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Abstract. The unique observational spectrum of the very briglsbmpare the observed and modeled spectra of bolide radiation.
Beneov bolide EN 070591 is compared to theoretical bolidEhe main goal of the study is the assessment of the 8ane
spectra. The-19.5 mag bolide was induced by a meteoroid dfolide characteristics using the above mentioned theory and
an estimated initial mass of 4000 kg, adensftggcm—3 anda checking the validity of the theory.
kinetic energy o10'2 J (0.2KkT TNT). The ablating pistonmodel ~ The main result of Paper | was to conclude that several stage
predicts spectra of large bolides by radiative hydrodynamifragmentation of the meteoroid occurred along the bolide trajec-
calculations. We present examples of the calculated H-chondtitey. The bolide had already been significantly decelerated at al-
vapor spectral opacities and of the resulting spectra for variditades between 50—40 km, while enormous luminosity was pro-
parameters. duced below 40 km. This could be explained by an assumption
Both theoretical and observed spectra show that bolide that the meteoroid was already fragmented into 10-30 pieces
diation is composed of atomic line emissions, molecular baneisch with mass 100-300 kg at altitudes 60-50 km. Some of
and continuum radiation. The role of the continuum increast® primary fragments were fragmented again at altitudes 38—
with increasing meteoroid size and with decreasing altitud&l km, while more compact fragments were disrupted at 24 km.
The atomic lines are produced under the effective excitatidimere are direct observational evidences of the fragmentations
temperature of 4000-6000 K. below 38 km. The products of the disruption at 24 km were
The lines of Fe are too faint and the lines of Gare too photographed down the altitude of 17 km, where they ceased
bright in the model in comparison with the observations. Aldo be visible. It is probable that several fragments with a mass
the computed continuum level is too high. These differences aafrthe order of few kg reached the ground as meteorites. They
be explained by the fact that the vapors occupy a larger volumere, however, not recovered. The initial mass of the Bene
and have lower density than predicted. This is probably a consgeteoroid was estimated to 3000-4000 kg and the density to 2
quence of a mutual interaction of fragments after the meteorgdcm 3. The initial velocity was 21 kms! (Borovicka et al.
fragmentation and of a not well understood ablation proced£98).
Other differences between the theory and the observation areAs describedin Paper |, two models of meteoroid fragmenta-
described and possible model improvements are discussedtion have been proposed. They differ in whether the fragmented
body is still taken as a single body with increasing radius af-
Key words: meteoroids, meteors ter the break-up or the produced fragments are considered as
individual bodies. The former model is called a liquid-like or
“pancake” model and assumes that all fragments are embedded
] in a common shock wave with common deceleration and radi-
1. Introduction ation. By fitting the observed deceleration and the light curve

One of the brightest and well documented bolides detectgfthe Bensov bolide it was found that while some fragments
by the European Network is the Beésmy bolide EN0O70591 undoubtedly escaped from the common motion, large number
(Borovitka & Spurty 1996). This bolide proved very useful forOf pieces formed at 24 km, and also some formed at 38-31 km,
the comparison of observational data with the recently creaidgtified the liquid-like description. _ o
theoretical model of a large meteoroid entry into the atmosphere The study of the bolide spectra can provide further insight
(Nemtchinov et al. 1994: Golub’ et al. 1996a). In Bortka et INto the process of meteoroid ablation, its interaction with the
al. (1998, hereafter Paper ), the bolide dynamics, fragmentatf@jfiosphere and the production of radiation. The theoretical

and integral radiation has been analyzed. In this paper we vffliative-hydrodynamic model of Golub’ etal. (1996a, 1997) is
based on the analogy between one-dimensional non-stationary

Send offprint requests 1d. Borovitka (borovic@asu.cas.cz) motion of a cylindrical piston in the air and the two-dimensional




