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a b s t r a c t

Previous investigations of impact-induced atmospheric erosion considered mainly crater-forming
impacts. Simple estimates show that in dense primary planetary atmospheres, considerable erosion
could be induced by aerial bursts resulting from impacts of 1–10 km sized projectiles. Numerical
simulations of cometary and asteroidal impacts (striking unmodified and crater-forming, impacting as
fragmented meteorites, or causing aerial bursts) into dense (200 bar) atmospheres of different
temperatures have been performed to obtain the amount of atmospheric erosion. The results have been
approximated by simple analytical formulae.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The evolution of Earth's atmosphere is characterized by source
and loss processes. Atmospheres may have evolved by gravita-
tional attraction from the solar nebula, whereas the Earth's atmo-
sphere more likely is a product of volcanic degassing from the
mantle and evaporation of volatiles during impact of comets and
hydrous asteroids. The growth of atmospheres is counteracted by
escape processes primarily due to hypervelocity impacts. The idea
of impact-induced planetary atmospheric erosion has been sug-
gested by Cameron (1983). It is based on the assumption that a
considerable mass of shock-heated and upwards-accelerated
atmospheric gas can reach velocities exceeding uesc¼11.2 km/s
(i.e., escape velocity for the Earth) and can be ejected to space.

Quantitative estimates of this mechanism based on different
assumptions have been proposed by Vickery and Melosh (1990),
Newman et al. (1999), and Shuvalov and Artemieva (2002). Simple
approximations treated impacts like surface explosions. The most
advanced models (Svetsov, 2007; Shuvalov, 2009) consider the
cratering flow induced by impacts of spherical or cylindrical
asteroids and comets. de Niem et al. (2012) coupled previously
suggested parameterizations of source and loss processes with an
estimated impactor flux in a stochastic model to quantify atmo-
spheric evolution; however, they pointed out that a comprehensive
description of the impact-induced loss mechanism is lacking.
Although Shuvalov (2009) has taken the effects of impact angle

and of a wake created during the flight of the projectile through the
atmosphere into account, the possible disruption and/or decelera-
tion of the projectile during its passage through the atmosphere at
different impact angles has not been considered yet.

Nemchinov and Shuvalov (2003) and Svetsov (2007) have
shown that vertical impacts of comets 100–300 m in diameter,
which would disrupt and decelerate considerably in the atmo-
sphere, cause significant erosion of the Earth's atmosphere. In such
a case the ratio of escaping mass relative to the impactor mass
reaches up to a few tens of percent. They concluded that such
objects could significantly influence the evolution of the atmo-
sphere. However, the existence of such small comets and their
number are still being questioned. At least, small comets are not
considered to be a major type of Earth's impactors (Kuzmitcheva
and Ivanov, 2008). Alternatively to an intense bombardment and
efficient erosion of the atmosphere by small bodies, much larger
projectiles may be decelerated and fragment during their entry if
the atmosphere has been much denser, probably dozens of bars.
Such conditions may have been realistic for the primary Earth's
atmosphere (Zahnle et al., 2007) that is assumed to have been
considerably more massive (up to 200 bar) and hotter (above
1000 K) than the modern one. In such an atmosphere comets and
even asteroids a few kilometers in diameter could be totally
disrupted and decelerated and may have transferred their energy
almost completely to the air producing aerial bursts (Wasson and
Boslough, 2000). This process, in turn, could result in strong
impact induced atmospheric erosion.

De Niem et al. (2012) applied a Monte Carlo method and found
that after a heavy bombardment period the feeding of atmo-
spheres is the dominating process in competition of erosion and
retention of atmophile constituents of the impactors for a wide
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range of input parameters when starting with thin or moderate
atmospheric densities. In order to extend the initial conditions for
such an approach towards the more realistic assumption of a
dense primary atmosphere on Earth we have conducted a new
parametric study on impact-induced atmospheric erosion based
on a previous approach by Shuvalov (2009).

