19.4 19.6 29.1
Relative brightness 4 5 3 4 15 20 20 1
Theoretical separation angle* [deg] – 0.16 0.17 0.17 0.25 0.32 0.28 0.077

* see Sect. 5.5

means the altitude at which the fragment was first seen as a
separate piece. The last detection is where the fragment dis-
appeared. Fragment 1 is peculiar because it moves toward the
main trajectory. The last detection of fragment 1 is where it ap-
proached the main body too closely to be separated. Fragment 1
was probably derived not from the main body but from fragment
8. Fragment 8, however, is much fainter than fragment 1. The
approximate relative brightness of fragments as estimated from
the visual inspection of the negatives is also given in Table 3.

The separation heights show that fragments 3 and 4 were
probably formed at the same point at the altitude of 31 km and
fragments 5, 6, 7 have their common origin at the main body
breakup at the altitude of about 24 km. The separation angle
for different fragments is up to 1 degree. It means a maximum
lateral separation velocity of the order of 300 m s−1. Due to the
projection geometry, this is a lower limit.

In addition to the geometry, time marks could be measured
on most fragment trajectories. A good velocity profile is avail-
able for fragments 2, 3, 6, 7 and some information on the
velocities of fragments 1, 5, 8 was also obtained. The gross-
fragmentation model of Ceplecha et al. (1993) was applied to
the time marks (i.e. shutter breaks) to obtain dynamical data on
the fragments.

The dynamics of fragment 6 were solved together with the
main body below altitude 55 km. A single-body solution pro-
duced a large systematic trend of residuals. Nevertheless, a frag-
mentation solution was found which removed the system com-
pletely (see Fig. 2, thin line). The fragmentation point could be
found with a precision to one shutter break in this method. It was
found to occur at altitude 23.5 km. This is in agreement with the
geometric solution (see Table 3). The ablation coefficient in the
fragmentation solution is 0.007 s2 km−2. The resulting initial
dynamic mass of the main body of 82 kg is unrealistically small
with regard to the bolide luminosity as discussed above. At the
fragmentation point, the dynamic mass decreased from 31 kg to
5 kg.

The same procedure as for fragment 6 was followed for frag-
ment 7. The fragmentation point was found one shutter break
earlier, at 24.2 km. This is consistent, within the error, with the
common origin of fragments 6 and 7. Nevertheless, the possibil-
ity that fragment 7 was separated a few hundred meters higher
(a few hundredth of a second earlier) than fragment 6, as sug-

gested by both the geometric and dynamic solution, remains.
The ablation coefficient in the solution for fragment 7 is 0.006
s2 km−2.

The gross-fragmentation model was able to find the major
fragmentation point correctly. The presence of other fragmenta-
tions was also suggested by the existence of a so called unrealis-
tic solution (see Ceplecha et al. 1993) but the standard deviation
of the fit was higher in this case and Benešov could therefore be
classified as a bolide with one major fragmentation. The model
also provided a reasonable ablation coefficient but the initial
mass is in severe contradiction with the photometric mass.

Fragments 2 and 3 were solved separately. In both cases a
single body solution with low ablation coefficient (0.0025 and
0.0015 s2 km−2, respectively) was found. Surprisingly, when
extrapolating the velocity to the separation height, it was found
that the velocity was much lower there than the velocity of the
main body at the same height. This must be interpreted to mean
that fragments 2 and 3 were not separated directly from the main
body but from some undetected primary fragments which fol-
lowed the trajectory of the main body but were more strongly
decelerated. The separation height of the primary fragments is
not known, but when inspecting the light curve, a relatively
steep increase of brightness at 37.5 km is found. We succeeded
in forming a consistent fragmentation sequence assuming that
three primary fragments separated at 37.5 km and the observed
fragments 1 to 4 and 8 were produced by secondary fragmenta-
tion of these primary fragments.

