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Abstract. Detailed analysis of one of the largest and well dod-. Introduction

umented bolides — the Besav bolide (EN 070591) — has been ) o ) )
performed. The bolide had an initial velocity of 21 km's The atmospheric entry of a large meteoroid is associated with

reached a maximal absolute magnitude-af).5 at the altitude intense radiation. The characteristics of the bolide (the energy

of 24 km and radiated down to 17 km. Detailed photograph?é the light flash, its duration, the shape of t_he light cur\_/e)_ may
data for the light curve, geometry and dynamics of the main bo_H? u_sed_ for the assesgment of the meteqrqd charactgrlsucs, e.g.
and several fragments are available. This enabled us to testth&inetic energy. Bolide spectra may give important informa-
theoretical radiative-hydrodynamic model used previously f§Pn on the chemical composition of the meteoroids and the
the analysis of satellite-detected bolides. cond!tlons at which thg plgsma emits radiation (its temperature,

The conventional analysis produces a huge discrepai§nsity: degree of equilibrium).
between the dynamic (80-300 kg) and photometric (5000— Large meteoroid impacts are relatively rare and the ground
13,000 kg) mass. The discrepancy might be removed assunh@@ed photographic networks gather the detailed data rather
alow density of 0.5 g cm? but this is unrealistic. The radiative-SIowly. This resulted in great interest in the analysis of very
hydrodynamic modeling yielded a mass of 2000 kg and densi§jght meteors detected by the European Fireball Network (EN),
of 1-2 g cnT 3. However, the dynamics was not sufficiently well-€. Ben&ov andSumava (Spujn1994; Borovtka & Spurry
reproduced. 1996). Preliminary estimates of the masses of these bolides

There is direct observational evidence of meteoroid fra§lere 5-15 tons (the kinetic energy equivalent to the energy
mentation at altitudes of 38-31 km and of catastrophic disrupf-about 200-600 tons TNT). Satellite-based photoelectric sen-
tion at 24 km. These, however, do not explain the problem wigl®rs (Tagliaferri et al. 1994) have detected a large number of
the mass. The crucial point is that the bolide was significan#}ight flashes caused by the entry and disintegration of large
decelerated already at the altitudes between 50—-40 km, wieteoroids in the Earth’s atmosphere. Initial kinetic energies
enormous luminosity was produced below 40 km. We sugg&$tthese meteoroids are equivalent to the energy of 0.05-40 kt
that the meteoroid must have been fragmented into 10-30 pieBY (Nemtchinov et al. 1997). For the typical velocities of 15—
of a mass of 100-300 kg already at an altitude of 60-50 km. B9 km s, this corresponds to masses in the range of 1-1000
creating a progressive fragmentation model with two types §ns. Thus, the energy of Besmy andSumava are near the
fragmentation at three different altitude levels, we were ablel@yver sensitivity limit of the satellite-based network.
reproduce the dynamics and luminosity sufficiently well. The The Satellite Network (SN) system does not measure the
best estimate of the initial mass is 3000-4000 kg for a densiglocity on the trajectory as yet, so dynamical analysis is not
of 2gcni3. possible. For Bermv andsumava we do have data on the trajec-

The comparison with the bolide PN 39434 suggests tHaty, velocity, light curve, fragmentation points and even on the
the behavior of Ber#v is typical for large stony meteoroidsspectrum. This enables us to apply the methods developed for
Early fragmentation under dynamic pressures of the order ofhe analysis of smaller meteoroids registered by the European
Mdyn cm~2 is very important. The analysis of the light curvéNetwork (EN) and Prairie Network (PN). The methods include
with the radiative-hydrodynamic model can give good order-dfie gross-fragmentation model of Ceplecha et al. (1993) and the
magnitude estimates of mass, if no dynamic data are availatsieectral model of Borogka (1993).

For the SN bolides, analysis of the light curve is the only

Key words: meteoroids, meteors 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
Send offprint requests td. Borovicka, (borovic@asu.cas.cz) mass losses due to ablation. More generally, the emitted energy
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is proportional to the energy deposition into the atmosphere dand meteoroid composition. The model has then been used to
ing the meteoroid flight (ReVelle 1979, 1980). The coefficiemnalyze bolide light curves using the so called radiative radius
of proportionality (luminous efficiency) is an empirical conapproach. The observed luminosity was related to an effective
stant, determined from the experiments with artificial metearadius causing the same luminosity (Nemtchinov et al. 1994,
created by small, gram-sized high-velocity projectiles (Giverl995, 1997; Popova & Nemtchinov 1996a).
& Page 1971) or from the analysis of meteors in which notonly The verification of this theoretical model is the main subject
the light curve was measured, but characteristics of a meteoroidhis paper and two subsequent papers. Here we analyze the
(e.g. Innisfree and Lost City) were estimated using some kidgnamics, light curve and fragmentation of the Bamebolide.
of trajectory analysis combined with data on the recovered mEse theoretical model is described in more detail in Sect. 2. In
teorites (Halliday et al. 1981; Ceplecha 1987, 1996). Sect. 3, the modelis applied to the B&oebolide and compared
There is a great scatter in the empirical values of luminousth the analysis done with the Ceplecha et al. (1993) gross-
efficiency probably caused by the differences in size, shafirgmentation model. The discrepancies found are discussed in
velocity, strength and composition of the meteoroid. One canrgxcts. 4 and 5. The next paper will be devoted to the analysis
use a single value of luminous efficiency determined in a limited Bene&ov bolide spectrum. The last paper of the series will
number of events for all the meteoroids, especially for vete devoted to th&umava bolide, a bolide with quite different
bright bolides. For large meteoroids the optical thickness olfiaracteristics than Besav.
the shock-heated air and meteoroid vapor stream formed due to
ablationis rather large. In contrast, for very small meteoroids the .
air and vapor plasma is optically thin. Moreover, the luminou Theoretical model
efficiency depend; on the spectral sensitiyity o_f the sensor u§eg Luminous efficiencies and ablation coefficients
and one cannot simply take the data obtained in a photographic
observations and use them in the interpretation of photoelecifiee luminous efficiencies and ablation coefficients used here
measurements and vice versa without caution. Thus there exigtshe Ben&ov bolide modeling are taken from the radiative-
an acute necessity of a theory of the luminous processes ligdrodynamic model of Golub’ et al. (1996a, 1997). Radiation
large meteoroids. transfer in the air and in the meteoritic vapor has been taken
An attempt to create such a theory has been made in a {pde account. The model is based on the analogy between one-
per by Nemtchinov et al. (1994). A border case of a very largémensional nonstationary motion of a cylindrical piston in the
body has been considered. In that case the optical thicknesgipfand the two-dimensional quasistationary flow around the
the shock-heated air is so large that no vapor radiation escapedy (Chernyi 1959; Hayes & Probstein 1959). Detailed tables
from the head of the bolide. The temperature characterizing ¥fghe spectral opacities of iron and chondrite vapors published
spectrum of the radiation is rather high, although lower than thg Kosarev et al. (1996) were used. The same data were used for
temperature near the stagnation point of the blunt nose of a rife¢ analysis of the PN bolides (Popova & Nemtchinov 1996a)
teoroid, which is about 20,000 K. Such large bolides, e.g. wigid SN bolides (Nemtchinov et al. 1995, 1997). Luminous co-
a size of about 30—100 m, should be considered as possible iedficients in the wavelength range of ground-based optical ob-
ardous objects (Morrison et al. 1994; Adushkin & Nemtchinoservations are given in Takile 1. The ablation coefficiewhich
1994; Nemtchinov et al. 1996), but happily have not impactégtermines the decrease of meteoroid mass with the decrease of
the Earth for a long time, at least not in this century with thiés velocity is presented in Table 2.
possible exception of the Tunguska event in 1908. It is interesting to note that total radiation losses for large
For smaller bodies which enter the Earth’s atmosphere mugtith sizes of about 10 cm and larger) iron and H-chondrites and
more frequently (of e.g. 1-10 cm), the role of the air radi@ther meteoroids with rather high iron content do not differ sub-
tion is under suspicion. Meteor spectra in the spectral rangestintially (no more than by a factor of two or three) from those
ground-based observations are dominated by the vapor lines @héd pure silica body or from values obtained in a framework
the characteristic temperature is only about 4000 K (Bdiavi of an air-radiation dominated model. This is explained by the
1993). The second component of about 10,000 K consistsfaét that the radiation of the vapor in the ablating piston model
only few lines. This component is faint in slow meteors busg substantially governed by the radiation emitted by the shock-
relatively bright in meteors of high velocity and contains alseeated air, absorbed and re-emitted by the vapor. But we should
several atmospheric lines, especially in the infrared (Bdtavi keep in mind that the spectrum may be substantially different
1994). and luminous efficiencies in different wavelength ranges (i.e.
Observations clearly show that vapor radiation dominatéd different types of sensors) may differ drastically (Golub’ et
at least for meteoroids smaller than 1 m. To describe me- al. 1996b, 1997).
teor radiation for meteoroids of various sizes taking into ac- The luminous efficiencies in Tatilé 1 agree to within an order
count radiation transfer both in the air and in the vapor, & magnitude with the empirical values obtained from the anal-
radiative-hydrodynamic model has been developed (Golub’ysis of the photographed meteorite falls (Halliday et al. 1981,
al. 1996a). The emerging spectral radiation was computed &beplecha 1996).
self-consistent values of luminous efficiency and ablation rate The values ofr in Table[2 are about an order of magnitude
were calculated for different sizes, velocities, altitudes of flightigher than those computed for smooth spherical bodies covered
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Table 1. Fraction of radiative energy emitted in photon energy rangeble 2. Ablation coefficient [ km~2] from the model
1.88-3.44 eV of the total energy contributed into the air