The purpose of this study is to simulate cometary and aster-
oidal impacts into dense and hot atmospheres and to estimate
atmospheric erosion induced by aerial bursts produced by projec-
tiles disintegrating and decelerating above the Earth's surface.
Such impactors do not produce craters and are therefore not
manifest in the crater record. A concomitant goal is to study the
influence of atmospheric density and temperature (given by
atmospheric scale height) on projectile evolution during the entry.
The results can be used to evaluate the evolution of dense atmo-
spheres in a period of heavy bombardement.

Numerical simulations (Shuvalov, 2009) have shown that
angle-averaged data on atmospheric erosion correlate well with
the results for an impact angle of 451 (the most probable angle of
incidence). For this reason we consider only 451 oblique impacts in
this study.

2. Numerical model

The 3D numerical model described in Shuvalov (2009) cannot
directly be applied for modeling impacts when projectiles experi-
ence strong fragmentation and deceleration during their atmo-
spheric traversal. Numerical modeling of atmospheric entry in the
modern atmosphere (Shuvalov and Trubetskaya, 2007) has shown
that significant deformation, fragmentation, and deceleration of
projectiles with sizes considerably smaller than the atmospheric
scale height occur at a distance of about 100 projectile sizes. At the
same time the simulation of projectile deformation and fragmen-
tation requires rather high spatial resolution (more than 40 cells
per projectile diameter). To account for both, a sufficiently large
computational domain and high resolution, one would need an
unrealistically large numerical mesh (1000–10,000 cells in one
direction) to address the problem in a 3D geometry.

To overcome this problem we employed a two-step model
approach. In the first step we use a 2D cylindrically symmetric grid
(Shuvalov and Trubetskaya, 2007) to describe the processes of
atmospheric entry, projectile deformation, fragmentation and
deceleration. The 2D models allows for a very high-resolution grid
of 40 cells per projectile radius along the central region. The cell
size increases at long distances behind the projectile where the
flow is almost cylindrical, all gradients along the trajectory are
small, and high resolution is not needed. The impact angle α¼451
is taken into account by decreasing gravity by a factor of sin(α) and
increasing atmospheric scale height by its inverse. This approach
was previously used for modeling Tunguska and Schoemaker-
Levy9 comet impacts (Shuvalov and Trubetskaya, 2007; Shuvalov
et al., 1999). The 2D approximation can be used until the wake
radius is less than the atmospheric scale height H. In the second
step the output from the 2D model is taken as an initial data set for
the 3D model. To solve the 3D problem we use the same approach
as described in Shuvalov (2009). The falling body is assumed to be
quasi-liquid (with zero strength). This approximation is suitable
for cases of rather large bodies that are destroyed before there is
noticeable deformation (Svetsov et al., 1995).

This two-step model cannot be used when the projectile size is
comparable with the atmospheric scale height, because in this
case 3D effects become significant from the very beginning of
projectile entry. However, the results of numerical simulations
show that such large projectiles do not experience strong

deformation and deceleration, and the 3D model can be used for
modeling such impacts ab initio.

We considered impacts into a dense atmosphere with mass
exceeding that of the modern terrestrial atmosphere by a factor of
200. Consequently the pressure near the surface equals 200 bar.
The atmosphere was considered to be about 5 times warmer
(1500 K near the surface) than the modern one and had a
characteristic scale height H of about 40 km. For comparison some
runs were carried out with a cold (resembling the modern)
atmosphere with HE8 km.

Tabulated data generated by the ANEOS equation of state
(Thompson and Lauson, 1972) using input parameters from
Pierazzo et al. (1997) for dunite and granite were applied to
describe the thermodynamic behavior of stony projectiles and
target material. We used Tillotson's equation of state (Tillotson,
1962) to describe cometary material and a tabular equation of
state (Kuznetsov, 1965) for the atmospheric gas. To understand a
possible influence of atmospheric composition on the impact
process we performed a few additional runs with an atmosphere
of the same mass and scale height but assumed a perfect gas EOS
with a specific heat ratio of 1.4.

