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Abstract⎯Numerical simulation of atmospheric disturbances during the first hours after the Chelyabinsk
and Tunguska space body impacts has been carried out. The results of detailed calculations, including the
stages of destruction, evaporation and deceleration of the cosmic body, the generation of atmospheric distur-
bances and their propagation over distances of thousands of kilometers, have been compared with the results
of spherical explosions with energy equal to the kinetic energy of meteoroids. It has been shown that in the
case of the Chelyabinsk meteorite, an explosive analogy provides acceptable dimensions of the perturbed
region and the perturbation amplitude. With a more powerful Tunguska fall, the resulting atmospheric f low
is very different from the explosive one; an atmospheric plume emerges that releases matter from the meteoric
trace to an altitude of the order of a thousand kilometers.
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INTRODUCTION
One of the detectable and potentially dangerous

effects when cosmic body impacts the Earth is gener-
ation of large-scale (thousands of kilometers) iono-
spheric disturbances capable of disrupting the func-
tioning of communication systems. For example, a
change in the vertical total electronic content (TEC)
by one percent results in a positioning error of several
centimeters (Hernández-Pajares et al., 2006). The fall
of the Chelyabinsk meteoroid on February 15, 2013,
stimulated a new wave of interest in phenomena
accompanying the destruction of cosmic bodies in the
atmosphere, including effects in the ionosphere. Due
to a fairly wide network of ionospheric observation
stations, it was possible to detect some disturbances of
the ionosphere, which could be related to the fall of
the meteoroid (Berngardt et al., 2015), and subse-
quently to determine the response in the ionosphere in
the near zone at distances of 200–300 km from the
epicenter using specially developed techniques
(Voeykov et al., 2016; Perevalova et al., 2015). Distur-
bances of the ionosphere were also recorded during
the Tunguska catastrophe of 1908 (Ivanov, 1964). In
the numerical simulation of shock phenomena, atten-
tion is focused on the destruction of and radiation
from a cosmic body during its passage through the
atmosphere, the propagation of the shock wave along
the surface, and the formation of a crater and ejecta
from it. Simulation usually concerns the first minutes
or seconds after the impact. There are almost no

papers describing computer simulation of the genera-
tion and propagation of atmospheric disturbances
from cosmic body impacts over several hours and for
distances of several thousand kilometers. An exception
is the recent work (Shuvalov et al., 2017), which pres-
ents calculations of ionospheric disturbances after the
hypothetical fall of the Apophis asteroid.

The purpose of this paper is to simulate iono-
spheric disturbances caused by the two most famous
terrestrial impact events in the last 150 years: the fall of
the Chelyabinsk and Tunguska space bodies (hereinaf-
ter referred to as CSB and TSB).

CALCULATION METHOD
The initial impact stage, destruction and decelera-

tion of the cosmic body in the atmosphere were calcu-
lated by the model (Shuvalov, Artemieva, 2002;
Artemieva, Shuvalov, 2016; Shuvalov et al., 2016),
which considers deformation of a completely
destroyed meteoroid under the impact of an aerody-
namic load, its vaporization by shock-heated air radi-
ation, fragmentation and conversion into a retarding
gas jet with small fragments. The results of these cal-
culations serve as initial data for the three-dimen-
sional SOVA program (Shuvalov, 1999a), which is
used to calculate ionospheric disturbances. At iono-
spheric altitudes, dissipative processes, viscosity, and
thermal conductivity, which are usually neglected at
low altitudes (up to 100 km), can play an important
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role. Therefore, the Euler equations in the SOVA pro-
gram were replaced by the Navier–Stokes equations to
calculate the atmospheric f lows. Thermal conductiv-
ity was also taken into account in a number of two-
dimensional calculations, but it did not contribute sig-
nificantly to the solution, therefore, the thermal con-
ductivity was not taken into account in the three-
dimensional calculations. Some two-dimensional
variants were calculated from a different gas-dynamic
model based on the f low correction method in order to
control the adequacy of the model used (Khazins and
Shuvalov, 2016).

