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The main effects associated with the February 15, 2013 Chelyabinsk bolide (Chebarkul meteorite) have been es-
timated. The major amount of energy release (approximately 0.2 Megaton) occurred near 25 km altitude where the
rate of mass loss attained 20 kiloton s, and the optical emission energy of 375 TJ. The pressure behind the shock
near the bolide explosion epicenter attained a few kilopascals. The surface area of partial destructions was equal to
approximately 6,000 km” The bolide explosion gave rise to appreciable disturbances not only in the lower atmos-
phere, but also in the upper atmosphere at a range of not less than 1,000...2,000 km. The effects in the geomagnetic
field reached 0.5...1 nT. The earthquake caused by the bolide explosion had a Richter magnitude of 3-4.

PACS: Earth ionosphere, 94.20.-y; Asteroids, 96.30.Y's

INTRODUCTION

The passage of the Chelyabinsk meteorite over an
inhabited area on February 15, 2013 that was associated
with a series of shock waves and flash of bright light
has been the most hazardous impact of an asteroid over
the last century. It caused more than 1.600 injuries,
mainly by glass from about 20.000 m” shattered panes
of glass, and caused damage to over 3.000 buildings
over Chelyabinsk province. It did over $30.000.000
worth of damage. Because of the uniqueness of the
event and its consequences, the detailed and compre-
hensive study of the effects caused by an impacting as-
teroid of large enough mass is of great importance [1 - 4].

The meteorite entered the atmosphere at 03:20:26
UT on February 15, 2013. It moved from south-east to
north-west at an azimuth of about 270° and at an eleva-
tion of approximately 20°. The meteorite had an ap-
proximate mass of 11 kilotons, a speed of 18.5 kms ',
and a diameter of 18 m before it entered the denser parts
of Earth's atmosphere [5]. The collected samples al-
lowed the classification of the meteorite as LL5 hondrite
containing metallic iron, olivine, and iron solfide miner-
als. The fragments are scattered over a wide area near
Lake Chabarkul.

The interaction of large meteoroids with the atmos-
phere is dealt with in a few studies (e.g., [6 - 9]). These
papers investigate the features of meteorite movement
and disintegration in the atmosphere.

The purpose of this paper is to theoretically estimate
the major effects associated with the Chelyabinsk mete-
orite's passage and to compare the estimates with obser-
vations.

1. PHYSICAL PROCESSES ASSOCIATED
WITH METEORITE'S PASSAGE

The passage of large meteorites is associated with a
series of physical processes (e.g., [6]).

The meteorite kinetic energy is transferred to a bow
shock in the atmosphere. The air temperature behind the
shock increase, the molecule vibrational levels are ex-
cited, molecule dissociation and ionization occur, i.e. a
plasma is created. A fraction of the kinetic energy of the
air particles behind the shock is transferred to the mete-
orite via the convective heat transfer. The plasma elec-
trons impart their energy to the meteorite via the ther-
mal conductivity. The hot air emits electromagnetic
waves in a large frequency band.
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The electromagnetic energy accounts for meteorite
heating and evaporation, meteorite vapor heating and
expansion, and air heating and ionization in front of the
bow shock. The ablative shock at the surface of the me-
teorite exposed to a pulse of intense electromagnetic
radiation propagates through the material and can cause
melting, vaporization, spallation, and structural failure
of the object. The optical emissions from excited at-
mospheric species are not absorbed and lost.

The ballistic wave ahead of the meteorite is spread
around. The shock wave reaching the Earth's surface
causes mechanical damage and destruction. The flash of
bright light causes heating, skin burns, and even fires.

The meteorite fragments moving at subsonic speed
fall on the Earth's surface.

The passage of large (diameter of more or equal to
10...20 m) meteorite results in the formation of a heated
track. At the final stage of deceleration, the blast prod-
ucts reach the higher altitudes along the track and form
a plume [2].

The thermal, shock, plume, and wave processes oc-
curring during a meteorite's passage are associated with
magnetic, electric, acoustic, and seismic disturbances.