Height  Velocity Radius
Height  Velocity Radius km kms?' 014m 14m 14 m
km kms?' 014m 14m 14 m 50 30 0.020  0.0094 0.0065
50 30 0.30 0.057 0.13 20 0.023 0.012  0.0094
20 0.013 0.036  0.077 15 0.014 0.012 0.010
15 0.0074 0.020  0.056 12 0.012 0.0076 0.0069
12 0.0052 0.0081 0.030 10 0.012 0.0076 0.0046
10 0.0048 0.0040 0.018
40 30 0.0094 0.0049 0.0026
40 30 0.038 0.085 0.17 20 0.013  0.0075 0.0052
20 0.026 0.061 0.13 15 0.012  0.0078 0.0059
15 0.01 0.036  0.095 12 0.0078 0.0050 0.0058
12 0.0069 0.018 0.059 10 0.0078 0.0041 0.0038
10 0.0038 0.0068 0.025
30 30 0.0040 0.0022 0.0011
30 30 0.066 0.12 0.14 20 0.0056 0.0038 0.0017
20 0.041 0.098 0.14 15 0.0063 0.0049 0.0024
15 0.028 0.069 0.11 12 0.0045 0.0042 0.0024
12 0.016 0.038 0.076 10 0.0031 0.0027 0.0023
10 0.0083 0.015  0.046
20 30 0.0017 0.0009 0.00025
20 30 0.097 0.14 0.15 20 0.0025 0.0011 0.00036
20 0.075 0.11 0.14 15 0.0031 0.0016 0.00055
15 0.049 0.069 0.11 12 0.0025 0.0016 0.00071
12 0.025 0.040 0.078 10 0.0018 0.0015 0.00078
10 0.011  0.024 0.064

the altitude decreases, theoretical ablation parameters also de-
Srease and are lower than the average Ceplecha estimates (0.01
. 5 o s\‘-{ km~2 for type ) by a factor of 3-5 at 20 km altitude and
agree with the range of empirical values @ffor meteoritic . . .

i i . by a factor of 1.5-3 times at 30 km altitude. Possibly, some
bodies of small sizes (ReVelle 1979, 1980; Bronsten 1983). " . .

o : . . . additional ablation processes must be taken into account at low
It is interesting to compare in more detail the resulting ab-

. . : . . eights.
lation coefficients with those determined with the help of a In the ablating piston model (Golub’ et al. 1996a) mass

Ségsfggﬁzlgirfelr;;; me;h(;d. T.Z(ej ?(;Of;nga%rgﬁg;a“(():nen}gq%ses are dominated by vaporization due to thermal radiation
(Cep ' ) was appl ides (Cep 53 ing onto the surface of a meteoroid. The ablation process

et al. 1996). In this dynamical method, the observed length an s assumed to take place uniformly over the surface of a me-

height are fitted as a fgnction oftime. The ablation CoeﬁiCiemﬂgoroid in accordance with the value of the radiation flux. Melt-
afree parameter and is assumed con;tant along the whole trE}Jne , and shedding of the melted layer, are also incorporated into
tory. However, only the part of the trajectory where the body lRe model. The mass loss rate due to the shedding of a melt-

being decelerated significantly is crucial for the determinaticm layer is estimated assuming that the melting layer gradually

of the ablation coefficient. This part always lies near the end . .
the trajectory, typically at heights below 40 km. ﬁ)fws along the surface of a meteoroid under the pressure gradi

ent. Separate vaporization of inclusions with a low vaporization

Different groups of meteoroids were recognized by C‘?émperature and low specific energy of vaporization and an in-

plecha & McCrosky (1976) on the basis of their penetratiqfieage of shedding due to roughness of the surface and rapid

ability |n]tc_o thedE?rthfS atmrc])sgher% The e}qsttﬁm_:e of th?f_g_m%poration of inclusions have not been taken into account.
was confirmed also from the distribution of ablation COeliCIents  1,qq 4re some other known limitations of the theory under

(Ceplecha et al. 1993). A typical value of the ablation coeffJ:—

ontis 0.01 &km-2 f di hondri 400 onsideration. A strict boundary between vapor and air is as-
clent 'f‘z .01 skm™* for group | (ordinary ¢ on rites) and 0. 4sumed. But in reality this boundary is unstable and large-eddy
s? km~2 for group Il (carbonaceous chondrites). These valu