3. Results

3.1. Atmospheric entry

Small (about 1 m sized) meteorites usually experience frag-
mentation at altitudes of about 40–50 km where aerodynamic
loading is about 107 dyn/cm2 (Svetsov et al., 1995). The probability
of large defects grows with meteorite size, and the ultimate
strength decreases (Tsvetkov and Skripnik, 1991). Therefore large
bodies experience fracture at higher altitudes. An increase of
atmospheric density at the surface further increases the altitude
of fracturing. However, aerodynamic loading at high altitudes is
too small to separate fragments of a large meteorite and it
continues to move as a single body consisting of closely packed
fragments surrounded by a single shock wave. The main deforma-
tion starts at lower altitudes where the body is completely
fractured and can be treated as liquid-like. A more comprehensive
treatment of material strength to study fracturing at high altitudes
would barely change the process of deformation at low altitudes.
Thus we considered deformation, fragmentation, and deceleration
of liquid-like projectiles.

Fig. 1 illustrates sequential stages of the atmospheric entry of a
3-km-diameter comet entering the Earth atmosphere with a
velocity of 50 km/s at an angle of 451. The comet is assumed to
consist of pure water ice with a density of 1000 kg/m3, for
asteroids a density of 3300 kg/m3 has been chosen.

The comet begins to deform at an altitude of about 200 km due
to development of Rayleigh–Taylor and Kelvin–Helmholtz instabil-
ities. At higher aerodynamic loading, the comet is flattened and
transforms into a pancake-like structure. The growth of instabil-
ities results in fragmentation of the cometary pancake at an
altitude of about 80 km. A jet consisting of shock-heated air and
comet fragments is formed. The initial velocity of the jet (about
45 km/s) is only slightly lower than the entry velocity. Later the jet
expands in radial direction and decelerates. At an altitude of about
60 km its velocity is halved. At this moment in time the 2D
simulation is finished and the output is used as initial data set
for the 3D model.

There is no qualitative difference between atmospheric entry of
a comet and a stony asteroid. In both cases the aerodynamic
loading is larger than projectile strength if we consider kilometre-
sized impactors. The quantitative difference is caused mainly by
the impactor density. Stony asteroids penetrate deeper into the
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atmosphere than comets of the same size and velocity. Simulation
results for atmospheric entry of different projectile types at
different conditions are summarized in Table 1.

Our numerical simulations show that the entry velocity very
slightly influences the process of projectile deformation and
disruption (see runs 3, 5 and 7, 9, 10 in Table 1). The altitudes of
fragmentation and altitudes where projectile velocity is halved are

rather close in runs with different pre-entry velocities but the
same size and composition. This result correlates with simple
estimates. The rate of projectile deformation ud during the flight
can be estimated from (Grigorian, 1979; Hills and Goda, 1993)

ud ¼ V ðρa=ρprÞ1=2; ð1Þ

Fig. 1. Destruction of a 3-km diameter comet (run 3 in Table 1). The distributions of density (the darker–the denser) at different heights h are shown.

Table1
Parameters of atmospheric entry for different projectiles. N is the number of run, D the projectile diameter, V the entry velocity, ρ the projectile density, C/A distinguishes
projectile type (comet or asteroid), H denotes atmospheric scale height, Hfr the altitude of fragmentation for disrupting projectiles, H1/2 the altitude where projectile velocity
is halved. Uimp is the impact velocity at the ground (for not severely decelerated projectiles). The values of Hfr, H1/2, and Uimp are the results of numerical simulations. Asterisk
marks cases with an ideal gas atmosphere.

N D, km V, km/s ρ, g/cm3 C/A H, km Hfr, km H1/2, km Uimp, km/s

1 1.0 50 1.0 C 40 150 123 –

2 1.0 50 1.0 C 8 24 17 –

3 3.0 50 1.0 C 40 100 65 –

3n 3.0 50 1.0 C 40 101 63 –

4 3.0 50 1.0 C 8 10 4 22
5 3.0 30 1.0 C 40 97 60 –

6 3.0 20 1.0 C 40 98 67 –

7 10 50 1.0 C 40 10 – 37
8 10 50 1.0 C 8 – – 41
9 10 30 1.0 C 40 20 – 20
10 10 70 1.0 C 40 15 – 54
11 30 50 1.0 C 40 – – 46
12 100 50 1.0 C 40 – – 50
13 1.0 20 3.3 A 40 125 88 –