592 J. Borovtka et al.: Impacts of large metearoids inta the atmasnhere. 1I

guasi-stationary flow around the body. The mass losses are d: - 1o g T ke viem ‘ ‘ ‘ ‘ ]
inated by vaporization due to thermal radiation falling onto tr . 3 E
surface of the meteoroid. The model predicts that the spectr lmé 3
of a large or (and) deeply penetrating body is of a continuu e+ 4 3
type with superimposed spectral lines. 1E+oé .
The observed spectra led Bordka (1993) to propose an- &3
other model of meteor ablation and radiation. It was assum ‘7% ‘ Te2000K ]
that in the relatively dense layers of the atmosphere the s E'S?
face of a meteoroid is melting, the temperature of the surfa | s
being about 2000 K. The liquid, formed by the well melting o 1 2 3 4 5 6 7
siderophile elements, is being separated fromthe body and (15— 7 1 T T 1
ries away also small solid particles of the low melting cru'lE*“‘ e, tem E
formed by the refractory elements. The material is further heat "3 E
by the surrounding gas of about 4000 K, formed mainly tlE I 3
the hot air and the evaporated material. The atoms of the ., 3
fractory elements evaporate incompletely or too late, so th i | -
are underabundant in the region of the hot gas relatively to 1 1e-24 |
siderophile elements. This may explain the changes in the cc 1634 T=5000 K
position of the emitting region with the altitude. The high terr €4
perature (about 10,000 K) component of the spectrum proba ***——— T T T T T 1
originates in the mixing region of the shock heated air and v 1.5 -———
por. This region is relatively thin and this may explain its sma e k. 1icm
role in the flux in the observational passband. 1E+3 4
Borovicka (1993) calculated the spectrum of the emerglrlE*z’
radiation under simplified assumptions. His model was based ‘*** 3
the observations of not very large meteoroids, e.g. EN 151C if;
Cechtice with the size of about 10 cm. Air has not been tak ., \|
into account, only the vapor lines were considered and a unifo ;¢ ;
temperature distribution in the emitting volume was assume e«
Nevertheless, the observed spectrum could be fitted quite v 1es+—
after subtracting the continuous radiation. The size of the v~ ° € ev
ume was found much larger than the meteoroid size, but
theoretical estimates of the volume shape have been done. Fig. 1. Spectral opacities for H-chondrite vapor at different tempera-
The observed spectrum of the B&oe bolide offers a unique tUres under pressute = 10 bar.
opportunity to compare the spectrum of an actual meter sized
meteoroid with the theory. The spectrum has already been de-
scribed and analyzed at selected points by B@avi& Spurty  hydrodynamic codes. However, to obtain the detailed spectral
(1996). A multitude of atomic spectral lines dominates the speand angular dependencies of the radiation field in the 3D geom-
trum but a relatively strong continuum is also present at lowetry is a formidable task. Moreover, observations do not give us
altitudes. The absolute majority of atomic lines belongs to tliee necessary input data on the sizes of fragments, their relative
meteoric vapor heated to about 5000 K. The origin of the copesition, and shape. In case of the B&mebolide, only a few
tinuous radiation is less clear. Bor@ka & Spurry (1996) con- fragments were resolved spatially (see Paper I). To predict the
cludedthatthe continuumis produced by the same 5000 K vagmpectra we will therefore analyze only two limiting cases — in-
They criticized the air-radiation dominated model of Nemtch@ividual motion and radiation of one or several fragments and a
nov et al. (1994, 1995), where the shocked air is consided@lid-like cloud of fragments and vapor with a common shock
as the primary source of bolide luminosity. However, the addisave. In both cases we will use the one-dimensional ablating-
tion of the vapor opacity into the model showed that the modaiston single-body model (Golub’ et al. 1996a).
predicts the line radiation in qualitative agreement with the ob- The emerging spectra are determined by conducting
servations (Golub’ et al. 1996b, 1997). Detailed analysis of thediation-hydrodynamic simulations taking into account abla-
spectra is the goal of this paper. tion and radiation transfer in the air and the meteoric vapor.
The local thermodynamic equilibrium is assumed for the gas.
In the following we review the spectral opacities used and give
examples of the resulting thermodynamic configuration and the
In general, the flow pattern around a meteoroid penetratiamerging spectra. In Paper |, the spectra were integrated over
through the atmosphere or around aerodynamically interactihg wavelength providing theoretical luminous efficiencies for
fragments should be modeled using three-dimensional radiatioateoroids of various sizes.

T=8000 K

2. The model
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2.1. Spectral opacities

The model assumes a strict boundary between the atmosph
and the vapor layer. The opacities of the air and the vapors
therefore taken separately. The air opacities were taken fr
Avilova et al. (1970) and Romanov et al. (1993). Detailed tabl
of spectral opacities of chondritic material at different temper
tures and densities were computed in Kosarev et al. (1996). T
opacity tables were further improved for this work taking int
account more chemical elements and increasing the numbe
wavelength points to describe better the line shapes. The me
ods of calculation were in general the same as in Kosarev et
(1996). The main new features are the following:

a) The chemical composition of the chondrite vapor w.
modeled by 166 chemical compounds arising from a mixture ¢
10 elements: Fe-O-Mg-Si-C-H-S-Al-Ca-Na. In Kosarev et al RADIUS (m)

(1996) only the first four elements were taken into consideratiqtig > pistribution of the brightness temperature in the panchromatic
The lines of calcium and sodium proved particularly importaRasspand (left side) and the real temperature distribution (right side)
in the resulting spectra. computed in the framework of the ablation model for the body radius

b) Besides @, FeO, MgO and SiO the absorption in bandg.42 m, velocity 20 km's', and altitude 40 km.
and the continuous spectrum of diatomic molecules COf CO
Hs, MgH, OH, FeH, SiH, SiH, CS, SiS, §, SO, SH, AIO,

AlH, CaO, CaH, NaH, Nawas taken into consideration. TheAl,O5 - 2.14%, CaO - 1.74%, N® - 0.86%. In addition
data for these molecules have been obtained from different pH-chondrites typically consist of TiQ(about 0.12%), Cr@
lished works, e.qg. for the important molecule CaO the work ¢0.5%), MnO (0.3%) and Ni (about 1.6-1.75%). However, Ti,
Hedderich & Blum (1989) was used. Absorption in the infrareCr, Mn and Ni have not been included in the calculations of the
bands of MgO was also added (Diffenderfer et al. 1983).  composition and opacities of the vapor.