2. THE RESULTS OF CALCULATIONS

General Information. The passage of a meteorite
through the Earth's atmosphere is described by the well-
known equations for deceleration, mass loss, changes in
elevation, height, and luminosity (e.g., [6, 9]). These
equations were solved numerically, taking into account
meteorite fragmentation. The initial meteorite shape was
considered to be nearly spherical. The drag coefficient
(Cp = 1), the heat transfer coefficient (G, = 0.02), and
the luminosity factor (t = 0.2) were assumed to be con-
stant. The latent heat of sublimation was assumed to be
equal to 1.5 MJ kg™'. The atmospheric state was as-
sumed to vary in an exponential manner with a neutral
scale height H of 7.5 km.

The initial kinetic energy of the meteorite was ap-
peared to be equal to 1.88-10" J, which is equivalent to
energy released by 0.44 megatons of TNT or 35 Hi-
roshima bombs.

The major amount of energy was released in a layer
of thickness approximately 22 km, with the mean rate of
energy release to be 8.5-10" J.m', the characteristic
time scale of energy release 1.2 s, and the characteristic
power of the process 1.6 PW.
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Table 1

Altitude dependences of atmospheric density, main bolide kinematics' and energetic parameters
(Ey is the bolide kinetic energy, P is the power of bolide deceleration)

z (km) 18 19 20 21 22 23 24 25 27 30 35
p(kgm) 10" |8.6102|7.310" | 6.5102| 53107 | 4.9:107 | 4.1-10| 3.4-102| 2.4-102 | 1.6:107| 8-107°
Sm? |7510* | 6.3-10* | 5.2-10* | 436-10%| 3.6-10*| 3-10* |24-10* | 2-10* | 1.25-10*| 5.8-10° | 922
v(kms™")| 0.07 0.45 1.7 46 8.3 11.6 14.3 15.9 17.6 18.4 18.5
m (kKT) | 3.50 3.50 3.54 3.76 4.41 5.50 6.94 8.16 9.87 10.9 11.0
_dm

dt 1.7-107 | 3.3-10° | 0.1 1.84 7.82 15.3 19.2 18.2 10.9 3.85 0.3
(KT s™)
E.(T]) |86-10° | 0.35 5.1 40 152 370 710 1030 1530 1845 1880
P(PW) |1.32:10°2.47-10*|9.49-10° |1.58-107'| 8.57-107"| 2.18 3.29 3.68 2.53 938107 7.59-107

Meteorite Disintegration. In the upper part of the
trajectory, the stony meteorite suffered flaking, and be-
tween 20- and 35-km altitude fragmentation. The mete-
orite initially had spherical shape, which was gradually
changing into a pancake shape, with a gradually increas-
ing midsection. The fragmentation products moved for-
ward like a quasi-liquid.

A meteorite destructs when the dynamic pressure
becomes equal to the material strength. The different
parts of a meteorite have different strength, o, since the
material strength of a stony meteorite changes in a wide
range from 10° to 10’ N-m 2 [2]. The condition for dis-
integration occur at the altitude where the atmosphere
density p varies from 5.8-10 to 5.8:10% kg'm*, which
corresponds to the altitudes of 37...22 km. The frag-
mentation of the bolide is assumed to begin at an alti-
tude z, of 37 km, and ceased at 20 km.

Since the onset of fragmentation, the products
moved forward like a quasi-liquid, acquiring a lateral
speed of order of 1...10 m's .

Estimates of the midsection S, the bolide speed v,
and the rate of mass loss dm/dt are presented in the Ta-
ble 1. Table 1 shows that the main mass loss occur be-
tween 23 km and 27 km altitude.

Optical Emissions. The U.S.A. geostationary satel-
lite sensors [5] have estimated the total emission energy
E, of approximately 3.75:10' J. The 1.2 s effective du-
ration of the radiation pulse results in a 313 TW peak
power.

Estimates of the optical emission energy flux. If the
emission emanates from a flat surface area of 4-10* m%,
the flux density is equal to 7.8:10° W m2. Taking into
account absorption in the atmosphere reduces the flux
density to 1.9-10* W-m? at the center. The flux density
of the light is more than an order of magnitude greater
than the optical solar flux of 500 W m *. The equivalent
black body temperature is equal to 1.9-10* K, with a
peak emission wavelength of 1.5-10” m. In fact, ther-
mal radiation is generated within the volume of the ob-
ject, but not on its surface. In any case, its temperature
is of order of 10* K.