14 1.0 20 3.3 A 8 18 12 –

15 3.0 20 3.3 A 40 60 35 –

16 3.0 30 3.3 A 40 63 40 –

17 3.0 20 3.3 A 8 4 – 11
18 10 20 3.3 A 40 – – 17
19 30 20 3.3 A 40 – – 20
20 100 20 3.3 A 40 – – 20
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where V is the instantaneous velocity, ρa and ρpr are the densities
of ambient air and impactor material respectively. Eq. (1) is
analogous to that for growth of the largest length scale in the
Rayleigh–Taylor instability (Svetsov et al., 1995). The deformation δ
itself can be estimated as δ¼udτ, where τ¼S/V is the time of flight,
S is the length of trajectory segment. Combining these relations
one obtains

δ¼ Sðρa=ρprÞ1=2: ð2Þ

In conclusion, the deformation depends on trajectory length but
not on impact velocity.

The process of deformation and fragmentation of a quasi-liquid
meteoroid is accompanied by the development of Rayleigh–Taylor
and Kelvin–Helmholtz hydrodynamic instabilities. These instabil-
ities develop in a stochastic way; therefore, different results can be
obtained even in different runs with the same initial data. This is
the reason why the altitudes of fragmentation in runs 3, 5 and 7, 9,
10 slightly differ from each other. We define the altitude of
fragmentation as that where the projectile transforms into several
large (410% of the initial projectile) fragments.

The numerical results show that the projectiles decelerate
faster and experience fragmentation at higher altitudes in warmer
atmospheres (of the same mass but larger scale height and,
consequently, lower surface density). A 1 km diameter comet
decelerates (velocity halves) at an altitude of 123 km (H1/2/H�3)
in the hot atmosphere and at an altitude of 17 km (H1/2/H�2) in
the cold atmosphere. A 3-km-diameter comet decelerates at an
altitude of 65 km (H1/2/H�1.5) in the hot atmosphere and at an
altitude of 4 km (H1/2/H¼0.5) in the cold atmosphere. The ‘char-
acteristic density of deceleration’ equals ρ0 exp(�H1/2/H), where
ρ0 is the surface density. In a hotter atmosphere ρ0 is smaller than
in the cold one, and the relative altitude of deceleration H1/2/H is
larger. Thus, one can see that in hotter atmospheres with the same
mass the projectiles decelerate at smaller density. Moreover in
hotter atmospheres the impactors experience a lower maximal
atmospheric drag what could be of advantage for the delivery of
organic material.

3.2. Atmospheric erosion

Fig. 2 shows the evolution of the disturbed region (wake)
produced in the dense Earth atmosphere by impact of a 3-km-
diameter comet. At the beginning of 3D simulations (t¼0) the jet
consisting of shock-heated air and projectile fragments is still
moving downwards with a velocity of about 25 km/s. Approxi-
mately within 10 s the jet decelerates at an altitude of about 10 km
above the surface. The structure looks very similar to simulations
of the famous Tunguska event of 1908 (Vasilyev, 1998). The
hydrostatic equilibrium is violated within the wake as high
pressure and low density give rise to a large pressure gradient
along the wake axis that cannot be balanced by gravity. As a result
the hot air within the wake accelerates upwards along the wake
axis (not vertically because of low drag within the rarefied wake).
Deceleration of the jet consisting of hot air and projectile frag-
ments results in the generation of a shock wave expanding along
the wake in the upward direction (visible at t¼45 s in Fig. 2). The
shock wave further increases the pressure and upward directed
flow along the wake. The wake itself slightly moves upwards in
vertical direction.

This mechanism results in the formation of a jet (plume)
directed upwards along the wake, that ejects air and projectile
material to high altitudes (see Fig. 3). The fastest part of the plume
may reach a velocity above the escape speed uesc (11.2 km/s for the
Earth) and lead to atmospheric erosion. At the impact of a 3-km-
diameter comet the Earth's atmosphere loses an atmospheric mass
of approximately ma¼0.4M, where M is the projectile mass.
Results of additional cases of atmospheric erosion are presented
in Table 2.