¢) The absorption by triatomics, CO;, SO, was also Conserving the proportionality in number of atomic nuclei
considered. The cross sections for the water vapor were cave obtain the corresponding element fractions in particle num-
piled up to 8000 cm' from the data found in Young (1977),ber: Fe - 11.484%0 - 51.836%, Mg - 15.428%, Si- 16.287%, S
Soufiani et al. (1985), Hartmann et al. (1984), Phillips (1990; 1.651%, Al - 0.561%, Ca - 0.830%, Na - 0.371@- 0.245%,
Beyond 8000 cm' the absorption by the overtone bands wa - 1.306%. The analysis of the composition of vapor shows
calculated by means of the HITRAN 92 total band intensitighat the number fraction of Fand Mgt is rather stable at tem-
(Rothman et al. 1992). The parameters for.Gd SQ were peratures 4000-6000 K and is close to the above mentioned
taken from HITRAN 92 as well. fractions of these elements. The fraction of iN&ar and Al

d) The absorption in the fundamental bands and overtorsubstantially decreases at temperatures of about 5000 K due to
of the added diatomic molecules was calculated by using tlonization.
slightly modified just overlapping line approximation (Penne  As an example of the dependencies of the absorption coeffi-
1959; Sulzmann 1973). cients on the photon energy, the results for presBure 10 bar

e) The broadening due to the interaction with hydrogeand several temperatures of the H-chondrite vapor are presented
atoms was added in the calculation for the width of the atomin Fig.[I.
lines (Deridder & Van Rensbergen 1976).

f) The spectroscopic constants for some additional lines
Fer observed in the BeSev spectra were taken from Nave e
al. (1994). The thermodynamic configuration of the vapor and the atmo-

g) The number of points for the photon energy grid wasphere around the ablating body is a result of the radiation-
increased up to almost 20,000 (in the “old” tables there wenydrodynamic simulations. As a typical example we present
about 10,000 spectral intervals). This allowed us to describe there the simulations for the H-chondrite body with radius
line emission with better resolution. R = 0.42 m, velocity V' = 20 km s~! and altitude of flight

The average chemical composition of several types of mi = 40 km.
teorites was given in Jarosewich (1990). For the modeling ¢ The distribution of the brightness temperature in the
the Bendov radiation we used the H-chondrite compositiopanchromatic passband (left side) and the realtemperature (right
which is sufficiently close to the composition of other chondriteside) versus the radiug and the distancg from the blunt nose
for our purposes. The H-chondrite abundances (by weight) aof the meteoroid is given in Fi@l 2. In Figl 3 (upper panel) the
SiO, - 36.6%, FeO - 10.3%, MgO - 23.26%, Fe(metallic) maximaltemperature of the aif(,,,) and of the vaporq,,) and
15.98%, FeS - 5.43%C - 0.11%, HO* and H,O~ - 0.44%, the maximal brightness temperatuig,,) in each cross-section

TEMPERATURE, eV

.2. Thermodynamic configuration
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Fig. 3. a Maximal temperature of the aiff{..), of the vapor Tvm)
and the brightness temperature in the panchromatic passbanylig
the cross-section of the bolide versus the distance along th&Zakis
The ratio of the densityy., at the point of maximum brightness to th
undisturbed atmospheric densjty = 4 x 10~° g cn?.

are given versus the distange In the lower panel of Fid.13 the
ratio pnm /pu Of the density at the point of maximum bright
ness to the undisturbed atmospheric densitypy = 4 x 1076
gcm2 at altitude 40 km) is given. At the distancB®f 2—20 m,
where the temperature of the vapor falls down to 0.35-0.55
(4000-6000 K) and the radiation is emitted mainly in the v
ible range, the typical density is abdutx 1076 g cm=3. It is
interesting to note that the brightness temperafygg closely
follows the vapor temperatufg,,, and is lower by a factor of
two than the air temperatuf,,,,.

In Fig.[4 the radiusRy,,, corresponding to the maximun
brightness temperatufB,,,, in the cross-section is shown. Th
maximum radius of the volume with the brightness temperat
of about 0.4 eV and a density of (1-58)0~6 g cm2 is about
0.8 m, i.e. twice the radius of the body. The length of this bric
part of the luminous volume is about 2—6 m. The size of 1
luminous volume in the first approximation is proportional
the size of the body.

2.3. Theoretical spectra of radiation

Imnarte nfIgrge meteoroids into the atmosphere. Il
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Fig. 4.RadiusR,m, corresponding to the maximum of brightness tem-
perature in the panchromatic passband in the cross-section of the bolide,
versus distance along the a¥s
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Fig. 5a and b. The theoretical spectrum at altitude 40 km for body
radius 0.42 m and velocity 20 knT$: ain whole spectral rangé,and

in the panchromatic passband. The length of the luminous volume was
limited by Z = 200 m.

Theoretical spectra represent the sum of radiation of all regiaasge is shown as a function of photon enetgffFig. 5a). It
up to a distance of 200 m behind the body. The radiation should be noted that large part of the emitted energy is out of
averaged over all directions. The theoretical spectrum for altite registration passband of photographic networks. The part

tude 40 km, meteoroid velocity 20 knt 5 and radius 0.42 m

of the spectrum corresponding to the panchromatic passband is

is given in Fig[5a;andb. The spectrum in the whole spectgalesented in Fig. 5b as a function of wavelength.
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Fig. 7. The fractions of the kinetic energy loss radiated in the whole
1 1 spectrum f;), in the satellite sensor wavelength rangg) @nd in the
0.02 - panchromatic passband,] as functions of the distancg from the

1 |1 meteoroid nose folf = 40 km, R = 0.42m,V =20kms™!.