&nd small-scale turbulent mixing of the vapor and air may occur.

can be compared with the ab_le_ltlon coefficients _from Tﬁme‘[%is effect is now being included into a modified ablating piston
below 40 km. The latter coefficients decrease with meteororwOdel (A.P. Golub’, personal communication), but no numeri-

size. The ablation parametersor meteoroids with a radius of cal calculations have been obtained as yet. At the present stage

about 1f4 C|T akt1 anda!ntul;jedpf 40 km are p(ljosfe to Cleplech:.’s e8¥investigation the tabulated theoretical luminous efficiencies
mates or H-chon rite bodies (meteorq oftype ' according Ihd ablation coefficients are used to analyze bolide light curves.
his classification). For type Il meteoroids the estimates of Ce-

plechaetal. (1996) are higher= 0.022—0.053%km~2. When

with a special thermal shielding (Biberman et al. 1980). Th
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2.2. Radiative radius approach of fragments and vapor the same single-body model is used as

for the unfragmented body. A rapid increase in the size of the

Inthe radiative_ rad_ius approach (Nemt_chinov etal. 199‘_1' 19%%0ud of small fragments and vapor was modeled in the frame-
1997), the radius is defined from the light curve. The simplegh, . of 5 liquid-like model. The size of a cloud giving the same
way to determine the size of the body at any moment is {8y jntensity as the observed cloud is the radiative radius. The
compare t_he observed !ntensny V‘_"th the theoretlcgl values E’épendence of this radius on the altitude is the result of obser-
different sizes for the given velocity and at the altitude undgLions Of course, intermediate regions may exist, e.g. at the
consideration and to chose one which gives the best fit of rafji; hreakup only large fragments are formed but later gross-
ation |nten§|ty to the light curve. fragmentation may follow. It is difficult to predict which type
Assuming some shape of the body and a value of the bikfragmentation will occur in a particular event and additional

density it is easy to obtain the mass of the meteoroid. But @ alysis of the observational data is necessary.
use this estimate (we call it model R) one needs information on

the velocity of the meteoroid versus altitude and on the breakup _ . _ _ o _
points. Such information is available for the Prairie NetworR- Analysis of the Bengov bolide with the radiative radius
(PN) and European Network (EN) bolides. model

For the case of the satellite observational system in mg${e Ben&ov bolide (EN 070591) entered the atmosphere al-
cases trajectory tracking has not been done as yet. In this Gagt vertically with an initial velocity of about 21 knt$ and
another technique has been used (Svetsov et al. 1995). Indifggkhed a maximum absolute stellar magnitude .5 mag
integration of the system of equations of meteoroid motion, a{@oro\,iéka & Spury 1996). It penetrated deeply into the at-
lation and radiation allows us to obtain the initial parametefigosphere; the last point at which the velocity of one of the
The functionsm(t), R(t), v(t) andh(t) (mass, radius, velocity fragments has been determined (5 km)sis at 19 km. The
and height as a function of time) may be found, if we use thgne of fragmentation accompanied by obvious brightening of
initial velocity as initial data and the height at peak signal anfle polide (similar to observed for SN bolides) was registered
the velocity at the end of the radiation impulse as boundary cQfiiring the flight. Several fragmentation events were directly vis-
ditions. A numerical solution can be calculated by an iteratiygie on the photographs (Spyri994). The trajectories of the
procedure. The values of initial mass and size at the beginnﬁaggments deviating slightly from the main trajectory could be
of the light signal follow from the numerical solution. A precistireCﬂy measured (Borogka & Spurty 1996).
value of the terminal velocity is of little importance, because the The Bengov bolide was simulated using the radiative ra-
main part of the numerical solution is not appreciably influencegs approach in the same way as has been done for satellite
by its value for most of the bolides. The coefficients of ab|ati°r’égistered (SN) bolides (Svetsov et al. 1995; Nemtchinov et al.
and luminosity are calculated beforehand and are considere«iggdﬁ 1997). Unlike the SN bolides, not only the light curve
given functions of radius, height, velocity, and assumed type g height of maximum intensity, but also the trajectory slope
meteoroid. and initial and terminal velocities are well known for Béne

Obtaining the initial mass and size from the solution, Weom the observations. The light curve is shown in Fig. 1a. Only
can assess the initial density of the body, assuming that the i heights below 50 km, where the simulations were done, are
teoroid is not very elongated or very flattened. For the Bewe shown. The quasi periodic fluctuations obvious especially at the

bolide we shall calculate masses using this estimate (S modgdyinning of the light curve are an artifact caused by the rotating
and estimat R — and of course the usual dynamic mass agfytter.

compare them. Model S is in fact a combination of the instan- The resulting effective radiative radius as a function of
taneous radiation radius technique (model R) and the usual flgight is shown in Fig. 1b. The radius shows two major maxima
namic method. —the main atan altitude of about 24 km and other below 40 km, at
Comparison of the ablation piston model with observatiorstitudes of 38—31 km. A substantial increase of radiative radius
for some of the PN bolides was already given in Popova & interpreted in the model as fragmentation of the meteoroid
Nemtchinov (1996a). The light intensity depends substantiallyeating a cloud of vapor and small fragments. The intervals in
on the type of fragmentation. If a small number of large fragvhich the radiative radius increases really correspond with the
ments are formed and they diverge due to aerodynamic foregserved fragmentation events (see below).
between them (Passey & Melosh 1980; Artem’eva & Shuvalov The calculated decrease of mass with height is shown in
1996) after a short period of interaction between the fragmeirig. 1d. The initial mass estimate is about 2000 kg. This is lower
they begin to move and emit radiation independently. Theretigan the estimate of Bordika & Spurry (1996), i.e.M ~
no substantial increase in the intensity and the radiation radige00-13,000 kg. The high value of the terminal mass (about
If a large number of fragments is formed, the smallest fra@000 kg) is probably due to an underestimation of theoretical
ments rapidly evaporate, and a cloud of fragments and vapaiv|ation rates below 30 km (Popova & Nemtchinov 1996a). An
bounded by a common bow shock-wave, expands under aediicial increase of these rates close to their quasi-empirical
dynamic forces acting on the leading edge of the cloud (Svets@mlues (Ceplecha et al. 1993) does not change the initial mass
etal. 1995). The resultis an intense flash. In this case fragmestimate but decreases the end mass value by a factor of two to
tation is taken into account in a simplified manner. For the clotitree.
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The density of the meteoroid, calculated from the mass atodfragments which survived the disruption. They continue their
effective radius before the fragmentation, seems to be aboutilays independent from each other and this leads to violation of
2 g cnT 2. The density determination in this model is slightlthe single-body model used in the simulation. Exclusion of the
uncertain because it depends on the assumed shape and thdasagoints on the light curve from the simulation allows us to
coefficients. The estimate R may be used for the Beméolide get a better termination of the velocity and mass dependencies.
only above 40 km, as below this altitude fragmentation is ev- To compare the model results directly with observations,
ident. It allows us to obtain a meteoroid mass of about zoo%ngth as a function of time a|ong the meteoroid trajectory was
4000 kg for an assumed densitf2g cm? or 4000-8000 kg determined (Fig[]2). The thick line shows the difference be-
for p = 3.7 g cnr®. These values are close to the photomefveen the observed.f) and computedi(,.,) lengths for the
ric mass and substantially greater than the dynamic mass. Tthisoretical radiative radius model. The thin line is a result of the
divergence will be discussed below. application of the gross-fragmentation model mentioned above.