The situation is shown in Figs. 5–7. In Fig. 5 the velocities
of all fragments are given as a function of altitude. The ablation
coefficient 0.002 s2 km−2 was assumed for the hypothetical
fragments. The heights of the secondary fragmentations were
known from the geometry. The velocities at those points were
obtained by the backward extrapolation of the velocities fitted
to the observed secondary fragments. The initial masses of the
primary fragments were adjusted to obtain the desired velocity
at the secondary fragmentation points.

The data on the fragments are presented schematically in
Fig. 6. The dynamic masses, ablation coefficients, velocities,
fragmentation heights and computed theoretical brightness are
given. The dynamic masses were computed for an assumed den-
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Fig. 5. Velocity curves of the fragments of Benešov bolide as deter-
mined from fitting and extrapolation by the gross-fragmentation model.
The thick segments represent the intervals where the velocity was mea-
sured. Thin solid lines represent the extrapolation of fragment velocities
and the dashed lines belong to hypothetical fragments not directly seen

sity of 3.7 g cm−3. The brightness was computed schematically
from the luminosity equation including the deceleration term:

I = −τ(v)
(

v2

2
dm

dt
+ mv

dv

dt

)
(1)

The magnitudeM = −2.5 log I is given in Fig. 3. For the
luminous efficiency the valuelog τ = −12.99 + 0.106v was
assumed forv < 13 km s−1, log τ = −11.90 + 0.022v for
13 < v < 17 km s−1, and log τ = −11.59 + 0.0033v for
v > 17 km s−1 which corresponds to 0.5% for 5 km s−1, 1.8%
for 10 km s−1 and 4.5% for 20 km s−1. Due to the low abla-
tion coefficient, the deceleration term produced most of the pre-
dicted luminosity. The fragments 2, 3, and 8 ceased to be visible
when their computed magnitude was about−6. This enabled us
to estimate the mass of fragment 4 and the terminal height of
fragment 1, both quantities not directly derivable from observa-
tions. For fragments 5–7 the sensitivity limit is somewhat higher
due to their observations in the first order spectrum. The actual
magnitudes of the fragments could not be measured due to their
vicinity to the main body and to the strong overexposure of the
original negative.

The fragmentation sequence presented here is, of course,
only one possibility to explain what was seen. Many more frag-
ments probably existed which could not be identified on the
negative. In addition, not only macroscopic fragments but also
some tiny particles and dust must have been released at each
fragmentation point. This is expressed in Fig. 6 by the fact that
the total mass of the produced macroscopic fragments is always
lower than the mass of the body before fragmentation.

Fig. 6 should be understood rather as a table schematically
presenting the data and not having the correct scaling. Better
impression of the fragmentation process can be obtained from
Fig. 7. Here the fragments are displayed in true geometrical
positions relative to the main body at nine different instants of
time.

5. Modeling the fragmentation

The disagreement between the values of the dynamical mass,
photometric mass and the mass from the radiative radius makes
it necessary to continue the analysis. We shall try to fit the ob-
servational data on the velocity and light intensity assuming
that the flight and radiation of several fragments is governed by
the well-known system of equations of meteor physics (see e.g.
Bronsten 1983) with some additional assumptions on fragmen-
tation. Our aim is not to develop a new and quite general model
but to demonstrate that severe early fragmentation can account
for the observed discrepancies.

5.1. Modes of fragmentation

There are different models of meteoroid breakup (Svetsov et
al. 1995). The liquid-like (hydrodynamic, “pancake”) models
imply that the heavy fragmentation takes place in the whole
meteoroid which continues its flight as a single body with in-
creasing cross-section. There are slightly different equations for
velocity of radius growth in the literature (Svetsov et al. 1995);
we shall assume that the velocity of radius increaseU may be
written as follows:

U = K1v
√

ρa/ρ (2)

wherev is the velocity of the body,ρ is the density of the body,
ρa is the atmospheric density andK1 is a constant. A heavily
fragmented body may be treated as a cloud of small fragments
and vapor.