A very detailed difference grid of 800 points verti-
cally and 3200 points horizontally was used in two-
dimensional calculations, while the three-dimen-
sional calculations were coarser: 400 vertical (Z) and
horizontal (X) points, and 190 points in Y-direction
perpendicular to the vertical plane in which the trajec-
tory of the incident body lies.

In a dissipative atmosphere, the molecular viscosity
coefficient can be written in the form (Huang et al., 2014):

The units of μ are kg m–1 s–1. Tables (Kuznetsov,
1965) were used as an equation of state, which us allow
to satisfactorily describe both the high-temperature
and low-temperature regions. Such a description of
the characteristics of the medium is valid up to alti-
tudes on the order of 100 km; at higher altitudes, they
are correct only in the first approximation, since the
air composition begins to change at those altitudes.

The condition of nonflow (a rigid wall) was set at
the lower boundary of the computational domain. At
the lateral boundaries, background conditions were
set, however, a doubling was performed and the
boundaries were moved away when the disturbances
reached the lateral boundary (along X or Y). The same
was done with the upper boundary. Formally, the
approximation of gas dynamics and, accordingly, the
model that we use works up to an altitude of about 400 km.
At this altitude, the particles’ passages in the undis-
turbed atmosphere are compared with the characteris-
tic altitude of the atmosphere. We considered three
possible boundary conditions on the upper boundary.
The first is that the calculation area is formally
extended up to the altitudes where the equations of gas
dynamics no longer work. This leads to the fact that
very strong disturbances develop at elevations of more
than 400 km, which greatly limits the time step and,
accordingly, increases the calculation time. The sec-
ond method consists in using Rayleigh viscosity (Xu
et al., 2003) at altitudes of more than 400 km, which
leads to attenuation of disturbances in the region
where gas dynamics do not work. In this case, prob-
lems with density arise at the stage when the ejected
dense material starts to fall under the action of gravity.
And, finally, the third option, the most successful
from our point of view, is to periodically (carried out

7 0.693.54 10 ( *) .T−μ = ×
once per hundred calculated layers) fill regions where
the density is lower than the equilibrium density at an
altitude of 500 km with fixed background. All three
boundary conditions hardly affect the f low at altitudes
of 200–300 km, but the latter provides a minimum
calculation time.

IONOSPHERIC DISTURBANCES 
GENERATED BY THE CHELYABINSK EVENT

Figure 1 presents the numerical results for the ini-
tial stage of ionospheric disturbances after the CSB
impact. Three options were considered. In the first
case, a dunite meteoroid with a diameter of 19 m and
density of 3.3 g/cm3 fell at an angle of 19° at a speed of
20 km/s. In the second case, the same meteoroid fell
vertically. The third option is an explosion with a
capacity of 500 kt of TNT equivalent (about the same
as the energy of a meteoroid) at an altitude of 20 km.
The main difference between these cases is that in the
first two cases, the energy release zone has an elongated
shape. The main energy is released near the deceleration
point, but there is an extended rarified channel above it
that expands and generates a shock wave.

At time 30 s, the atmospheric f lows in different
cases greatly differ from each other. This difference is
maintained even 150 seconds after the energy release.
But after 360 s, all the f lows become similar to each
other and look like a typical f low caused by a spherical
explosion. The flows generated by the meteoroid
impacts (the first two cases) develop a little faster than
a purely explosive f low.

To estimate the atmospheric disturbances at a fixed
point in space, we introduce the quantity

 that characterizes the
maximum amplitude of density oscillations at this point.
Here, ρ0(z) is the equilibrium air density in the atmo-
sphere at an altitude z. A grid of fixed marker points (on
the order of a million points) is introduced in the entire
calculation area. The value  is calcu-
lated and its maximum value (i.e., ∈) is retained at
each of these points, at each time step.