The mass of escaping air ma was determined as

ma ¼
Z

f ρauzdxdydt; ð3Þ

where ρa is the atmospheric density, u and uz are hydrodynamic
velocity and its vertical component, dt is the time interval, f¼1 if
u4uesc and uz40, otherwise f¼0. The mass loss was integrated
over a control surface at z¼800 km in our models for H¼40 km
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Fig. 2. Initial stage of plume formation after the impact of a 3 km diameter comet. Distributions of relative density ρ/ρ0(z) are shown, where ρ0(z) is equilibrium air density at
an altitude z.
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and at z¼200 km for H¼8 km. The mass of escaping target mt and
projectile mpr material were determined in an analogous way.

Numerical simulations show that most of the escaping atmo-
spheric mass is ejected from altitudes where the projectile
experiences strong deceleration and disruption. After projectile
deceleration this mass is concentrated in the lower part of
the wake.

As expected the entry velocity strongly influences the atmo-
spheric erosion (see runs 3, 5 and 7, 9, 10), although it does not
influence the projectile disruption and deceleration.

Fig. 4 summarizes the results of our simulations in terms of a
dimensionless parameter χa(ξ) introduced in Shuvalov (2009).

Recall that

ξ¼D3ρpr

H3ρa

ðV2�u2
escÞ

u2
esc

ρt
ρtþρpr
� �

is a dimension-less impact strength, and

χa ¼
ma

M
u2
esc

ðV2�u2
escÞ

represents the normalized escaping air mass.
Fig. 4 shows that atmospheric erosion induced by crater-forming

impacts (where the projectile survives the atmospheric traversal and
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Fig. 3. Atmospheric plume produced by the impact of a 3-km-diameter comet. Distributions of density ρ are shown.

Table 2
Atmospheric erosion induced by impacts of different projectiles. N denotes the number of run, D the projectile diameter, V the entry velocity, ρpr the projectile density, C/A its
type (comet or asteroid), H the atmospheric scale height. An asterisk marks cases with atmosphere modeled as ideal gas. Furthermore ma/M and mpr/M are escaping fractions
of atmospheric and projectile masses in units of the meteorite mass (as obtained in numerical simulations), χa and ξ are dimensionless variables introduced by Shuvalov
(2009).

N D, km V, km/s ρpr, g/cm3 C/A H, km ma/M χa mpr/M Ξ

1 1.0 50 1.0 C 40 0.1 0.005 0 4.3e�3
2 1.0 50 1.0 C 8 0.6 0.03 0.01 0.11
3 3.0 50 1.0 C 40 0.4 0.02 0.005 0.12
4 3.0 50 1.0 C 8 0.04 0.002 0 2.9
5 3.0 30 1,0 C 40 0.03 0.0015 0 3.8e�2
6 3.0 20 1.0 C 40 o1e�5 o5e�7 0 1.4e�2
7 10 50 1.0 C 40 0.5 0.025 0.003 4.3
8 10 50 1.0 C 8 0.8 0.04 0.1 1.1e2
9 10 30 1.0 C 40 0.1 1.6e�2 5e�4 1.4
10 10 70 1.0 C 40 1.0 0.025 7e-3 8.7
11 30 50 1.0 C 40 0.5 0.025 0.4 1.2e2
11n 30n 50 1.0 C 40 1.0 0.05 0.4 1.2e2
12 100 50 1.0 C 40 0.2 0.01 0.7 4.3e3
13 1.0 20 3.3 A 40 o1e�5 o5e�7 0 1.0e�3
14 1.0 20 3.3 A 8 5e�3 2e�3 0 2.6e�2
15 3.0 20 3.3 A 40 o1e�5 o5e�7 0 2.8e�2
16 3.0 30 3.3 A 40 0.05 8e�3 0 7.7e�2
17 3.0 20 3.3 A 8 0.04 0.01 0 0.69
18 10 20 3.3 A 40 1e�4 3e�5 0 1.0
19 30 20 3.3 A 40 0.01 3e�3 0 28
20 100 20 3.3 A 40 0.02 6e�3 0.02 1.0e�3
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strikes the surface at hypervelocity) can be parameterized by a
polynomial approximation as suggested by Shuvalov (2009):