On the other hand, the models of progressive fragmenta-
tion suppose that individual fragments are separated, i.e. frag-
ments rapidly move apart and then travel independently from
one another. Fragments may be also disrupted again in deeper
atmosphere layers.

The real distribution of fragments on mass and their relative
positions and interaction after a breakup are unknown. The mass
distribution determined in experiments of catastrophic disrup-
tion (Fujiwara et al. 1989) was therefore used:

dN/dm = Cmk/3−2, k = 1.2 (3)

The recovered fragments of the H-chondrite Mbale meteorite
(Jenniskens et al. 1994) also were described by this distribution.

If we assume first fragmentation into a big number of frag-
ments and one or several fragmentation stages at lower altitudes
we cannot avoid the problem of aerodynamic interaction be-
tween a large number of small fragments. This problem is a
very complicated one even if we know the number and shape of
the fragments formed. But this is not the case, so we shall use a
simplified model.

According to estimates by Passey & Melosh (1980), Melosh
(1989), and numerical simulations by Artem’eva & Shuvalov
(1996) the lateral velocity appearing after fragment formation
is

U = K2v
√

ρa/ρ (4)
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Fig. 6. The probable hierarchy of Benešov
fragmentation. The dynamic data (altitude,
mass, velocity, ablation coefficient) and de-
rived theoretical magnitudes of individual
fragments and the main body are given. The
geometry is only schematic

where the value ofK2 depends on the number and shape of
the fragments and may be estimated asK2 ∼ 0.1–1.2 for frag-
ments with equal masses (Artem’eva & Shuvalov 1996; Passey
& Melosh 1980). This law is equivalent to Eq. (2) for the veloc-
ity of radius increase in the liquid-like model. The interaction
between the fragments practically disappears for a distance be-
tween fragments larger than about two times the size of the
fragments.

5.2. Coefficients used

In the analysis of the Lost City meteoroid the combination of
drag coefficientΓand shape factorAwas estimated asΓA ∼ 1.1
(Ceplecha 1996). A similar value (ΓA = 1.2) was also used in
evaluating the dynamical mass and deceleration. For a spherical
body this value is about 0.6, for a cubic cylinder (L = 2R) ΓA ∼
0.92, for a flat cylinder (L = R) ΓA ∼ 1.46. In order to get
a better agreement with the deceleration curve, the cylindrical
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Fig. 7.Video-like view of observed Benešov fragmentation. The positions of fragments as visible from Ondřejov at fixed time instants are shown.
The altitude is plotted on the vertical axis in each panel. The distance from the main trajectory is on the horizontal axis. The size of the symbols
is proportional to the theoretical magnitude of the fragment. The time is counted from the passage through altitude 50 km

shape withL = 1.5R (ΓA ∼ 1.12) was assumed for both the
unfragmented meteoroid and the fragments after breakup.

For the luminosity and ablation rates, theoretical values
given in Tables 1 and 2 were used. The ablation coefficients
determined with the help of the gross-fragmentation model var-
ied from 0.0015 up to 0.007 s2 km−2 for different fragments
and the main body (Fig. 6). These values are comparable or
lower than the theoretical values. They are lower than the typ-

ical ablation coefficient of type I bolides. We prefer to use in
the following the theoretical values with their theoretical depen-
dencies on altitude, velocity and size. The luminous efficiencies
and ablation coefficients for small fragments outside the range
of Tables 1 and 2 were obtained by extrapolation.

For the coefficientK1 in Eq. (2) various values were tried.
Finally, when fitting the observed light curve of Benešov, the
value of 0.3 proved to be the best.K2 was set to unity.
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5.3. High altitude fragmentation

We cannot avoid the discrepancies in the deceleration at higher
altitudes considering a single-body meteoroid with high enough
mass. We therefore consider the possibility of high-altitude frag-
mentation.