030 71— 1 1 1 | with the distanceZ when new, colder and colder regions are
0.25 s-sm - taken into account. The region of the nearby wake at a dis-
] 1 tance of several diameters of the body, is mainly responsible for
the emission in the panchromatic wavelength range, while the
bolide’s head is mainly responsible for the UV emission, and
0.10 | the far wake for the emission in the IR.

1 1 The dependence ofthe total energy loss radiated in the whole
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o
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0957 | spectrum (,), in the wavelength range of the SN sensgftg (
0.00 — 7T T T and in the panchromatic passbarfd); on the distance’ is
0 1 2 8 4 5 6 7 given in Fig[Y. The value of, shows virtually no change for

Z larger than about 20-50 m, while the total lossg3 &nd the

Fig. 6. The theoretical spectra at altitude 40 km f8r= 0.42 m, outputinthe SN sensor wavelength rangig) continue to grow,

V =20kms™", and different length& of the luminous volume.  sjnce a large amount of energy, mainly in the IR, is emitted by
the rather cold part of the bolide. The total energy losses exceed
the output in the panchromatic wavelength range by a factor of

The computed spectrum is formed by a superposition otlaree.
continuum radiation and emission lines and bands. The maxi- The dependence of the theoretical spectra on altitude and
mum of the intensity is reached by several narrow atomic linageteoroid size will be discussed in SECtl4.2 in connection with
in the 1.9-2.6 eV region. However, large amount of energy ascomparison to the observed spectrum.
emitted by a high continuum level and relatively broad band
emissionsintheregion0.9-1.7 eV. Thisregion (7000—14@000
is out of the photographic panchromatic passband, but is pa
covered by the satellite-based infrared detectors which are s€he observed spectrum of the Béoe bolide was described by
sitive up to 10,50@ (Tagliaferri et al. 1994). We should under-Borovicka & Spurry (1996). Here we repeat the basic facts with
line that the spectrum in the wavelength range of the Satellitee emphasis on the instrumental effects which are important for
Network (SN) sensors, i.e. 1.1-3.1 eV, is substantially differesatcomparison with the theoretical spectra.
from the spectrum in the panchromatic band and in the visible The spectrum was photographed on two plates and covers
range. This means that it would be erroneous to use obsemye trajectory of the bolide from an altitude of 90 km to 19 km.
tional data from the ground based photographic systems diredthe wavelength range is given by the sensitivity of panchromatic
for the calibration of the Satellite Network data and vice versmaterial, i.e. 3600—-6758. The dispersion is 50-78 mm—!

The contribution of different parts of the luminous volumén the first order spectra. Unfortunately, the blue part of the
to the total spectrumis demonstrated in Elg. 6. Spectral radiatgwectrum was not well focused. At some altitudes the blurred
cut off at some distances from the bolide nose is shown. Thesection extends up to 4560 The use of the second order spectra
maximum of the spectra gradually moves from the UV rangean sometimes make the situation better.

i.e. 4.5-5.5eV a¥ = 0.1 m, into the visible and IR range, i.e. Even in the well focused parts, the spectral resolution is

1.5-3.5eV atZ =6 m. The role of lines in the spectra increasdsnited. Individual emission lines exhibit an instrumental pro-