The radiative radius model can be checked by comparislinthe latter model the observed lengths are directly fitted, so
of the predicted and observed deceleration along the trajectding residuals,,s — lcom Show only random variations caused
The deceleration curve was obtained from observations with thethe inaccuracy of the measurements. The standard deviation
help of the gross-fragmentation model of Ceplecha et al. (1998).one measurement is 17 meters.

The time-length data along the bolide trajectory below altitude The radiative radius model shows larger deviations. Apart
50 km were fitted to obtain the best solution. This procedufi@gm the main difference below 24 km discussed above, a
revealed the main fragmentation point as discussed below. Bpgaller deviation is observed also at the time 0.7-1.0 s cor-
resulting deceleration curve is shown by the thin line in Fig. ¥8sponding to altitudes 36—31 km. (Time is counted here from
—the theoretical curve based on the radiative radius approacthisheginning of the simulations at altitude 51.2 km). This devia-
given by the thick line. tion reaches about 150 m at maximum which is not a particularly

The curves coincide rather well above an altitude of 24 krarge value, nevertheless it is significant. The deviation demon-
where the catastrophic disruption of the body occurred. Thtrates the factthatthe meteoroid was being decelerated between
more rapid velocity decrease below 24 km for the theoretidéle altitudes 50-37 km more than predicted in the model (see
modelis caused by the creation of a spreading cloud of vapor aisb Fig. 1c). At altitudes around 35 km, the increasing effec-
small fragments in the last gross-fragmentation. The end of tiiiee radius caused more deceleration in the model, the predicted
observed light curve and deceleration curve after the flare relate®ocity decreased and the length difference began to decrease.
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Fig. 2. Comparison of the length along the meteor trajectory as a fui
tion of time determined in the simulatioh.{,) and directly observed

(l_obs_). The_length dlffere_nce obtained in th(_e sw_nulatlon with the r"20 km show some common characteristics but the predicted
diative radius approach is shown by the thick line. The squares r

resent individual length measurements (shutter breaks). The valueb”ghtm':'SS is much lower than observed. At_ 50-45 km and
lobs — leom determined by fitting the observational data by the gros&round 28 km, where probably no fragmentation occurred, the
fragmentation model are given by a thin line with circles. The zedifference is about 3 mag, i.e. the photometric mass loss is 10—
point of the relative time was set at altitude 51.2 km 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
At first sight, it seems that the gross-fragmentation mocbright maxima, with larger amplitude and width than predicted,
of Ceplecha et al. (1993) describes the bolide better. It fits lindicating that much more dust was present and enhancing the
dynamics below altitude 50 km quite well. However, if we loo discrepancy between the total dynamic and photometric mass.
atthe parameters of the model, we find that the initial meteorc  Some parameters are free in the gross-fragmentation model.
mass in the final solution is only 82 kg for an assumed densThe ablation coefficient, drag coefficient, meteoroid density and
3.7 g cnt? or 280 kg forp = 2 g cm 3. This low mass is shape are assumed to be constant. The product of the drag co-
quite understandable considering the fact that the meteorefficient and the shape coefficient was assumed fode- 1.2
was significantly decelerated already at altitudes between wkich means a relatively flat body considering a realistic value
and 50 km. However, this mass is in strong discrepancy WighT" ~ (.7. The size of the meteoroid decreases due to ablation
the extreme brightness of the bolide. The initial photometrighd fragmentation. The mass was computed assuming a density
mass was determined to be 5000-13,000 kg by BOkav& of 3.7 g cnt3. For 2 g cnT? the resulting initial mass would
Spurry (1996). Even if we considered an unrealistically highe 280 kg. To obtain 5000 kg, an unrealistically low density of
luminous efficiency of the order of 30% and possible errors 5 g cn? would be needed. We consider this density unre-
photometry, the initial meteoroid mass could not be lower thaflistic because the bolide penetrated deep into the atmosphere,
1000 kg. survived a relatively large dynamic pressure of 90 Mdyrmém
To display the difference between dynamic and photometnd very probably produced meteorites. The body was almost
ric mass, the computed and observed light curve were plottettainly an ordinary or carbonaceous chondrite, so the density
(Fig.[3). The computed light curve includes the luminosity of theas not lower than 2 g cnr¥.
main body and the observed fragments (see Sect. 4), summed atn summary, the gross-fragmentation model does not pro-
each altitude, and the contribution of the dust released at eade a self-consistent solution for the B&og bolide. There
fragmentation event and evaporated in a short time interval. Tisean order-of-magnitude difference between the dynamic and
dust was simulated as a fragment with an ablation coefficientgiffotometric mass. The radiative radius model is based on the
0.08 € km~2. The empirical luminous efficiency was used iight curve analysis, so the light is explained automatically. The
this case (see Ed.]J(1) below). dynamics is explained relatively well above 24 km, neverthe-

The observed and computed light curve between 50 and
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less also in this case the real deceleration between 40-£ 45 40 A315titude, 13‘6“ 55 20
is larger than modeled. Moreover, the physical reasons fc I e S

substantial increase in effective radius are to be establishe

Probably, the high intensity radiation at the altitudes of al
50-40 km is determined by the motion of a large numbe
fragments; that motion is somehow equivalent to the motior

0.121

, km
o
o
®

large low density single body with radius 60—80 cm, increa .§ ]

to 100-150 cm due to aerodynamic loading and spreadi - 0-047 ]
low altitudes (below 40 km). The largest surviving fragm -3 ] R

determines the dynamical mass. The real mass of the®e = 0.00+—=—=—*= = A
meteoroid is much larger than its dynamical mass, and tt § ] .

p_robably c_aused by_ it_s fragmentation at high altitudes. We -0.041
discuss this scenario in Selct. 5. 1

(- E—

3.1. Bolide PN 39434 45 50 55 60 65 70 5
Length along the trajectory, km

The Bengov bolide I_S not an (.axceptlonal.one. There are s Fig.4. The measured geometry of eight individual fragments of
othe_r bolides for Wh'Ch there_ '5_ a great difference betvyeer Bene&ov bolide. The individual positional measurements are given as
namic, photometric and radiation masses. Another big b gquares. Larger squares belong to the main body. Note the highly en-
demonstrating such discrepancy is PN 39434, registered t  hanced scale on the y-axis. The lateral deviation represents in fact the
Prairie Network. It was a bright{14 mag) bolide, although les projection to the plane perpendicular to the line of sight

intensive than the BeBev one and has a lower initial veloc

14.2 km s''. The divergence between the dynamic and ph _ _ _ . _

about 2000 kg, the dynamic mass is less than 30 kgifer3.7  1hg fragments of the Begiev bolide were studied on the spec-

g cm?). This bolide had a rather high intensity and begu 5 record covering the lower part of the bolide trajectory. There
decelerate at high altitudes (of about 50 km), as Bemelid.  5re o regions of fragmentation. Five fragments are visible