It can be seen from Fig. 2 that all three considered
options give spatial distributions of the maximum den-
sity oscillation amplitude  that are not very different.
The size of the region where density disturbances at
altitudes of 200–300 km exceed 5% reaches 3000–
4000 km, while at distances of up to 500 km from the
epicenter the ionospheric density disturbance is 20%
or more. The slope of the trajectory leads to some hor-
izontal displacement and a slight decrease in the dis-
turbed region. To estimate the effect of specific
weather conditions, calculations of explosion were
performed with two different atmospheric models: the
standard CIRA (CIRA, 1961) and one corresponding
to the time and place of the Chelyabinsk event
obtained using the MSIS-90 model (Hedin, 1991).
The difference between the explosion calculation

0 0max( (( ) )),abs∈= ρ − ρ ρ

0 0(( ) )abs ρ − ρ ρ

∈
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Fig. 1. Relative air density ρ/ρ0 distributions in 30, 150, and 360 s after the deceleration of the Chelyabinsk space body. The ver-
tical fall of the meteoroid is on the left, an explosion at an altitude of 20 km is on the right, a meteoroid with an entrance at an
angle of 19° is in the center. 
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results with different atmospheric models (see Fig. 2)
is approximately the same as the difference between
the results of the explosion calculation and the total
impact problem. Apart from the cases described
above, an explosion with an energy of 500 kt at an alti-
tude of 30 km was simulated; the  distributions differ
from those considered above just slightly.

As can be seen from Fig. 1, the Chelyabinsk mete-
oroid energy release differs significantly from the
axisymmetric one. However, after about 10 minutes
(Fig. 1), the disturbed ionosphere region acquires an
almost axisymmetric form, and the total pictures of
ionospheric disturbances in the explosion and oblique
impact differ little (see Fig. 2). Based on this, we com-
pared the observation data with the calculations of the
disturbances generated by the CSB for the third case

∈
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(the calculation of which takes the least time), i.e., in
the approximation of instantaneous energy release in
an axisymmetric region.

A common characteristic of ionospheric distur-
bance is the deviation dI of the total electron content
(TEC) in the path of the beam from the background
TEC value. The Chelyabinsk event occurred on Feb-
ruary 15, 2013, at 03:20 UT, that is, near the boundary
of the solar terminator, separating the low night values
of the background electron concentration from the
daytime values.

Figure 3a shows the distribution of the background
concentration at two moments of time, obtained with
the IRI-2012 model (Bilitza et al., 2014). The differ-
ence between the daytime and morning values   of the
background electron concentration reaches a factor of
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Fig. 2. Distributions of the maximum amplitude of density f luctuations  for different cases: (a) spherical explosion in the CIRA
atmosphere, (b) spherical explosion in the MSISE atmosphere, (c) vertical meteoroid fall, (d) meteoroid fall at an angle of 19º. 
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five. In the calculations, we used a time-invariant dis-

tribution at time 03 UT. Figure 3b shows the dI distri-

bution in the units of total electronic concentration

TECU (1 TECU = 1016 electron/m2) obtained as a

result of numerical simulation by calculating the cor-

responding integrals along the vertical beam at a dis-

tance of 300 km from the axis of symmetry. The results

of vertical sounding obtained by processing observa-

tional data from one of the Arti geophysical observa-

tory stations located about 250 km from the place of

the meteor explosion (Perevalova et al., 2015) are also

given there. As can be seen, there is good agreement

between observational and calculated data on the

amplitude and period. At the same time, the calcu-

lated signal begins with a positive phase, and not a
negative one, as follows for a given localization of
observations. The work (Gokhberg et al., 2013) pays
attention to formation of the negative phase of the sig-
nal, the so-called inverted N-wave. A study of the
TEC variations that were initiated by a series of the
strongest underwater earthquakes leads M.B. Gokh-
berg and coauthors (Gokhberg et al., 2014) to the con-
clusion that the anisotropy of the medium generated
by the geomagnetic field is responsible for the forma-
tion of a particular N-wave phase. In the present work,
the impact of geomagnetic field is not taken into
account.