r%lyThe observed spectrum
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file with the width much larger than the natural width of thevhere J(\) is the theoretical spectruni()) is the convoluted
lines. Apart from the limited resolution of the spectrograph, trepectrum and\ is the width of the Gaussian profile.
reason may be the detection of the true geometrical extent of the The spectra were computed for altitudes of 60 km, 40 km
radiating volume. The instrumental profiles were well describathd 25 km. They are compared with the observed spectra in
by a Gaussian function with a width of 346 Figs.[BEID. The instrumental width was 3A at 60 and 40
The measured spectra were corrected to the spectral dan-and 5A at 25 km. Since the velocity of the bolide at all
sitivity of the spectrograph. However, absolute calibration wadtitudes is well known (approximately 20 km'sat 60 and 40
not possible from the spectral records alone. We used a dirfectand 15 kms! at 25 km) and the meteoroid composition was
image of the bolide taken at another station to determine thery probably not far from that of an H-chondrite, the only free
bolide absolute magnitude as a function of altitude. The spgarameter of the model is the meteoroid radius. We computed
trum was then scaled to obtain the luminosity in ergsster-*  the spectra for fixed radii of 1.4 m, 0.42 m, and, at 25 km, also
A~ consistent with the derived magnitude. 0.14 m. The observed luminosity can be attained either by one
The spectrum consists of atomic emission lines, moledarge body or by a number of smaller bodies. We first evaluate
lar bands and continuum radiation. The following species hathe possible meteoroid radii from the total radiated intensity and
been identified: Fe Nar, Mg1, Al 1, Car, Carr, Ti1, Cr1, Mn1, then we will discuss the details of the spectra.
Ni1, Li1, N11, Si1, Sit, Cor, MgO, AlO, CaO, and FeO. The
line spectrum was analyzed at selected altitudes in Bokavi
& Spurny (1996) by the method of Borotka (1993). It was
concluded that the majority of the lines and the continuum caie assessment of the meteoroid radius from the bolide lumi-
be fitted by a model containing the radiation of meteoritic vaosity is a process analogous to the radiative radius approach
pors heated to 4000-5000 K. Some additional effects were alggd in Paper I. However, here we compare calibrated spectrain
found. They are briefly listed here: a well defined wavelength range and no doubts therefore arise
. . because of the transformations of different magnitude systems.
— The abundance of cglcmm was found to bg very low inthe |, Tabldl, the integral intensity (erg 5ster!) in the wave-
upper part of the trajectory. This was ascribed to the effaghqth range 4500-660%, where the observed spectra were in
of incomplete evaporation. _ _ good focus, and in a wider passband are given for three altitudes.
— Very strong radiation from the bolide wake is present at alty e theoretical integral intensity increases between the altitude
tudes of 70-55 km. The wake spectrum cannot be descrigcsg and 40 km by a factor of about 15, while the air density
in terms of thermal equilibrium. Low excitation intercomyncreases by a factor of 13.4. With the increase in the radius of
bination lines are very strong. the body from 0.42 to 1.4 ni{? changes by a factor of 11.1) the
— Relatively weak lines of ionized silicon are present at aftensity of the emitted radiation increases by a factor of about
titudes of 75-40 km. These lines exhibit short flares and - gjmiiar relations exist at altitudes 40 and 25 km. We will
can be ascribed to the high temperature (10,000 K) speciak;me in the next simple estimates that the radiation intensity
component. Surprisingly, at altitudes of 65-57 km, the Sijg hrgnortional to the air density and to the square of the radius.
flar.es are accompanleq by flares of |on|ze'd nitrogen lines \yhen comparing the observed intensity at 63.5 km with the
which cannot be explained even by the high temperatyfg. o etical data for 60 km (a factor of 1.5 in the air density), we

component. see that the observed intensity corresponds to the body radius

— Apersistentradiating cloud was detected near the pOSitiO”o‘?fabout 0.7 m. For a densityf & g cm3 this gives a mass of

the bolide brightest flare at 24 km. The spectrum of the cloughgg kg which is at the lower limit of our estimate of the initial
consists almost exclusively of a continuum and mOIeCUIﬂ{ass from the progressive fragmentation model (see Paper I).
bands. At altitude 40 km, the radius needed to explain the luminos-

— Thermal continuum from the meteoroid surface was regiﬁy is 1.2 m (15,000 kg of mass). However, the meteoroid was
tered at the beginning of the event. already fragmented at this altitude. The luminosity can alterna-

In the next section we will compare the observed specti¥€!y be explained by 8-10 individual fragments with a radius
at altitudes 63.5 km, 40 km and 24.5 km with the theoreticaf 0.42m (;ee Tablel 1), gving a total mass of 5_000_,6200 kg.
spectra. The dynamic mass of the leading fragment at this altitude (Pa-

per ) is, however, only 300 kg (radius of 0.33 m), so a larger
number of smaller fragments probably existed.
The situation is even more complicated at 24.5 km. This

Before making the comparison we must set the theoretical spidust before the main flare at 24.3 km and the bolide is very
tra to the same resolution as the observed spectra. This was d##ht here. The luminosity could be formally explained by a

by the convolution of the theoretical spectra with the Gaussigtgle body of 1.3 m radius, 13 fragments of 0.42 m radius
profile: or about 180 fragments of 0.14 m radius (23 kg). In all cases,

however, the total mass is too large, ranging from 18,000 kg to

At+3a 4000 kg. The mass participating in the main flare was estimated

— -1 1 2 ’
I(A) = (VmA) /A_?,Z(X) exp {[()‘ = X)/A] } dx, (@) to be no more than 1500 kg in Paper I. The explanation may be

4.1. Total intensities, scaling laws

4. Comparison of the theoretical and observed spectra
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Table 1.Direct comparison of the modeled and observed intensitiesspectra are given for each altitude, one for a single body with a
a given passband at various altitudes and for different meteoroid sizeglius of 1.4 m and one for a number of smaller bodies.

Both theoretical and observed spectra consist of a superpo-
sition of continuum radiation and atomic line radiation with an
additional component from molecular bands. There are, how-
ever, differencesin the number of lines and their strength relative

A1—A2 Imod, €1Q/SISt Ions, €1Q/S/ISt Iobs/Imod

H=60km,V =20kms !, R=042m

3700-6600R 0.546x1074  0.995¢10*4 1.8 to the continuum level. When comparing the computed spec_tra
4500-66008 0.261x10t'*  0.500<10*4 1.9 for the 1.4 m body we see a clear tendency for the decreasing
of the role of lines and an increasing role for the continuum
H=60kmV =20kms !, R=14m with decreasing altitude. The same tendency is present in the
observed spectra where the continuum level is much higher at
3700-6600A  0.657x107'°  0.995¢10* !4 0.15 24.5 km than at larger altitudes. However, the role of the lines is
4500-6600A  0.292x10"'®  0.500<10+** 0.17 significantly higher at all altitudes in the observed spectra than
in the 1.4 m spectra.
H =40km,V =20kms™', R =0.42m Decreasing the size of the body leads to an increase of the