Given an E, value, an estimate can be made whether
the bolide could create a fire risk. Near the epicenter,
the energy flux from the fire ball was approximately
equal to 1.8:10* J-m 2, whereas dry matter ignites when
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the energy flux equals to (2...10)-10* J'm % Therefore,
fires at Chelyabinsk did not occur.

Shock Parameters. The explosion was assumed to
occur at altitudes near 25 km (Table 1). The shock ra-
dius R, is approximately equal to 0.43 km when a cylin-
drical symmetry of explosion is adopted. The cylindrical
shock in the exponential atmosphere creates a pressure
increase Ap of approximately 2.4 kPa beneath the epi-
center. Table 2 provides dependence of Ap on the cylin-
der radius R, where R, is the distance from the epicenter
along the Earth's surface. As can be seen from Table 2,
the shock remains strong enough to cause partial de-
structions up to a range of 100 km. Table 2 also pro-
vides a pressure increase Ap; for spherical symmetry of
the shock. Partial destructions occur over an area of
approximately 6.000 km? at a level of 1 kPa in a pres-
sure increase.

The propagation of the shock upwards disturbed the
upper atmosphere. Table 3 shows the altitude depend-
ence of an increase in pressure Ap (z). As can be seen
from Table 3, the pressure increase in the shock rapidly
decreases with increasing altitude, whereas the pressure
increase relative to the ambient pressure above 50 km
altitude increases with increasing altitude. In reality, a
pressure increase should be smaller because the calcula-
tions have not accounted for shock energy dissipation.

The shock energy propagates in the horizontal direc-
tion. For radial outflow in a spherical geometry, the
relative increase in pressure of order of unity is ex-
pected to be observed at an altitude of 300 km at a range
of 1,000 km. However, the wave can be ducted in at
mospheric waveguides, resulting in an appreciably
greater increase in pressure.

Acoustic Effects. A bolide moving in the atmos-
phere induces perturbations on frequency scales from
acoustic frequencies of 1 kHz to internal gravity wave
frequencies of 107...3-10° Hz. Prior to the bolide ex-
plosion, 1% (1.9-10" J) and 5% (9.4:10" J) of the ki-
netic energy of the bolide is converted into acoustic and
internal gravity wave energy, respectively (e.g., [4, 11]).
As the bolide explodes, 30% of the kinetic energy is
converted into the shock wave [2], i.e., approximately
5.6:10' J. At a range far enough, the shock energy is
converted into the energy of atmospheric gravity waves.
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Table 2

Distance dependence of the shock pressure (S, = nR; is the surface area of damage and destruction)

R (km) 25 | 30 40 50 60 70 80 90 100
Ry (km) 0 | 166 | 312 433 54.5 65.4 76 86.5 96.8
Ap (kPa) | 2.4 2 1.9 1.7 1.5 1.4 1.3 1.26 12
Apy(kPa) | 2.4 | 18 1.3 1 0.9 0.75 0.66 0.59 0.53
S, (km?) 0 855 | 3.1-10° 59:10° | 9.3-10° 1.6-10* | 1.8-10* 2310 | 2910

The period of the gravity wave with the greatest am-
plitude is related to the energy of the source. Estimates
showed a value near 21 s. This estimate is valid for ex-
plosions at the air-earth boundary. For explosion at
25 km altitude, the wave period is equal to approxi-
mately 63 s. Approximately the same periods (near 55 s)
were observed at an infrasound observatory in Kazakh-
stan [12]. The waves with a maximum period of 4.5 min
were propagated at large distances (up to a global scale)
[4]. Almost 10% of the explosion energy was converted
into their energy.

Effects in the Ionosphere and Magnetosphere. A
shock acts to create a moving increase in the electron
density N. The relative disturbance in the density is ap-
proximately equal to the relative disturbance in pres-
sure. The shock is a source of the traveling ionospheric
disturbances in the atmospheric gravity waveband (e.g.,
[4, 13]).