lg χa ¼�6:375þ5:239ðlg ξÞ�2:121ðlg ξÞ2

þ0:397ðlg ξÞ3�0:037ðlg ξÞ4þ0:0013ðlg ξÞ5 ð4Þ

However, the atmospheric erosion induced by impacts of fragmented
projectiles (runs 4, 7, 9, 10, 17) and particularly by aerial bursts (runs
1, 2, 3, 5, 6, 13, 14, 15, 16) appears to be considerably higher than
predicted by Eq. (4). We regard impacts as aerial bursts if H1/240
(projectile velocity is halved before striking the ground) and refer to
impacts of fragmented projectiles if Hfr40. Comets with diameters of
1–3 km impacting the Earth' atmosphere at 50 km/s could eject a
mass of atmospheric gas as large as 0.1–0.8M. A decrease of the
entry velocity to 30 km/s (run 5) results in a much smaller amount of
erosion (a few percents only), however it still remains much larger
thanwhat has been predicted for crater-forming impacts of the same
dimensionless strength ξ, according to Eq. (4). Even airbursts
produced by stony projectiles result in larger amounts of erosion
than predicted by the approximating curve (Fig. 4 and Eq. (4)).
However, the amount of erosion produced by stony projectiles of the
given size (1–3 km) remains too small (ma/Mo1e-5) to contribute to
atmospheric evolution substantially. An increase of the entry velocity
up to 30 km/s significantly increases the amount of erosion produced
by asteroidal impacts (see run 16).

Numerical simulations with different equations of state for air
(tabular EOS and ideal gas) show that the chemical composition of
atmospheric gas only slightly influences the process of atmo-
spheric entry (compare runs 3 and 3* in Table 1). The erosion
efficiency changes within a factor of 2 (cf. runs 11 and 11* in
Table 2). A ratio of specific heats γ¼1.4 was used in run 11*. We
also tried smaller values of γ correspond-ding to higher tempera-
tures or CO2, the resulting erosion efficiency falls in the range
between runs 11 and 11*.

The effect of atmospheric scale height is more complicated and
depends on projectile size. On one hand a lower temperature and,
consequently, smaller atmospheric scale height should result in
larger upward pressure gradients within the wake, larger air
acceleration and erosion. A comparison between cases 1 and
2 or 13 and 14 confirms this idea. On the other hand the
temperature and atmospheric scale height strongly affect the
process of atmospheric entry and type of impact (aerial bursts or
crater-forming impacts). Comets of 3 km diameter produce aerial
bursts for H¼40 km (case 3) and surface impacts (of fragmented
projectile) for H¼8 km (case 4). In this example we find an
increase of the amount of erosion for H¼40 km because aerial
bursts are more effective (from the viewpoint of erosion). 10 km
diameter comets produce approximately the same erosion:
ma/M¼0.5 for H¼40 km (case 7, impact of fragmented projectile)
and ma/M¼0.8 for H¼8 km (case 8, a crater-forming impact).

We have also extended our simulations to larger projectile
sizes, up to D¼100 km. At the impact of a 100-km-diameter
cometary object the escaping air mass is well predicted by the
approximating curve (Fig. 4). At the impact of a 100-km-diameter
asteroid the lost atmospheric mass is considerably smaller (by a
factor of 3–4) than predicted by this approximation.

The relative mass of escaping projectile material for crater-
forming impacts correlates well with the approximation by
Shuvalov (2009). The mass of escaping projectile material in aerial
bursts is rather small (mpr/M51) and can be neglected for the
evaluation of atmospheric loss processes. The same is true for the
escape of target material.

4. Discussions and conclusions

In previous studies (e.g. Shuvalov, 2009) quantified atmo-
spheric erosion by large crater-forming impacts that do not

Fig. 4. Dimensionless atmospheric escape mass χa versus dimensionless erosional power ξ (see Section 3.2). Circles show data for cometary impacts, squares are results for
asteroidal impacts. Black symbols refer to aerial bursts, gray symbols to impacts of fragmented projectiles, empty symbols to normal crater forming impacts. Escape velocity
is 11.2 km/s, gray circles show data for escape velocity of 5 km/s. Black line corresponds to the approximation (Shuvalov, 2009) for crater forming impacts.