line radiation in the computed spectra, especially at lower al-

- R +15 +16 ; .
39006600 0'579X10+15 0'46&10“6 8.0 titudes. In this sense, the computed spectra of a large number
4500-6600A 0.369x10 0.378x10 10.2 . - .
of independent small bodies are closer to the observations at 40
H=40kmV =20kms R=1.4m !(nj and 25 km thgn the spectrum of a single large quy. Th|s
is in agreement with our conclusions from the total radiated in-
3900-66008 0.798x10116  0.465x10+16 0.58 tensity. However, significant differences in the theoretical and
4500—-66008 0.517x10116 0.378<10T16 0.73 observed line radiation still remain. They are discussed in detail
in the next section.
H=25km,V=15kms*, R=0.42m The shape of the continuum is similar in the observed and
. 6 - computed spectra. The observations show a very flat continuum
4200-65004  0.151x10"'%  0.192x10* 12.7 at all altitudes in the given wavelength range. The theoretical
4500-65004  0.121x107'¢  0.169x 107 13.9

spectrum for a 1.4 m body at 25 km shows a blue continuum
but a 0.14 m body at the same altitude has flat continuum. At

— — —1 —
H=25km,V =15kms™, R =14m higher altitudes all computed spectra exhibit flat continua.

4200-6508  0.219x10+'7  0.192¢10+!7 0.88 The continuum bears little information regarding its origin
4500-6508.  0.175x 1077 016910+ 0.97 and it is difficult to say whether it is produced mostly by the
vapor or by the air. In this respect the line radiation offers more
H=2kmV =15kms !, R=0.14m possibilities for an analysis.
4200-6508  0.111x10%'°  0.192¢107'7 173 , -
4500-6508  0.906x10°1  0.169¢10*!7 187 4.3. The line and band radiation

The number of lines included in the theoretical computations is
large. For Fe as many as 1717 lines were taken into account,

. . even though some of them have rather low oscillator strength.
that catastrophic fragmentation had already begun at 24.5 KR the other hand. such elements as Mn. Ti. Cr and Ni and

and so we are dealing with one or more clouds of fragmen}s)iecular bands of oxides such as MnO and STi@ave not
with an average density much lower than the bulk density of theapy taken into account as yet.

meteoroid. If we ignore the above elements Mn—Ni, the comparison of
Therefore, by comparing the radiated energy in wide pagge atomic lines in the observed and computed spectra shows

bands, we conclude that meteoroid fragmentation severely @fat, despite of different intensities, the same lines are generally

fected the Berov bolide radiation at an altitude of 25 km angyresent in both spectra. All predicted atomic lines are present in

also at 40 km. This is in accordance with our progressive frage observed spectrum. Some of them are identified in [Eigs. 8—
mentation modeling performed in Paper |. Next we compare g,

shape of the spectra. Of the lines present in the observed spectrum but not in the
theoretical spectrum, the mostimportant are theIBies (6347
4.2. The shape of the spectra and 6371A). They belong to the second, high temperature spec-

tral component and are visible at 63.5 km and weakly at 40 km.
In Figs.[3,[®, and10, the theoretical and observed spectrar he theoretical spectra do not contain this line though tempera-
the altitudes of 60 km, 40 km, and 25 km, respectively, ateres of about 10,000 K are predicted to be present in the model
given. Only the wavelength range where the observed first ordEig. [3). Also, no atmospheric lines (i.e. lines of nitrogen or
spectrum is in sufficiently good focus is shown. Two computexkygen) are present in the computed spectra. In particular, the
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Fig. 8. Comparison of the observed spectrum at altitude 63.5 km a wavelength A

the modeled spectra for meteoroid radii 0.42 m and 1.4 m at altitu

60 km and velocity 20 km's'. Note the different scale for 1.4 m. Fig. 9. Comparison of the observed spectrum at altitude 40 km and the

modeled spectra for 10 independent fragments with radii 0.42 m and
one single body with radius 1.4 m at the same altitude. The velocity is
20kmst.

oxygen triplet at 61566158, which is observed in fast mete-

ors, is not present. This is in accordance with the observations

(except of the peculiar N lines) but somewhat surprising ow-are very numerous this causes the different appearance of the

ing to the importance of the shocked air radiation in the modéhe spectra.

The absence of $i and of the air lines in the theoretical spec-  To go deeper into the problem, both the observed and the

trum is explained by the presence of a dense vapor layertfigoretical spectra at 40 km have been analyzed (after subtract-

the model. The cooler vapors are supposed to absorb the jRgtthe continuum and the band emissions) by the method of

radiation originating from the vicinity of the bolide nose.  Borovitka (1993). The method computes the effective excita-
The intensities of the lines which are both observed and pten temperature and the column densities of individual atomic

dicted are often different. The theoretical spectra are dominatgzbcies from the line intensities. Of course, neither the theoret-

by the lines of Mg, Car and Na, while the lines of Fe are ical nor the real spectrum are produced at a single temperature.

much fainter than in the observed spectra. Since thelifes But Borovicka (1993) has shown that the single-temperature
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Table 2. The analysis of the theoretical and observed spectra of thesSBemelide at altitude 40 km. The precision of the effective temperature
is about=300 K, other parameters have been determined within a factor of 2—3.