The presented comparison of calculated and obser-
vational data indicates the consistency of numerical
simulation with the real processes.
SOLAR SYSTEM RESEARCH  Vol. 52  No. 2  2018
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Fig. 3. (a) Background electron concentration: 15.02.2013, 9UT (1); 15.02.2013, 3UT (2). (b) Total electron content. The gray
curve is the published results of the TEC time distribution in the south-west direction from the place of the “meteoric explosion”
(Perevalova et al., 2015); the black curve is the result of numerical TEC simulation.
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Based on comparisons of ionospheric disturbances
generated by TNT explosions with a power of 0.26–2 kt
with disturbances recorded upon the fall of the Chely-
abinsk meteoroid Ruzhin et al. (2014) conclude that
there is possibly a significant overestimation in the
TNT equivalent of the Chelyabinsk event in existing
publications. The authors see one of the possible rea-
sons for this discrepancy in the difference between the
energy release during an explosion and the braking of
a meteoroid. Our calculations and results of simula-
tion published in (Popova et al., 2013) show that both
atmospheric disturbances and excess pressures on the
Earth’s surface depend relatively weakly (by no more
than 2–3 times) on the method of energy release. Appar-
ently, the reason must be sought in something else.

IONOSPHERIC DISTURBANCES 
GENERATED BY THE TUNGUSKA EVENT

The atmospheric f low arising from the fall of the
Tunguska cosmic body differs significantly from that
considered above. This difference is due to the role of
the atmospheric trail formed during the f light of the
cosmic body through the atmosphere. In the study of
Shoemaker-Levy 9 comet’s fragments fall to Jupiter
(Boslough and Crawford, 1997) it was found that the
presence of a trail can lead to formation of an atmo-
spheric plume that rises up along the trail and throws
a denser gas from the lower layers of the atmosphere
into the thinner upper atmosphere. The mechanism of
plume formation due to perturbation of hydrostatic
equilibrium in a rarefied meteor trail was considered in
detail in the paper (Shuvalov, 1999b), where it was
shown that plumes appear when large enough bodies
(diameter > 50 m) fall. In the case of smaller bodies
(≤10–20 m), a plume does not have time to develop
SOLAR SYSTEM RESEARCH  Vol. 52  No. 2  2018
because of mixing of the trail with the surrounding air
due to the development of the Kelvin-Helmholtz
instability at the boundaries of the trail.

The formation of the plume is clearly visible in Fig. 4,
which shows the initial stage of formation of iono-
spheric disturbances in one of the possible scenarios of
the Tunguska catastrophe, namely, when a comet with
a diameter of 80 m falls at a speed of 30 km/s at an
angle of 45 degrees.

At 7 s, the gas begins to accelerate upward along the
trail in the entire rarified trail. The density of the gas (a
mixture of air and vapor) throughout the trail is less
than the equilibrium atmospheric density, while the
pressure gradient is greater, because the pressure itself
is greater than outside the track. The maximum pres-
sure gradients (both in the trail and outside it) are
observed at low altitudes (below the mesopause),
where the gas accelerates faster and—colliding with a
slower gas rising above the mesopause—generates a
shock wave that is clearly visible in it at time 50 s. Gas
accelerated inside the trail rises upward, into more rar-
ified layers, becomes heavier than the ambient air, but
continues to f ly upwards by inertia, i.e., a plume is
formed. At altitudes of about 1500 km, the plume
slows in the gravity field and begins to descend; oscil-
latory movements occur (see Fig. 7).

Further evolution of ionospheric disturbances is
shown in Fig. 5. The rise of the plume, its fall, and
subsequent f luctuations are accompanied by the gen-
eration and vertical propagation of shockwaves that
gradually translate the energy of the plume into heat.
The heated region of the atmosphere in the region of
the “explosion” expands sideways, generating a shock
wave in front of it. For comparison, Fig. 5 shows the
distribution of density perturbations in the atmo-
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Fig. 4. The initial stage of the formation of ionospheric disturbance after impact of a comet with a diameter of 80 m at a speed of

30 km/s at an angle of 45°. The black line shows the density contour corresponding to a value of 5×10–15 g/cm3 (equilibrium

density at an altitude of 400 km). Areas where the density is less than 5×10–15 g/cm3 and where the gas-dynamic approximation

does not work are shaded with a gray background color. 
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Fig. 5. Propagation of ionospheric disturbances during the first hour after the fall of a comet with an 80 m diameter at a speed of

30 km/s at an angle of 45°. The black line shows the density contour corresponding to a value of 5 × 10–15 g/cm3 (equilibrium

density at an altitude of 400 km). Areas where the density is less than 5 × 10–15 g/cm3 and where the gas-dynamic approximation
does not work are shaded with a gray background color. For comparison, the atmospheric disturbances in 80 minutes after the

CSB impact is shown on the same scale in the lower figure. Vertical and horizontal scale differ by a factor of 4. 
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sphere 80 minutes after the fall of the CSB, demon-
strating a qualitative difference between the natures of
atmospheric disturbances in these two cases.