V. Shuvalov et al. / Planetary and Space Science 98 (2014) 120–127 125



experience fragmentation and deceleration during the traversal of
Earth's atmosphere. In this paper we focus on atmospheric erosion
due to smaller bodies leading to aerial bursts or surface impact of
highly fragmented projectiles. Our numerical simulations show
that aerial bursts produced by high-velocity (430 km/s) comets
and asteroids could result in the escape of air masses comparable
with that of the impactor. Aerial bursts produced by comets and
asteroids with velocities of 15–20 km/s are much less efficient in
terms of atmospheric erosion and negligible for assessing the
effect of impact on the evolution of atmospheres.

The results presented in Fig. 4 show that atmospheric erosion
as a consequence of aerial bursts and impacts of fragmented
projectiles cannot be approximated by the parameterization in
Eq. (4) and may not be described by any χa(ξ) function as suggested
by Shuvalov (2009). The two different mechanisms of erosion
(aerial bursts and crater forming impacts) call for separate para-
meterizations to approximate the loss of atmosphere due to
hypervelocity impact. First of all we need to determine the
transition between different impact regimes. If we assume an
exponential atmosphere we can rewrite the expression (2) in the
form (Svetsov et al., 1995)

δh ¼ 2H
ffiffiffiffiffiffi
ρh
ρpr

r
¼ 2H

ffiffiffiffiffiffi
ρ0
ρpr

r
exp � h

2H

� �
; ð5Þ

where δh and ρh are the deformation and atmospheric density at
an altitude h, ρ0 is the surface value of ρ. This equation can be
rewritten to find an altitude h where the deformation reaches a
specific value

h¼�2H ln
βD
2H

ffiffiffiffiffiffi
ρpr
ρ0

r� �
: ð6Þ

Here β¼ δh=D is the deformation measured in projectile diameters.
Note that Eq. (6) is only a first order approximation as the
atmospheric density does not precisely decrease exponentially
with altitude as assumed in Eq. (5). Nevertheless, Eq. (6) suggests
an approximation of Hfr and H1/2 by

H1=2 ¼�A1=2H ln
B1=2D
2H

ffiffiffiffiffiffi
ρpr
ρ0

r� �
ð7Þ

Hf r ¼�Af rH ln
Bf rD
2H

ffiffiffiffiffiffi
ρpr
ρ0

r� �
ð8Þ

Assuming Afr¼1.4, Bfr¼3.5, A1/2¼1.4, B1/2¼5.5 yields values for Hfr

and H1/2 as shown in Table 3 that correlate well with the results of
numerical simulations.

The atmospheric erosion induced by aerial bursts can be
approximated by

ma

M

� �
ab

¼ 5:5� 10�3ðV�VnÞ2 ffiffiffiffiffiffi
ρpr

p D
H

� �
ð9Þ

where Vn is the minimum entry velocity resulting in atmospheric
erosion; here ρpr is in g/cm3 and V in km/s. The value of Vn should
decrease as the atmospheric scale height decreases. As mentioned
above, this is the case because smaller atmospheric scale height
results in bigger upward pressure gradients within the wake and,
therefore, causes enhanced upwards acceleration of air

Vn ¼ 15þ0:2H ð10Þ

The results obtained with Eqs. (9) and (10) are given in Table 3
(runs 1, 2, 3, 5, 6, 13, 14, 15, 16) and correlate well with the results
of numerical modeling. We consider that Eqs. (9) and (10) give a
good approximation for dense (about 100 bar) atmospheres. We
did not test (9–10) for rarified atmospheres. However, in current
atmospheres the aerial bursts occur only during impacts of rather
small (about 100 m) bodies which are not representative for the
atmospheric effect of the total flux of impactors.