l.4mbody 1& 42cmbody observed

effective excitation temperature (K) 6100 6100 5100
column density of Featoms (cm?)  4x10™'° 4x10T1° 7x1011¢
effective emitting area (R) 1400 10<170 12000
Cai/Fer 1072 1072 1073
Nar/Fer 1072 1072 1073

Mg 1/Fer 0.6 0.7 1.1

assumption can describe a meteor spectrum relatively well fsgenerated by a superposition of thermal continuum, molecular
not very fast bolides. emission bands and atomic emission lines. The general shape of
The results for the Besev bolide at 40 km are given inthe continuum in the panchromatic region, i.e. nearly no depen-
Table[2. The effective excitation temperature of 5100 K wakence on wavelength, is also confirmed. All predicted atomic
obtained for the observed spectrum. The theoretical spectra géves are present. Finally, the effective excitation temperature as
a temperature 1000 K higher but we do not consider this asletermined from the atomic lines is about 5000-6000 K in both
significant difference. More important is the difference in thpredicted and observed spectra (the main component).
column density of Fe atoms. The observed spectrum yields The major difference is the lower column density of the Fe
more Fa atoms along the line of sight by an order of magnitudatoms and the high ratios of @&e1 and Na/Fer in the theo-
The presence of a large number ofiHmes in the observed retical spectra. The ratios can be explained by a different degree
spectrum is a demonstration of this fact. On the other hand, tfeionization. Both calcium and sodium have low ionization
theoretical spectra give larger ratios of Gand Nai to Fer by potentials and their low abundance in the observed spectrum
an order of magnitude. This is the reason why the lines af Cs explained by their high ionization. The effect of incomplete
and Na are so conspicuous in the theoretical spectra, althougbaporation of calcium is of minor importance here. A higher
the intensity of Na lines is in fact not significantly larger thanionization for the same temperature means a lower density. The
their observed intensity. column density of Feis, however, higher. It seems that there
The situation at other altitudes is similar but there are alsmore vapor in the radiating region but with lower density, so
some differences. At 63.5 km, the wake was very strong atit radiating region must be much larger than modeled.
many of the bright lines in the observed spectrum originate The lower density can also explain the lower continuum
in the non-equilibrium wake. The theoretical model, howevdgvel because a large part of the continuum is produced by free-
assumes local thermal equilibrium and cannot reproduce fr@e emission and this grows with the square of density. A lower
wake spectrum. At 25 km, on the other hand, the agreemenmtical thickness of the continuum could also allow the radiation
between the observation and the theoretical model is the besbduced by the Si lines in the vicinity of the shock wave not
though the Felines are still underestimated. We included thi be absorbed and to be present in the spectrum.
computed spectrum for a 0.14 m body in Figl 10. The 0.42 m |t seems that a substantially larger volume occupied by the
spectrum is something between the 0.14 and 1.4 m spectra ggiflating vapor would explain most of the differences between
is comparably good in comparison with the observations as e theoretical and the observed spectra. Indeed Bthkai
0.14 m spectrum. Spurry (1996) interpreted the Begev spectrum as being pro-
There are also molecular bands in the spectra. The M@Qced in a cylinder of a diameter about 20 meters, i.e. at least
band near 5008 is one of the brightest features in the theorett0 times the diameter of the body. We therefore computed the
ical spectra. In the observed spectra, though present, it is mgplctrum of a 10 m wide layer of vapors with a temperature of
fainter. The MgO radiation is predicted to originate in the wak6000 K and a density dafo—"-10—° g cm3. The same spectral
Other molecules identified in the observed spectrum, FeO, Cafpacities as for the modeled spectra were used. The shape of
and AlO, have extended band systems and do not form brigihé resulting spectrum proved to be closer to the observation.
features neither in the observed nor in the computed spectra. However, the gas dynamical modeling shows that all vapor
The theoretical spectra exhibit an apparent band radiati@ithe vicinity of the body must be confined by the shock wave
near 6504A which is not observed. It seems that the feature igd the diameter of the allowed region is no more than twice the
produced by an interpolation error in the opacity tables but déameter of the body (see F[d. 2). From the gas dynamics point
were unable to identify the source of the error. of view, it is impossible to produce a 20 meter diameter vapor
region in the vicinity é a 2 meter diameter single body. The
sum of a number of individual smaller bodies produces spectra
closer to the observation than a single body but still worse than
We will now summarize the agreements and disagreements &e-extended cloud of vapors.
tween the predicted and the observed spectra. There is agreeAgain, meteoroid fragmentation seems to be the most plau-
ment that the spectrum of a large and deeply penetrating bolg&dlele explanation of this discrepancy. If the bolide is formed not

5. Discussion
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T T T T T T T T T T for 3 more detailed analysis of the spectra as the radiation has
computed { not been included into the model yet.
| L body | Although the fragmentation is certainly important, the prob-
201 4 lem with the size of the luminous volume is also present at al-

titudes around 60 km, where the meteoroid was probably not
fragmented. We have to consider the possibility that the main
radiating region does not surround the body but is located be-
hind the body. This might occur, if the material is ablated from
the body in the form of tiny solid fragments or liquid drops
and evaporated later. The vapor then tends to fill the cavern
formed by the rarefied wake of the main body and the vapor
"'soo0 | 'ss00  'e00 es00 volume increases and the density decreases. This has been con-
firmed by a 2D purely hydrodynamic simulation (V.V. Shuvalov,
personal communication). More detailed 2D radiation hydrody-
namic simulations of such a scenario should be conducted and
the resulting spectrum should be compared with observations.