The nonstationary plasma in the geomagnetic field at
the wake of the bolide is a source of magnetohydrody-
namic waves that can propagate in the ionosphere and
magnetosphere. The interaction of these waves with the
electrons in Van Allen belts can result in the electron
precipitation in the atmosphere [4, 14].

Geomagnetic Effects. The geomagnetic effect of
meteorites is poorly studied. The mechanisms listed in
[15] for generating geomagnetic disturbances cannot be
considered effective. The major mechanism is the
modulation of the electrojets in the ionosphere by at-
mospheric gravity waves induced by the explosion and
generating dynamo electric fields in the 100...150 km
altitude region (e.g., [13]).

Estimates show that an atmospheric gravity wave
with a 60-s period and a relative disturbance in the den-
sity equal to unity generates the current density of
107...2'10") A'm* and geomagnetic pulsations with
amplitudes of 0.5...1 nT.

Electric Field Effects. The electric potential differ-
ence between the layer in the altitude range from 25 to
45 km and the ground is equal to 4.5...45 MV, the elec-
tric charge of the object 4...40 mC, and the electric field
intensity 0.5...5 MV-m'. The energy of lightning dis-
charge and acoustic disturbance did not exceed a few
MJ and hundred joules, respectively.

The Electrophone Effect. This effect arises from
lightning discharge and the "demodulation" of radio
emissions from the bolide's plasma wake in the
1...10 kHz range of frequencies. Estimates showed that
the intensity of the acoustic emissions at the ground
attained a value of 70 dB.

Seismic Effects. When the shock surface area is as-
sumed to be 100 km” at the ground, the shock energy is
equal 3-10™ J. A 107°...10™* fraction of the shock en-
ergy from an explosion at the ground is converted into
the energy of seismic waves [4], which gives seismic
wave energy of (3:10%)...(3:10'°) J. This energy corre-
sponds to a Richter magnitude of 3.1...3.8. Man does
not practically perceive an earthquake of Richter magni-
tude 3.2...4[16, 17].

Thus, the Chelyabinsk bolide caused a variety of
phenomena in the atmosphere and magnetosphere, i.e.
in the Earth-atmosphere-ionosphere-magnetosphere
system as a whole [14].

The Rate of Entering the Atmosphere by Space
Objects. The rate at which space objects enter the at-
mosphere depends on their energy (mass and speed).
The well-known relation (e.g., [4, 10]) shows the num-
ber of objects entering the atmosphere during the year.

For an object similar to the Chelyabinsk bolide, this
relation yields an approximate average impact interval
of 65 years.

3. OBSERVATIONS

The observations were made from the Kharkov
V.N. Karazin National University Radiophysical Obser-
vatory (the distance from Kharkiv to Chelyabinsk is
approximately equal to 1750 km). Quasi-periodic dis-
turbances with a delay of approximately 70 min, peroids
of 3 min and 150 min, and disturbance amplitude of 10
and 30%, respectively, have been detected in the lower
ionosphere and in the bottom side of the F2 region.
These disturbances were due to acoustic and gravity
waves. An increase in the electron density was observed
at the 250-km altitude with time delays of approxi-
mately 6...7 h. If this increase is caused by the bolide,
the direct cause of the disturbance can be the plume and
subsystem coupling in the Earth-atmosphere- iono-
sphere-magnetosphere system.

The disturbance in the geomagnetic field did not ex-
ceed 1 nT.

Table 3
Altitude dependence of the shock pressure, scale height H, and the undisturbed atmosphere pressure
z (km) 30 40 50 60 70 80 90 100 200 300
2H (km) 15 15 15 15 15 15 15 21.7 87 90
Ap (kPa) 720 220 18 6.7 2.7 1.1 0.5 02 | 2.710* | 5510*
po(kPa) | 1.810° | 480 | 130 | 335 | 88 23 0.6 | 0.16 | 1.610° | 1.6:10"
Ap/py 0.40 0.46 0.14 0.20 0.31 0.48 0.83 1.25 16.9 344
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CONCLUSIONS

1. The passage and explosion of the Chelyabinsk bo-
lide (a small asteroid) caused appreciable (or strong)
disturbances in all geospheres. The altitude of the
Chelyabinsk object explosion is determined to be equal
to approximately 25 km.