Most challenging is to find a parameterization for atmospheric
loss due to impacts of fragmented projectiles. Here we suggest a
smooth transition between the parameterization for crater-
forming impacts (Eq. (4)) and that for aerial bursts (Eqs. (9) and
(10)):

ln
ma

M

� �
f r
¼ ln

ma

M

� �
cr
þ ln

ma

M

� �
ab
� ln

ma

M

� �
cr

� �
Hf r

ðHf r�H1=2Þ
ð11Þ

As a result the following algorithm can be used for evaluation of
atmospheric erosion. The values for Hfr and H1/2 are determined
from Eqs. (7) and (8); note that both values could be negative. If
Hfro0 the impact is considered to be crater-forming and Eq. (4) is
used to calculate the amount of erosion. If H1/2 40 the impact is
regarded as aerial burst and Eqs. (9) and (10) are used to work out
how much atmosphere is eroded. Estimates for impacts of frag-
mented projectiles (H1=2o0; Hf r40) are obtained from (11). The
values obtained with this algorithm are listed in Table 3, column 7.
For part of cases (9 and 17 in Table 3) the results of our numerical
simulations considerably deviate from the parameterization we
suggested to estimate the atmospheric loss (Eqs. (7)–(10)). We
think these differences occur because relatively small errors in
estimating H1/2 strongly influence the value of ma/M. We believe
that this discrepancy does not strongly change the result when
averaging over projectile sizes.

Table 3
Comparison of results of numerical simulations and simple approximations,depending on impact type. N is the number of run, letters A and F distinguish type of impact
(A — aerial burst, F — impact of fragmented projectile), D the denotes projectile diameter, V the entry velocity, C/A is the impactor type (comet or asteroid), and H the
atmospheric scale height. Further ma/M is the escaping atmospheric mass vs. projectile mass, Hfr the altitude of projectile fragmentation, H1/2 the altitude where projectile
velocity is halved.

N D, km V, km/s C/A H, km ma/M ma/M estimate H1/2, km H1/2, km estimate Hfr, km Hfr, km estimate

1 A 1.0 50 C 40 0.1 0.1 123 125 150 149
2 A 1.0 50 C 8 0.6 0.5 17 12 24 17
3 A 3.0 50 C 40 0.4 0.3 65 63 100 88
4 F 3.0 50 C 8 1.2 1 – �0.3 4 5
5 A 3.0 30 C 40 0.03 0.02 60 63 97 88
6 A 3.0 20 C 40 o1e�5 0 67 63 98 88
7 F 10 50 C 40 0.5 0.4 – �4 10 21
9 F 10 30 C 40 0.1 0.02 – �4 20 21
10 F 10 70 C 40 1.0 1.4 – �4 15 21
13 A 1.0 20 A 40 o1e�5 0 88 91 125 116
14 A 1.0 20 A 8 5e�3 1e�2 12 6 18 11
15 A 3.0 20 A 40 o1e�5 0 35 30 60 55
16 A 3.0 30 A 40 0.05 0.06 40 30 63 55
17 F 3.0 20 A 8 0.004 1e-4 – �7 4 2
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The dependence of fractional (in units of projectile mass)
escaping mass on impactor size has two maxima: a first one for
crater-forming impacts (where ξ¼200–300) and a second one for
aerial bursts. The actual (not fractional) mass monotonously
increases with impactor scale.

Besides atmospheric loss processes aerial bursts are also inter-
esting from the viewpoint of the maximum pressure experienced
by the projectile during impact. The projectiles decelerate at some
altitude (depending on size, atmospheric mass and temperature)
where aerodynamic loading is smaller than near the surface.
Obviously in aerial bursts the projectile material is less com-
pressed and pressures are smaller than in the crater-forming
impacts. Organic compounds have more chances to survive aerial
bursts than surface impacts. This problem needs to be investigated
in more detail and is beyond the scope of this paper.

In the modern relatively rarefied Earth atmosphere aerial
bursts are produced by small (o100–300 m) comets. The exis-
tence and abundance of such small comets are still being ques-
tioned and small comets are not considered to be a major type of
impactors in the early Earth's history (Kuzmitcheva and Ivanov,
2008). However, in the dense primary atmospheres larger projec-
tiles can be decelerated and fragmented when passing the gaseous
envelope of planets. Our simulations show that comets with sizes
from 1 to 10 km could strongly influence the evolution of atmo-
spheres 100–200 times more massive than the modern one.
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