At altitude 50 km the pressure at the blunt nose of the body
reaches 5 Mdyn cm−2; this is a typical breakup pressure of
meteoroids (Ceplecha et al. 1993). The Benešov bolide is one
of the largest bolides detected by the ground-based photographic
network. The larger the size of the impacting body the easier
it is to find a fault or a crack leading to fragmentation under
the aerodynamic loading. Thus we anticipate that the breakup
pressure may be as low as 1–5 Mdyn cm−2 and the first breakup
may have occurred at an altitude of about 50–60 km. This value
belongs to the lower half of typical pressure values causing gross
fragmentation of PN bolides studied (Ceplecha et al. 1993). We
cannot even exclude that the bolide was initially a tight swarm
of loosely bound fragments.

We do not see fragments separating from the main body at
high altitudes due to their rather low lateral velocity. According
to estimate (4) at altitude 50 km (ρa ∼ 10−6 g cm−3, ρ = 2
g cm−3) the lateral velocityU = 1

1400v for K2 = 1. For v =
20 km s−1 we haveU = 14 m s−1. The space resolution of the
ground-based photographic system of observations is not better
than +20 m, so one cannot detect fragments deviating from the
main trajectory for more than 1 sec and cannot discriminate if
a single body or a swarm of fragments are moving along the
trajectory.

No flare which could be associated with the assumed
breakup is present in the light curve at altitudes 50–60 km.
This suggests that only large fragments have been formed or,
at least, that small quickly evaporating dust constitutes only a
small fraction of the mass. The absence of small fragments de-
celerated significantly behind the main body is confirmed by
the absence of visible trails in the shutter breaks.

The aerodynamic interaction between the fragments prac-
tically disappears for a distance between fragments larger than
about two times the size of the fragments, which is no more
than 1 meter. Thus aerodynamic interaction between fragments
becomes negligible in a fraction of a second.

An estimate of pressure loading mentioned above allows us
to suppose that the meteoroid fragmentation occurred at higher
altitudes. In this case at medium altitudes the intensity may be
the sum of the light emitted by a swarm of fragments, and the
deceleration relates only to the leading fragment.

5.4. Progressive fragmentation

After the high altitude breakup, further fragmentation events
certainly followed. It is therefore possible to consider Benešov
in the frame of the progressive fragmentation model (such a
model has already been used by Popova & Nemtchinov (1996b)
for the Sikhote-Alin iron shower). The fragments were divided
into five mass bins after the first breakup and further simulations
were done only for a representative fragment mass in each bin.

The radiation radius and light curve of Benešov allow us to
suggest the existence of breakup points at altitudes of about 40–
35 km. So, some part of the fragments was disrupted at these
heights. Another part with the mass of the leading fragment,
close to the dynamical mass estimate (of about 280 kg forρ = 2
g cm−3) survived up to the last catastrophic disruption at the
altitude of 24 km, where a cloud of vapor and small fragments
was evidently formed.

We supposed that the strength of the fragments formed (ex-
cept the leading ones) increases proportionally to the relation
between fragment mass and mass under disruption to the power
α. The exponentα is about 0.4–0.5 (Svetsov et al. 1995). The al-
titude of breakup was a prescribed value for leading fragments.
The leading fragment with a mass corresponding to dynamical
estimates is the biggest one. The considered mass range of frag-
ments is rather small because it was necessary to get agreement
with the deceleration curve.

One possible scenario is shown in Fig. 5.4. The meteoroid,
with initial mass of 4000 kg, and bulk densityρ = 2 g cm−3

disintegrates at 56 km height. The distribution of fragments over
mass in the first breakup is shown in Fig. 8a by squares. The
body may fragment into 25 pieces with mass from 100 up to
280 kg under the breakup pressure of about 2 Mdyn cm−2.
Later at altitudes of about 39–32 km most of these fragments
may break up under a pressure loading of about 25–30 Mdyn
cm−2 into a large number of relatively small pieces (with a
mass of about 1–10 kg) (stars in Fig. 8a) and some of them are
fragmented once more at lower altitudes. The fragments from
different bins break up at slightly different heights due to mass
difference. The resulting small pieces decelerate more rapidly
than the unfragmented part of mass (Fig. 8b), which survives
until break-up into a spreading cloud at 24 km. About 800–
1000 kg of total mass suffers the last fragmentation.