Our estimates with the help of radiative radius approaanound altitude 30 km. These fragments deviate from the main
is less than photometric one (by a factor of two), but greatgajectory and are all much fainter than the main body. They
than dynamic one by a factor of about 40. The resulting densityere measured on the zero spectral order. Some information on
is too low to be physically realistic for a body that has pengelocity was obtained for four of the fragments.
trated so deeply. The estimate of the radiative radius for this Below altitude 23 km the main trajectory splits into three
bolide is rather large (about 80—100 cm) at altitudes 40-50 kmeasurable individual trajectories. As the zero order image is
it decreases with decreasing height (in contrary to Bewe out of the field of view below altitude 21 km, the end of the
probably due to ablation, up to the terminal small increase. Tfifeagment trajectories were measured on the sodium line in the
pressure loading is smaller than that for B&me bolide; its first order spectrum. The sensitivity is lower in the first order
maximum is about 22 Mdyn crif. and it can be expected that the fragments would be visible to

The earlier beginning of deceleration and the high value gwer altitudes on the zero order than on the first order. The
the radiative radius may be arguments for the existence op@lide was visible down to 17 km in the fish-eye image where
really big radiative volume due to early disruption. Attempts tée individual fragments cannot be resolved.
reproduce simultaneously light and deceleration curves of this The geometry of all fragments is displayed in . 4. The
bolide in the framework of a single-body model run into thgositional measurements of the fragments are given with the
same problems as for BeSmy: a rather high intensity at thelateral distance scale highly enhanced. Straight lines are drawn
end of trajectory simultaneously with rapid deceleration causé&ough the measured points. There seems to be a cyclic trend
assumption of a low density for the bolide. So this bolide i8 the positions of fragment 2, but it is probably insignificant.
probably caused by a body which was fragmented at rather higHact, the lateral deviations are projections on the plane per-
altitudes and later was flying as a swarm of fragments. pendicular to the line of sight from Ofejov. Around altitude

T(_) km, the fragments could be separated only if they deviated

ics of individually observed fragments to obtain more data terally at least 20 meters from the bright main body. Only if

the fragmentation of Befev meteoroid. The data given herdney were visible in the shutter breaks was a smaller deviation

extend and update the information given in Boie & Spurry sufficient (fragment 4). o .
(1996). 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

In the next section we will analyze the geometry and dyna
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Table 3.Individual fragment data

Fragment No. 1 2 3 4 5 6 7 8
Separation height [km] - 326 31.0 309 27 234 238 42
+ 01 01 05 5 06 05 2
Separation angle [deg] - 089 100 024 0.06 0.25 0.35 0.23
+ 0.02 0.02 0.03 0.05 0.07 006 0.04
First detection [km] 333 311 298 285 226 226 226 338
Last detection [km] 295 248 257 250 199 194 196 29.1
Relative brightness 4 5 3 4 15 20 20 1
Theoretical separation angle* [deg] - 016 0.17 0.17 0.25 0.32 0.28 0.077
*gsee Secf. 55

means the altitude at which the fragment was first seen agested by both the geometric and dynamic solution, remains.
separate piece. The last detection is where the fragment dike ablation coefficient in the solution for fragment 7 is 0.006
appeared. Fragment 1 is peculiar because it moves towardshkm—2.

main trajectory. The last detection of fragment 1 is where it ap- Th ¢ tati del ble to find th .
proached the main body too closely to be separated. Fragmept 1 € gross-ragmentation modet was able to find the major

was probably derived not from the main body but from fragme @gmentation point correctly. The presence of other fragmenta_-
8. Fragment 8, however, is much fainter than fragment 1. THgns was also suggested by the existence of aso called unreqlls-
approximate relative brightness of fragments as estimated frB solution (see Ceplecha etal. 1993) butthe standard deviation

the visual inspection of the negatives is also given in Table P the fit was higher in this case and Béoe could therefore be

The separation heights show that fragments 3 and 4 Weclr%ssn‘led as a bolide with one major fragmentation. The model

probably formed at the same point at the altitude of 31 km arz%(ljS ° p_ro_vided a reasonab_le_ ablafcion coefficient b”t the initial
fragments 5, 6, 7 have their common origin at the main bog)}/ass is in severe contradiction with the photometric mass.
breakup at the altitude of about 24 km. The separation angle Fragments 2 and 3 were solved separately. In both cases a
for different fragments is up to 1 degree. It means a maximuingle body solution with low ablation coefficient (0.0025 and
lateral separation velocity of the order of 300 i sDue to the  0.0015 € km~2, respectively) was found. Surprisingly, when
projection geometry, this is a lower limit. extrapolating the velocity to the separation height, it was found
In addition to the geometry, time marks could be measuréuht the velocity was much lower there than the velocity of the
on most fragment trajectories. A good velocity profile is avaimain body at the same height. This must be interpreted to mean
able for fragments 2, 3, 6, 7 and some information on thieat fragments 2 and 3 were not separated directly from the main
velocities of fragments 1, 5, 8 was also obtained. The grosmdy but from some undetected primary fragments which fol-
fragmentation model of Ceplecha et al. (1993) was appliedltoved the trajectory of the main body but were more strongly
the time marks (i.e. shutter breaks) to obtain dynamical datadecelerated. The separation height of the primary fragments is
the fragments. not known, but when inspecting the light curve, a relatively
The dynamics of fragment 6 were solved together with ttséeep increase of brightness at 37.5 km is found. We succeeded
main body below altitude 55 km. A single-body solution pro# forming a consistent fragmentation sequence assuming that
duced a large systematic trend of residuals. Nevertheless, a fithgee primary fragments separated at 37.5 km and the observed
mentation solution was found which removed the system cofragments 1 to 4 and 8 were produced by secondary fragmenta-
pletely (see Fid.]2, thin line). The fragmentation point could B®n of these primary fragments.
found with a precision to one shutter break in this method. It was o - .
found to occur at altitude 23.5 km. This is in agreement with th(? The situation is shown in FigEl B-7. In Ag. 5 the velocities

. . : L all fragments are given as a function of altitude. The ablation
geometric solution (see Talilé 3). The ablation coefficient in tﬁgefﬁcient 0.002 3 km~2 was assumed for the hypothetical

fnagments. The heights of the secondary fragmentations were
nown from the geometry. The velocities at those points were
fragmentation point, the dynamic mass decreased from 31 k optained by the backward extrapolation of the velocities fitted
' y 95%he observed secondary fragments. The initial masses of the

5 kg. : . : . .
f h I
The same procedure as for fragment 6 was followed forfrapnmary ragments were adjusted to obtain the desired velocity

ment 7. The fragmentation point was found one shutter bre%&the secondary fragmentation points.

earlier, at 24.2 km. This is consistent, within the error, with the The data on the fragments are presented schematically in
common origin of fragments 6 and 7. Nevertheless, the possilfilg.[6. The dynamic masses, ablation coefficients, velocities,

ity that fragment 7 was separated a few hundred meters higfragmentation heights and computed theoretical brightness are

(a few hundredth of a second earlier) than fragment 6, as sgg/en. The dynamic masses were computed for an assumed den-

fragmentation solution is 0.007 &m~2. The resulting initial
dynamic mass of the main body of 82 kg is unrealistically sm
with regard to the bolide luminosity as discussed above. At t
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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
54— for the observed discrepancies.