Density perturbations in the ionosphere caused by
the Tunguska catastrophe are much stronger than in a
spherical explosion with an energy equal to the kinetic
SOLAR SYSTEM RESEARCH  Vol. 52  No. 2  2018
energy of the TSB at an altitude of 10 km (see Fig. 6).

They are about an order of magnitude greater than the

ionospheric disturbances caused by the fall of the

Chelyabinsk meteorite. The calculations were finished

at a time of 100 min (6000 s), when the characteristic

radius of the perturbed region became comparable to
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Fig. 6. Distributions of the maximum amplitude of density oscillations ∈ for a spherical explosion with an energy of 13 Mt at an
altitude of 10 km and for a comet impact with a diameter of 80 m at a speed of 30 km/s at an angle of 45° (with the same energy
of 13 Mt). 
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Fig. 7. Relative density ρ/ρ0(z) dependence on time at altitudes of 200 km (gray line) and 300 km (black line) at different distances
X from intersection of the CSB trajectory with the Earth’s surface. 
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the Earth’s radius. At large distances, the sphericity of
the Earth, which we did not take into account, is
already significant. At the time the calculations are

concluded, the perturbation region with a value 
has already reached its maximum size; the region of
weaker perturbations still continues to increase. Tak-
ing into account the sphericity of the Earth will con-
tribute to this increase.

In both cases, with the fall of the Tunguska and
Chelyabinsk cosmic bodies, atmospheric disturbances
are concentrated at altitudes of more than 100 km,
where the characteristic altitude of the atmosphere is
several tens of kilometers. At altitudes below 100 km,
the perturbations decay quickly due to a very strong
density gradient (a small characteristic altitude of the
atmosphere).

Time dependences of the relative density at differ-
ent altitudes and different distances from the impact
epicenter (see Fig. 7) show that higher frequency den-
sity perturbations with a characteristic period of 200–
250 s are observed against the background of large-
scale (with a characteristic size of thousands of kilo-
meters and a period of more than an hour) density
perturbations that are clearly visible in Fig. 5. Oscilla-
tions of approximately the same frequency are also
observed during the CSB fall.

CONCLUSIONS

Calculations of ionospheric disturbances caused by
the fall of the Chelyabinsk meteoroid in three approx-
imations were performed. In the first one, the velocity
and thermodynamic quantity distributions obtained
from the simulation of deceleration of a meteoroid
falling at an angle of 19° were used as the initial data.
In the second case, the results of calculation of a verti-
cal meteoroid fall were taken as the initial data. In the
third (simplest) approximation, a spherical explosion
with an energy equal to the kinetic energy of a meteor-
oid at altitudes of 20 and 30 km was considered. Com-
parison of the results obtained in different approxima-
tions showed that the difference between them is
approximately the same (20–40%) as the one intro-
duced by uncertainty in distribution of atmospheric
parameters at the time of impact. Based on this, we
can conclude that if we want to construct a model of a
specific meteor phenomenon for which atmospheric
parameter distributions at the time of impact are
known, then it is better to solve the complete problem
of the meteoroid entering the atmosphere and the sub-
sequent propagation of perturbations. If, however, we
want to predict atmospheric disturbances caused by
the impact of a cosmic body of a certain size that will
drop at an unknown time and location, then in the
first approximation one can regard the impact as a
spherical explosion. This conclusion is correct only for
the fall of relatively small meteoroids (20–30 m and
less). For impacts of larger bodies, for example, the
Tunguska cosmic body, the picture of the atmospheric

1∈>
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f low is qualitatively different; the role of the meteoric
trail increases and an atmospheric plume is formed
that emits dense air from the lower dense layers of the
atmosphere to great altitudes. The spherical explosion
model works poorly in this case.
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