The resulting light curve is shown in Fig. 8c in comparison
with the observed one. Successive fragmentation allows us to
reproduce the growth of intensity in the light flare at altitude
about 40–35 km although it doesn’t describe the first intensity
maximum wholly satisfactorily. The shape of the light pulse
depends on the assumed distribution of fragments over mass.
The light intensity rises more sharply if fragments of smaller
sizes are formed in every breakup.

Different configurations of fragments may appear after a
breakup due to their hydrodynamic interaction (Artem’eva &
Shuvalov 1996). The fragments formed may interact with each
other. The interaction of a large number of small fragments may
lead to the creation of a cloud of small fragments and vapor
preceded by a common bow shock wave. It is probable that
such a cloud of fragments was formed not only at the altitude
of 24 km, but at 40–35 km, too. For its description we shall use
the liquid-like model.

It was assumed again that the first fragmentation height was
about 55 km and that the mass distribution at this altitude was
the same as in the previous example (Fig. 8a). The independent
clouds of vapor and small fragments were formed during the
next fragmentation stage at altitudes below 40 km. Some of the
first-stage fragments are flying unbroken up to the final breakup
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Fig. 8a–d. Modeling the Beněsov bolide
with the progressive fragmentation model.
a Distribution of fragments by mass at the
breakup moments (squares – at 60 km alti-
tude, stars – at 40–36 km). The initial mass
is 4000 kg,b Deceleration curves of vari-
ous modeled fragments and of the observed
main body (thin line),cModeled (thick line)
and observed (thin line) light curve,d Same
as c) but under assumption that disruption at
the 39–35 km altitude created clouds of frag-
ments and vapor and that the initial mass was
3000 kg

at altitude 24 km. To get a better agreement with the flare ampli-
tude, the initial mass of Benešov was assumed to be 3000 kg in
this case. The mass disintegrated in the last fragmentation event
is about 1200–1500 kg. The resulting light curve is shown in
Fig. 8d. It is in general agreement with the observed curve. The
two peaks of the first flare are produced due to the assumption
of different breakup heights for different mass bins.

In summary, the progressive fragmentation model together
with some additional assumptions allows us to reproduce the
light and deceleration curve simultaneously. The mass estimate
for the Beněsov meteoroid is about 3000–4000 kg for a bulk
density of 2 g cm−3. The decrease of bulk density decreases the
radius of fragments and increases the number of pieces.

5.5. Fragmentation details

In this section we compare some results of the progressive
fragmentation model with the data on the observed fragments
(Sect. 4). We should, however, keep in mind that only fragments
sufficiently separated from the main body could be observed and
these form only a minority of the existing fragments.

The size of the cloud of vapor and small fragments in the
model is defined by the largest fragments in the cloud. They
determine the divergence angle of the cone, while smaller frag-
ments and the vapor are filling this cone and are entrained into
the wake of the leading fragments. Deceleration is determined
by the total mass of the cloud, while the angle of divergence is

determined by the processes at the moment of fragmentation.
That is the main difference between the simple pancake model
and our approach, which we may call the model of the cone-like
diversion of the cloud of fragments and vapor stabilized by the
largest solid fragments.

According to Eq. (4) it is possible to estimate the separation
angles for fragments formed at different altitudes. Separation
angles computed by using Eq. (4) in assumptionρ = 2 g cm−3

andK2 = 1 are compared with the observed angles in Table 3.
One might expect an increase of angle with the increase of the
air density. But no systematic trend in the deviation angle is
present.