33 36 34 32 30 28 26 24 22 20

Altitude, km
5.1. Modes of fragmentation
Fig. 5. Velocity curves of the fragments of Besm bolide as deter-
mined from fitting and extrapolation by the gross-fragmentation moddihere are different models of meteoroid breakup (Svetsov et
The thick segments represent the intervals where the velocity was mala-1995). The liquid-like (hydrodynamic, “pancake”) models
sured. Thinsolid lines represent the extrapolation of fragment velocitigsply that the heavy fragmentation takes place in the whole
and the dashed lines belong to hypothetical fragments not directly seggteoroid 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);
sity of 3.7 g cn13. The brightness was computed schematicallye shall assume that the velocity of radius incredsmay be
from the luminosity equation including the deceleration termyitten as follows:

I=—7(v) (”;Cz? +muj:> 1) U=Kwypa/p 2

Velocity, km/s

) o o wherev is the velocity of the bodyy is the density of the body,
The magnitudelM = —2.5log is given in Fig[B. For the , ‘is the atmospheric density ar, is a constant. A heavily

luminous efficiency the valubg 7 = —12.99 + 0.106v Was  fragmented body may be treated as a cloud of small fragments
assumed fov < 13 km s7!, log7 = —11.90 + 0.022v for g4 vapor

_1 _ '
13 < v < 17km s, andlogT = —11.59 + 0.0033v for On the other hand, the models of progressive fragmenta-

—1 .
v>17kms ) which coorresponds t°10'5% forSkms 1.8% ion suppose that individual fragments are separated, i.e. frag-
fpr 10 km_ S and 4.5% for 2_0 km's". Due to the low abla- op¢g rapidly move apart and then travel independently from
tion coefficient, the deceleration term produced most of the pres., - other. Fragments may be also disrupted again in deeper
dicted luminosity. The fragments 2, 3, and 8 ceased to be ViSiQ'ﬁnosphere layers.
when their computed magnitude was abe@t This enabled us The real distribution of fragments on mass and their relative

;0 estlm?tle Lh(ihmass totf frag”t‘fjf“ 4ﬂanc§i the kt;lerr;nlnal hS'ghtE%sitions and interaction after a breakup are unknown. The mass
ragment 1, both quantities not directly derivable Trom ObSeVgrsy tion determined in experiments of catastrophic disrup-
tions. For fragments 5-7 the sensitivity limitis somewhat h|gh% (Fujiwara et al. 1989) was therefore used:

due to their observations in the first order spectrum. The actuap ' '

magnitudes of the fragments could not be measured due to theif/q,,, — cm*/3-2 1 — 1.2 3)
vicinity to the main body and to the strong overexposure of the
original negative. The recovered fragments of the H-chondrite Mbale meteorite

The fragmentation sequence presented here is, of coufSenniskens et al. 1994) also were described by this distribution.
only one possibility to explain what was seen. Many more frag- If we assume first fragmentation into a big number of frag-
ments probably existed which could not be identified on thgents and one or several fragmentation stages at lower altitudes
negative. In addition, not only macroscopic fragments but alg@ cannot avoid the problem of aerodynamic interaction be-
some tiny particles and dust must have been released at aa@en a large number of small fragments. This problem is a
fragmentation point. This is expressed in Eig. 6 by the fact thagry complicated one even if we know the number and shape of
the total mass of the produced macroscopic fragments is alwgys fragments formed. But this is not the case, so we shall use a
lower than the mass of the body before fragmentation. simplified model.

Fig.[6 should be understood rather as a table schematically According to estimates by Passey & Melosh (1980), Melosh
presenting the data and not having the correct scaling. Be{tg989), and numerical simulations by Artem’eva & Shuvalov
impression of the fragmentation process can be obtained fron996) the lateral velocity appearing after fragment formation
Fig.[d. Here the fragments are displayed in true geometriggl
positions relative to the main body at nine different instants of

time. U= Kov\/pa/p 4)
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50 km
94 kg
21.0 km/s
-12.3

0.007 s?/km?

84 kg
-13.8

3.1 kg K 37.5km, 20.2 km/s
kg K
-10.8_ " AN
e \ \2.2 kg
0.0022km2~" 704q [\ S208
7 -13.7 |\ *

2.9kg ,.” 8 \
-10.9 -~ -

34.2 km, 18.6 km/s
0.17 kg

-8.7 1.5kg

-10.6

0.001 s?/km?
0.0025 s2/km?

29.5 km
14.0 km/s
1.3 kg

0.0025 s?/km?
29.1 km

9.5 km/s -10.0

0.15 kg

-6.1
29 km
-14.2

0.006 s?/km?2

0.007 s?/km?

23.5 km, 13.6 km/s

0.007 s2/km?

24.0 km 24.8 km
6.1 km/s 6.4 km/s
1.0 kg 0.7 kg
6.0 25.7 km 5.9
25.0 km 6.9 km/s
6.6 km/s 0.45 kg
35kg 0.66 kg 5.7
13.7 5.9
4.7 kg 24.2 km, 14.3 km/s

Fig. 6. The probable hierarchy of Bebev
10.6 km 104 km fragmentation. The dynamic data (altitude,
5.1 km/s 19.9 km 5.3 km/s mass, velocity, ablation coefficient) and de-
_26-77kg 5.3 km/s 2.8 kg rived theoretical magnitudes of individual
: 2.0 kg 6.7
-6.6

fragments and the main body are given. The
geometry is only schematic

where the value of<, depends on the number and shape &f2. Coefficients used
the fragments and may be estimatedgs~ 0.1-1.2 for frag-

ments with equal masses (Artem’eva & Shuvalov 1996; Passey

& Melosh 1980). This law is equivalent to EG] (2) for the velocln the analysis of the Lost City meteoroid the combination of
ity of radius increase in the liquid-like model. The interactiofirag coefficient’ and shape factot was estimated ds4 ~ 1.1
between the fragments practically disappears for a distance ieeplecha 1996). A similar valu¢'@ = 1.2) was also used in

tween fragments larger than about two times the size of tRgaluating the dynamical mass and deceleration. For a spherical
fragments.