There also remains the question of the primary mechanism
which drives the ablation and excitation of radiating atoms.
Whether it is the radiation of the shock wave as supposed in
many theoretical papers, e.g. Nemtchinov et al. (1994), or the
thermal collisions in the hot gas as supposed by Bdiavi
(1993), or both. In the theoretical model under consideration
(Golub’ et al. 1996a) both mechanisms are actually acting. The
—— first one (radiation) dominates for large bodies or (and) at low

6500 altitudes, the second (collisions, or molecular and electronic
VT thermal transfer) dominates at high altitudes and for small bod-
ies. The observed spectrum does not resolve the question of
which mechanism dominated in the Béoe case because the
5000 K vapors can be formed both ways and the exact origin
of the continuum is not clear. Moreover, there is another mech-
anism, a turbulent heat transfer, which should additionally be
taken into account in the future.

Some observed features are beyond the scope of the
present model. The wake radiation at high altitudes needs non-
equilibrium modeling. For the description of the persistent ra-
{1 diating cloud at the position of the bright flare at 24 km the
O quasi-stationary ablating piston model should be replaced by
4500 5000 5500 6000 6500 . . .

wavelength A a non-stationary model of an expanding cloud. The recombi-
nation of “reexisting” molecules of oxides and an additional

Fig. 10.Comparison of the observed spectrum at altitude 24.5 km agdiqation of metals by the air due to turbulent diffusion should
the modeled spectra for 180 independent fragments with radii 0.1448 taken into account

and one single body with radius 1.4 m at altitude 25 km. The velocity ) . ] ]
is15kms’. The spectral analysis of the Bé&ow bolide confirmed the

important role of meteoroid fragmentation revealed already

from the analysis of the dynamics and light curve in Paper I.

Moreover, it was shown that the radiation is not produced by
by a single big body but by a swarm of bodies separated inglividual independent fragments but by a more complicated
several meters, the interaction between the shock waves andcthrgfiguration. The details of the ablation mechanisms both be-
vapor may lead to the formation of a common radiating voluniere and after the fragmentation and the mutual interaction of the
at some distance from the head of the bolide. The interactivagments are essential for the description of the radiation. This
process has been investigated by Artem’eva & Shuvalov (1996)jmportant not only for the understanding of the meteoroid-
for 17-27 fragments. The shape of the luminous volume ketmosphere interaction but also for the derivation of the mass,
comes more like a cylinder with the ratio of the radius to thdensity, structure and composition of meteoroids from the ob-
length larger than for a single body with the summary masservation of bolides. The Begev-like meteoroids are interme-
Of course, the radius depends on the distance between the fdiigte in size between smaller meteoroids where the conventional
ments. However, we cannot use the results of these simulatianalysis gives reliable results (e.g. Ceplecha 1996, Ceplecha et

MgO
Mg !
Na |

Cal
Cal
1

10

intensity, ldzerg/s/A/ster

T
4500

1V o o o s o S B e L B e e

computed
180x 14-cm body

<
2

20

Cal+Fel

104

intensity, l&zerg/s/A/ster

observed

20+

intensity, 162erg/s/A/ster




J. Borovtka et al.: Impacts of large meteoroids into the atmosphere. II 601

al. 1996) and very large meteoroids where the simple pancake The theoretical spectra predict that a large part of energy is
model may probably be a usable approximation. radiated in the infrared part of the spectrum, especially by the
Our physical model requires further improvement. First, tH&nds of hot air. This could not be confirmed because infrared
model probably underestimates the ablation rate from the rogfiectra of Ben&v are not available. In the visible region atmo-
surface of real meteoroids with non-uniform structure (Popog@heric emissions are neither predicted nor observed (except
& Nemtchinov 1996). Second, the model underestimates s the peculiar Nr1 lines). Similarly, it could not be definitely
role of the kinetic energy of small fragments and liquid dropletésolved whether the observed continuum is produced by the
thrown away from the rough surface of the meteoroid. Thirdiapors or the air.
turbulent diffusion of the vapor in the air increases the size of In summary, we presented the first detailed comparison of
the volume occupied by the vapor and decreases vapor dengifgurely theoretical radiative-hydrodynamic spectral model and
All these factors should be more correctly incorporated intbe observed spectrum of a bolide. The spectra generally agree
future theoretical models and codes. We do not anticipate thatanespectto the presence of continuous radiation and atomic and
these factors may qualitatively change our general descripti@lecular emissions. The effective temperature of the atomic
of the Ben&ov meteor phenomenon and our estimates of tRgissions and the shape of the continuum are nearly the same.
meteoroid mass. Details of the spectra differ and this is a consequence of poorly
known details on the energy transport, ablation, and fragment
interaction. Nevertheless, together with the modeling in Paper
6. Conclusions I, we obtained a consistent picture of the B&oe bolide, in-

) o ) cluding its mass, dynamics, fragmentation and radiation.
Theoretical spectra of radiation from @1 meter size H-
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