2. The excess pressure at the ground near the explo-
sion epicenter was equal to a few kPa. This pressure
disturbance is large enough to cause destruction of
structures over a surface area of 6,000 km?.

3. The flash of light energy and power were equal to
approximately 375 TJ and 313 TW, respectively. The
flux was one or two orders of magnitude lower than that
needed to set fire to substances and start fires.

4. The shock and acoustic oscillation energy was
equal to 560 TJ and 19 TJ, respectively.

5. A Richter magnitude of the earthquake induced by
the Chelyabinsk object did not exceed 3-4.

6. Relative neutral pressure and electron density dis-
turbances at ionospheric heights over the explosion epi-
center attained hundreds of per cent.

7. The geomagnetic disturbance in the vicinity of the
Chelyabinsk object explosion was equal to 0.5...1 nT.

8. Appreciable disturbances from the explosion were
propagated in the horizontal direction over a distance
range of a few thousand kilometers.

9. Space objects similar to the Chelyabinsk bolide
(tiny asteroid) enter the Earth's atmosphere one time
each 65 years.
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OU3NYECKHUE DOPEKTDBI TPOJIETA YEJIABUMHCKOTI'O METEOPUTA
JI.@. Yepnozop, B.T. Pozymenko

OreHeHBI OCHOBHEIE A (EKTHI, COMPOBOXKIaBIIne manenne Yensonrackoro 6ommaa (YebapKynbCKOTo METEOpH-
ta) 15 derpanst 2013 r. [Tokazano, 4To ocHOBHOE 3HeproBeiencHre (0koro 0.2 M) nmeno Mecto BOIH3U BBICOTHI
25 KM, TJe CKOPOCTh MOTEPh Macchl gocturaia 20 kt/c, sHeprus ontudeckoro cBedeHus — 375 T/x. Boausu snu-
LIEHTpa B3pbIBa O0JIN/Ia AaBiIeHNE BO (DPOHTE YAAPHOU BOJIHBI COCTABIISUIO EAWHUILBI Kutonackanei. Ilnomans 30161
YaCTUYHBIX pa3pylIeHUil mocTpoek Opiaa O6Im3Kka K 6 THIC. kM”. B3pbIB Gonma mpHBel K 3aMETHOMY BO3MYIIIEHHUIO
HE TOJIbKO HW)KHEH, HO W BepXHeW arMocdepsl Ha yAajeHusx He MeHee 1...2 Thic. KM. BellmunHa reoMarHuTHOTO
3¢ ¢dekra cocrapmia 0.5...1 T, Marautyaa 3emieTpsceHusi, BI3BAHHOTO B3PBIBOM 00JIM1a, HE MpeBhImaa 3-4.

®I3UYHI E@EKTHU ITPOJILOTY YEJSIBIHCBKOI'O METEOPUTA
J.@. Yepnozop, B.T. Posymenko

O1iHEeHO OCHOBHI e()eKTH, 1110 CYNPOBOLKYBaJH MaaiHHA Yensoinchkoro 6omina (HebapKyIbChbKOro METEOpHTa)
15 mororo 2013 p. ITokazaHo, 10 OCHOBHE eHeproBuuIeHHs (0m3bko 0.2 MT) Maio Miciie OJH3bKO BUCOTH 25 KM,
Jie WIBHAKICTH BTpaTu Macu pocsraina 20 Kt/c, enepris onTuaHoro cBiueHHs — 375 T/x. binsbko enineHTpy BHOYXY
Oomizma TUCK y QpPOHTI yIapHOi XBWIJII CTAHOBUB OAWHUII Kijomackaiei. [noma 301 4acTKOBUX pyiHYBaHb Oyi-
BesIb Gyi1a Gi1m3bKa 10 6 THC. KM, BHOyX 60utiia mpu3BiB 10 OMITHOTO 36YpPEHHs He JIMIIE HIKHBOI, a i BEPXHBOI
aTMocdepy Ha BigganeHHsx He MeHmie 1...2 tuc. km. Po3mip reomarsitHoro edexty ckias 0.5...1 aTn. MarnHityna
3eMJIETPYCy, BUKIMKAHOTO BHOYXOM Ooutifa, He epeBuITyBana 3-4.
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