body this value isabout 0.6, fora cubic cylindér& 2R)T'A ~
0.92, for a flat cylinder L. = R) ’'A ~ 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 Besev fragmentation. The positions of fragments as visible fron¥€jod 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 (I'A ~ 1.12) was assumed for both theical ablation coefficient of type | bolides. We prefer to use in
unfragmented meteoroid and the fragments after breakup. the following the theoretical values with their theoretical depen-
. ) _ dencies on altitude, velocity and size. The luminous efficiencies
For the luminosity and ablation rates, theoretical valueg,y apation coefficients for small fragments outside the range

given in Tableg1l anfl2 were used. The ablation coefficierbtfs-rameﬂ anfl2 were obtained by extrapolation.
determined with the help of the gross-fragmentation model var-

ied from 0.0015 up to 0.0072&km~2 for different fragments For the coefficient<; in Eq. (2) various values were tried.
and the main body (Fid.l 6). These values are comparableFimally, when fitting the observed light curve of Bé&oe, the
lower than the theoretical values. They are lower than the tyalue of 0.3 proved to be the besf; was set to unity.
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5.3. High altitude fragmentation The radiation radius and light curve of B&ow allow us to

. . . ) ) uggest the existence of breakup points at altitudes of about 40—
We cannot avoid the discrepancies in the deceleration at hlgég km. So, some part of the fragments was disrupted at these

altitudes considering a single-body meteoroid with high eno“%ights. Another part with the mass of the leading fragment,
mass. We therefore consider the possibility of high-altitudefra&bse to the dynamical mass estimate (of about 280 kg fer2

mentation. cmi~3) survived up to the last catastrophic disruption at the

Ataltitude 50 km the pressure at the blunt nose of the bodyiy,de of 24 km, where a cloud of vapor and small fragments
reaches 5 Mdyn cr?; this is a typical breakup pressure ofvas evidently formed.

meteoroids (Ceplecha et al. 1993). The Banebolide is one " We supposed that the strength of the fragments formed (ex-
ofthe largestbolides detected by the ground-based photographif; the leading ones) increases proportionally to the relation
network. The larger the size of the impacting body the easigyeen fragment mass and mass under disruption to the power
it is to find a fault or a crack leading to fragmentation undej 1e exponent is about 0.4-0.5 (Svetsov et al. 1995). The al-
the aerodynamic loading. Thus we anticipate that the breakii e of preakup was a prescribed value for leading fragments.
pressure may be as low as 1-5 Mdynchand the firstbreakup e |eading fragment with a mass corresponding to dynamical
may have occurred at an altitude of about 50-60 km. This valygimates is the biggest one. The considered mass range of frag-

belongs to the lower half of typical pressure values causing grossnys is rather small because it was necessary to get agreement
fragmentation of PN bolides studied (Ceplecha et al. 1993). \W&, the deceleration curve.

cannot even exclude that the bolide was initially a tight swarm One possible scenario is shown in Figl 5.4. The meteoroid

of loosely bound fragments. ) ) with initial mass of 4000 kg, and bulk density= 2 g cn3

~ We do not see fragments separating from the main bodyfdintegrates at 56 km height. The distribution of fragments over
high altitudes due to their rather low lateral velocity. According,ass in the first breakup is shown in Fig. 8a by squares. The
to estimate[(4) at altitude 50 kmp{ ~ 107° g cm™?, p = 2 o4y may fragment into 25 pieces with mass from 100 up to
g cm?) the lateral velocity) = 1550 for K = 1. Forv = 280 kg under the breakup pressure of about 2 Mdym%m
20km s~ we havel/ = 14 m s~'. The space resolution of the| ater at altitudes of about 39—32 km most of these fragments
ground-based photographic system of observations is not be,t,t%{y break up under a pressure loading of about 25-30 Mdyn
than +20 m, so one cannot detect fragments deviating from tha-2 into a large number of relatively small pieces (with a
ma!n trajectory for more than 1 sec and cannot qiscriminatqﬁass of about 1-10 kg) (stars in Fig. 8a) and some of them are
a single body or a swarm of fragments are moving along ti@gmented once more at lower altitudes. The fragments from
trajectory. different bins break up at slightly different heights due to mass

No flare which could be associated with the assumegfference. The resulting small pieces decelerate more rapidly
breakup is present in the light curve at altitudes 50-60 kipan the unfragmented part of mass (Fig. 8b), which survives
This suggests that only large fragments have been formed @il break-up into a spreading cloud at 24 km. About 800—
at least, that small quickly evaporating dust constitutes only1§00 kg of total mass suffers the last fragmentation.
small fraction of the mass. The absence of small fragments de- Tpe resulting light curve is shown in Fig. 8c in comparison
celerated significantly behind the main body is confirmed Ryjth the observed one. Successive fragmentation allows us to
the absence of visible trails in the shutter breaks. reproduce the growth of intensity in the light flare at altitude

The aerodynamic interaction between the fragments pragyout 40-35 km although it doesn't describe the first intensity
tically disappears for a distance between fragments larger thaaximum wholly satisfactorily. The shape of the light pulse
about two times the size of the fragments, which is no mogepends on the assumed distribution of fragments over mass.
than 1 meter. Thus aerodynamic interaction between fragmemkg light intensity rises more sharply if fragments of smaller
becomes negligible in a fraction of a second. sizes are formed in every breakup.

An estimate of pressure loading mentioned above allows us Different configurations of fragments may appear after a
to suppose that the meteoroid fragmentation occurred at highgsakup due to their hydrodynamic interaction (Artem’eva &
altitudes. In this case at medium altitudes the intensity may 8auvalov 1996). The fragments formed may interact with each
the sum of the light emitted by a swarm of fragments, and taeher. The interaction of a large number of small fragments may
deceleration relates only to the leading fragment. 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
After the high altitude breakup, further fragmentation eventie liquid-like model.
certainly followed. It is therefore possible to consider Bame It was assumed again that the first fragmentation height was
in the frame of the progressive fragmentation model (suchahout 55 km and that the mass distribution at this altitude was
model has already been used by Popova & Nemtchinov (199@3 same as in the previous example (Fig. 8a). The independent
for the Sikhote-Alin iron shower). The fragments were dividedouds of vapor and small fragments were formed during the
into five mass bins after the first breakup and further simulationext fragmentation stage at altitudes below 40 km. Some of the
were done only for a representative fragment mass in each Hirst-stage fragments are flying unbroken up to the final breakup

5.4. Progressive fragmentation
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at altitude 24 km. To get a better agreement with the flare ampletermined by the processes at the moment of fragmentation.
tude, the initial mass of BeBev was assumed to be 3000 kg iThat is the main difference between the simple pancake model
this case. The mass disintegrated in the last fragmentation exaard our approach, which we may call the model of the cone-like
is about 1200-1500 kg. The resulting light curve is shown diversion of the cloud of fragments and vapor stabilized by the
Fig. 8d. Itis in general agreement with the observed curve. Tlaggest solid fragments.

two peaks of the first flare are produced due to the assumption

of different breakup heights for different mass bins. According to Eq.[(%) it is possible to estimate the separation

In summary, the progressive fragmentation model togeth’@?gles for fragments fqrmed at different aItit_udes. Sepa;ration
with some additional assumptions allows us to reproduce #9!€s computed by using Eql (4) in assumpfiea 2 g cm
light and deceleration curve simultaneously. The mass estim@fél 2 = 1 are compared with the observed angles in Table 3.
for the Bendov meteoroid is about 3000-4000 kg for a bulfone might expect an increase of angle with the increase of the

density 62 g cm3. The decrease of bulk density decreases g density. But no systematic trend in the deviation angle is
radius of fragments and increases the number of pieces. ~ Present.