For three fragments at altitude around 30 km the observed
angles are of the same order of magnitude as the theoretical
ones. For two other fragments they are bigger by a factor of
6. According to Passey & Melosh (1980), Eq. (4) should be
modified by a factor of(M/mf )1/2, taking into account the
relation between the fragment massesmf and the mass of the
main bodyM . If M � mf , this may increase substantially
the theoretical separation angles. However, according to our
interpretation in Fig. 6, fragments 2 and 3 were formed by a
secondary disruption into pieces of the same order of mass.
Their large separation angle was more probably caused by their
peculiar shape among lots of ordinary fragments. The apparent
cyclic trajectory of fragment 2 (Fig. 4) may support this idea.
At lower altitudes, around 25 km, fragments are observed to
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Fig. 9. Video-like view of modeled Benešov fragmentation. The alti-
tude is plotted on the vertical axis, and the distance from the main
trajectory is on the horizontal axis. The time is counted from the pas-
sage through altitude 50 km. The size of symbols is not connected with
the relative brightness of the fragment groups. Only at the last instant
the two brightest groups are marked also by squares. Compare to Fig. 7

deviate at an angle of about 0.25–0.3◦ in agreement with the
predicted values.

As far as the other parameters are concerned, the calculated
fragment velocities at altitude about 25 km are about 6–9 km
s−1, fragment masses are about 1.4–7 kg (or about 0.4–2 kg for
ρ = 3.7 g cm−3). These values are also close to the dynamic
estimates given in Fig. 6. It should be remembered, that the
dynamic mass estimates given in Fig. 6 were obtained for an
assumed bulk density of 3.7 g cm−3.

The modeling video-like pictures are demonstrated in Fig. 9
at the same moments as for the observed one (Fig. 7). Sep-
arated fragments were not considered in the last catastrophic
fragmentation, so the last three instants were excluded. Every
star corresponds to some group of fragments. The position of the
fragments at different times are close to the observed positions,
although the number of fragments is substantially larger in the
modeling. The main difference appears at the last times consid-

ered, pointing out a difference in deceleration. This is probably
caused by a difference in ablation rates. The main part of the
fragments formed is small, and an extrapolation of theoretical
luminous efficiencies should be used in estimates of radiation, so
we do not compare the precise intensity for different fragments.
Only at the last instant the two brightest groups of fragments
are marked additionally by open squares. The estimated mag-
nitude for some fragments is below−6 mag or−7 mag so they
may have become invisible by that time. The lateral deviation
was estimated by absolute value and supposed to appear in one
direction, so the resulting picture has less symmetry than the
observed one.

The description of meteoroid breakups presented is not a
precise solution, many arbitrary parameters exist. Some rough
approximations were used in the modeling. Nevertheless, com-
parison of these two video-like records allow us to conclude that
they resemble each other rather closely.

6. Conclusions

Detailed analysis of the dynamics, fragmentation and light curve
of one of the largest and well documented bolides – the Benešov
bolide – has been performed. There is a large difference between
the dynamic mass of about 80–300 kg and the photometric mass
(5000–13,000 kg). This difference may be eliminated assuming
low initial density of meteoroid (ρ0 ∼ 0.5 g cm−3), but this
assumption contradicts the deep penetration of Benešov bolide.

At altitudes of 39–34 km and below 25 km the radiative ra-
dius increases rapidly and this clearly indicates severe fragmen-
tation at these altitudes. This fragmentation has been confirmed
by direct observation of fragments deviating from the main tra-
jectory. Nevertheless, this late fragmentation cannot account for
the mass discrepancy.

It has been suggested that at altitudes of about 50–60 km
the Beněsov meteoroid has been already fragmented. Due to
the low lateral velocity of the fragments at these altitudes, the
fragments do not diverge to distances larger than 20 m laterally,
which is the resolution of photographic measurements. Since
only relatively large fragments are formed, no flare on the light
curve is produced. The fragmentation cannot be detected dy-
namically, because of negligible change of deceleration at these
altitudes. So neither method is able to locate the fragmentation
point.