For three fragments at altitude around 30 km the observed
5.5. Fragmentation details angles are of the same order of magnitude as the theoretical
ones. For two other fragments they are bigger by a factor of
In this section we compare some results of the progressg/eaccording to Passey & Melosh (1980), Ef] (4) should be
fragmentation model with the data on the observed fragmeRigdified by a factor of M/m £)'/2, taking into account the
(Sect. 4). We should, however, keep in mind that only fragmertgation between the fragment masses and the mass of the
sufficiently separated from the main body could be observed giadin bodyM. If M > my, this may increase substantially
these form only a minority of the existing fragments. the theoretical separation angles. However, according to our
The size of the cloud of vapor and small fragments in theterpretation in Figl1l6, fragments 2 and 3 were formed by a
model is defined by the largest fragments in the cloud. Thegcondary disruption into pieces of the same order of mass.
determine the divergence angle of the cone, while smaller fraiheir large separation angle was more probably caused by their
ments and the vapor are filling this cone and are entrained ip@culiar shape among lots of ordinary fragments. The apparent
the wake of the leading fragments. Deceleration is determinggtlic trajectory of fragment 2 (Figl 4) may support this idea.
by the total mass of the cloud, while the angle of divergenceAs lower altitudes, around 25 km, fragments are observed to
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By e g 0 g AR ™1 ered, pointing out a difference in deceleration. This is probably

caused by a difference in ablation rates. The main part of the
] 1 7 ] fragments formed is small, and an extrapolation of theoretical
377 1297 1 luminous efficiencies should be used in estimates of radiation, so

] 1 3 ¥ i we do not compare the precise intensity for different fragments.
] 13 1 Only at the last instant the two brightest groups of fragments
%67 ¥ 1287 1 are marked additionally by open squares. The estimated mag-
] 1 3 ] nitude for some fragments is belew6 mag or—7 mag so they
] 1 ] 1 may have become invisible by that time. The lateral deviation
35 EARAAS e 27 e EARARS ——  was estimated by absolute value and supposed to appear in one
35 e e N e -~ direction, so the resulting picture has less symmetry than the

] 1=085s] ] +=130s ] observed one.
] 27_' g The description of meteoroid breakups presented is not a
34 173 1 precise solution, many arbitrary parameters exist. Some rough

] ] 1 approximations were used in the modeling. Nevertheless, com-

] ] ] parison of these two video-like records allow us to conclude that
33 : 177 1 they resemble each other rather closely.

] 1251 ¥ ] 6. Conclusions
32-""I """"" Trrrrrrrre |"". -""I """"" Trrrrrrroe |"".
-1.0 0.0 1.0 -1.0 0.0 1.0 Detailed analysis of the dynamics, fragmentation and light curve

' ' AV s e X 1 ofone ofthe largest and well documented bolides —the Bane
t=145s 1 . . .
% ] bolide —has been performed. There is alarge difference between
i 1 the dynamic mass of about 80—-300 kg and the photometric mass
] ] 1 (5000-13,000 kg). This difference may be eliminated assuming
31 1 1 1 low initial density of meteoroidd, ~ 0.5 g cm~3), but this
] f 1 7 ] assumption contradicts the deep penetration of Bewbolide.
] ] ® ] At altitudes of 39—-34 km and below 25 km the radiative ra-
30_f * L dius increases rapidly and this clearly indicates severe fragmen-
] ] 1 ] tation at these altitudes. This fragmentation has been confirmed
T OARARRRS Tl 23 = PSRN ORRARARE T by direct observation of fragments deviating from the main tra-
' ' ' ' ' jectory. Nevertheless, this late fragmentation cannot account for
Fig. 9.. Video-like view of m.odeled‘ Berimv fragmentation. The alti- the mass discrepancy.
tude is plotted on the vertical axis, and the distance from the main It has been suggested that at altitudes of about 50-60 km

trajectory is on the horizontal axis. The time is counted from the pas- - -
sage through altitude 50 km. The size of symbols is not connectedva\ﬁ':he Bensov meteoroid has been already fragmented. Due to

the relative brightness of the fragment groups. Only at the last inst.&‘lﬂ? low lateral veIo_uty of the_fragments at these altitudes, the
Eagments do not diverge to distances larger than 20 m laterally,

the two brightest groups are marked also by squares. Compare[fd Fig®2"' '™ ) . )
which is the resolution of photographic measurements. Since
only relatively large fragments are formed, no flare on the light
deviate at an angle of about 0.25-0i8 agreement with the curve is produced. The fragmentation cannot be detected dy-
predicted values. namically, because of negligible change of deceleration at these
As far as the other parameters are concerned, the calculahiudes. So neither method is able to locate the fragmentation
fragment velocities at altitude about 25 km are about 6—9 kpoint.
s~ !, fragment masses are about 1.4—7 kg (or about 0.4-2 kg for If the meteoroid is fragmented and fragments are flying in-
p = 3.7.g cmi3). These values are also close to the dynamitividually the observed deceleration and dynamic mass are de-
estimates given in Fig]6. It should be remembered, that tteemined by the leading fragment, while the total mass of the
dynamic mass estimates given in Hifj. 6 were obtained for ilagments is larger than that of the leader. Thus usage of the
assumed bulk density of 3.7 g crh light curves for mass estimates may give more reliable results
The modeling video-like pictures are demonstrated in[HigtBan the dynamical analysis at least in some cases.
at the same moments as for the observed one [Fig. 7). Sep-To describe the Beev bolide completely, the progressive
arated fragments were not considered in the last catastroghagmentation model has been used. It was assumed that at alti-
fragmentation, so the last three instants were excluded. Evargles of about 50—-60 km a number of large fragments (10-30)
star corresponds to some group of fragments. The position of ttes been formed with a mass of about dynamical mass esti-
fragments at different times are close to the observed positiomgte. The total mass is about 3000-4000 kg. The first breakup
although the number of fragments is substantially larger in tbecurred when pressure is of the order of 1-5 Mdym érand
modeling. The main difference appears at the last times congitht doesn't contradict typical values of breakup pressure for

324




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

PN and EN bolides keeping in mind the rather large initial mass The analysis of the BeSev bolide will be continued in the

of Beneov. subsequent paper, where theoretical and observed spectrawill be
Motion, ablation and radiation of all the fragments duringompared. This comparison will provide additional information

some period of time has been described individually. Desceruh the ablation and radiation processes.
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