If the meteoroid is fragmented and fragments are flying in-
dividually the observed deceleration and dynamic mass are de-
termined by the leading fragment, while the total mass of the
fragments is larger than that of the leader. Thus usage of the
light curves for mass estimates may give more reliable results
than the dynamical analysis at least in some cases.

To describe the Benešov bolide completely, the progressive
fragmentation model has been used. It was assumed that at alti-
tudes of about 50–60 km a number of large fragments (10–30)
has been formed with a mass of about dynamical mass esti-
mate. The total mass is about 3000–4000 kg. The first breakup
occurred when pressure is of the order of 1–5 Mdyn cm−2 and
that doesn’t contradict typical values of breakup pressure for



J. Borovicka et al.: Bolides produced by impacts of large meteoroids into the Earth’s atmosphere. I 727

PN and EN bolides keeping in mind the rather large initial mass
of Beněsov.

Motion, ablation and radiation of all the fragments during
some period of time has been described individually. Descend-
ing to lower altitudes, fragments continued to disintegrate (pro-
gressive fragmentation) due to increased aerodynamic loading.
At altitude about 39–37 km gross-fragmentation of fragments
occurred and bolide luminosity increased dramatically. Some
compact fragments survived and were disrupted only at alti-
tudes about 24 km under the dynamic pressure of 90 Mdyn
cm−2, causing a major flash. This final flash could be described
in the framework of a liquid-like model.

It is likely that the disruption of the Benešov meteoroid was
very complex (not pure pan-cake or progressive fragmentation
models). Clouds of small fragments and vapor with a common
shock wave were formed, but a number of fragments escaped
from the common motion and moved individually. Some frag-
ments deviated strongly and were observed directly. The frag-
ments dynamics found as a result of numerical simulations is
close to the observed one.

These assumptions allowed us to explain the discrepancy
between the dynamics and radiation or between the dynamic and
photometric masses and to reproduce the intensity and shape of
the light curve.

The behavior of the Benešov meteoroid, its dynamics,
breakup and light flash, is probably typical for big stony me-
teoroids. Smaller meteoroids start to fragment under similar
pressures but there is not enough mass to form so rich a swarm
of fragments with complex mutual hydrodynamics and several
stages of disruption events.

The simplified indirect integration model used for the as-
sessment of the SN bolide characteristics has been applied to
the Beněsov meteoroid and the resulting mass is about 2000 kg,
which is close to the results of the detailed analysis using track-
ing of individual fragments and the progressive fragmentation
model. This gives additional support for using the simplified
model, if no further information is available.

We should note that in this paper the bolide was analyzed
only below altitude about 60 km. The used hydrodynamic mod-
els cannot be applied to higher altitudes. The Ceplecha’s gross-
fragmentation model, when applied to the whole trajectory,
failed to give a solution with non-systematic residuals. So, there
exist some problems at higher altitudes as well. However, these
problems are probably unrelated to the problems discussed here
and the major aspect of the Benešov bolide which is the exten-
sive fragmentation in several stages.

New more sophisticated theoretical models should be de-
veloped in the future for a more precise description of the at-
mospheric entry processes taking into account specific features
found in the course of the study of the Benešov and some other
EN and PN large bolides, i.e. increased ablation rate due to early
fragmentation, turbulent mixing and turbulent diffusion, aero-
dynamic interaction between fragments following in the wake
of the leader or side by side in a tense swarm etc. But at present,
existing models, e.g. the ablating piston model including pro-
gressive fragmentation, seems to be a reasonable first estimate.

The analysis of the Benešov bolide will be continued in the
subsequent paper, where theoretical and observed spectra will be
compared. This comparison will provide additional information
on the ablation and radiation processes.
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