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Figure 1: Sample timestep of a local-scale impact modeled
with the CTH hydrocode. The figure shows density on a log-
arithmic scale (10−6 < ρ < 1 gm cm−3) at t = 60 s after the
impact of ad = 36.8 km object at 20 km s−1 (4×vesc) into the
“Mars” target.

Hydrodynamic modeling

We present results from numerical modeling of impact ero-
sion of planetary atmospheres using the CTH hydrocode. The
calculations discussed here are “local”: the curvature of the
planet and the radial dependence of the gravitational field are
neglected. The computational domain is a cartesian box: the
calculations are three-dimensional.

Physical parameters of the simulations include the target-
planet properties: three planetary environments are used. Pa-
rameters include the gravitational field (vertical gravityg) and
the escape velocity that characterize the target. Additionally
the surface pressure of the atmosphere and its scale height are
set, the latter determined by the atmospheric composition and
temperature. This in turn sets the altitude of the exobase, above
which material is assumed to move ballistically. The parame-
ters of the impactor are its diameter and velocity; the impactor
angle is set toθ = 45◦ from the vertical.

We are carrying out the local-scale simulations using the
CTH hydrocode from Sandia National Laboratory [1]. CTH is
a highly advanced code widely used in the planetary science
community. It utilizes adaptive mesh refinement to concentrate
computational resources at locations of physical interest in the
simulation, such as shock fronts and material interfaces. In

addition, it makes use of material strength models and advanced
tabular equations of tabular such as ANEOS and the SESAME
library from Los Alamos National Laboratory.

We consider impacts into three targets: Mars-like (g = 370
cm s−2, vesc = 5.0 km s−1), Earth-like (g = 980 cm s−2,
vesc = 11.0 km s−1), and a “Super-Earth” (g = 2411 cm s−2,
vesc = 23.5 km s−1) that matches conditions for an exoplanet of
8M⊕. The surface pressures arePsur f = 1, 10, and 100 bar. For
these first set of calculations we also assume an isothermal CO2
atmosphere at 300K, leading to exobase altitudesHx ∼ 400,
150, and 60 km for the “Mars”, “Earth”, and “Super-Earth”
cases, respectively. Impactor diameters aredi = 4.6, 17, and
36.8 km, and impact velocities are parameterized in terms of
the escape velocity:vi/vesc = 2, 4, 6, and 8. Computation
domain sizes are based on the maximum of either the transient
crater diameter from the impact or the exobase altitude. Like-
wise the simulation runtimes are based on the maximum crater
formation time or the time for impact ejecta moving atvesc

to reach the exobase altitude. Both the impact and the target
have made of basalt; a simple material model (“geo”) in CTH
is applied, with a nominal yield strength of 109 cm2 s−2.

Post-impact analysis yields fluxes of material moving at
escape speed or faster through the boundaries (chiefly the upper
boundary atz = Hx); we integrate the flux to get the total amount
of escaping material. Although we track three kinds of material
(impactor, target surface, atmosphere), here we report only on
the last (escaping atmosphere).

We have carried out and analyzed∼ 80 3D parameter com-
binations so far. A sample timestep from one of the calculations
is shown in Fig. 1. The figure shows the density on a loga-
rithmic scale (10−6<ρ<1 gm cm−3) at t=60 s after the impact
of a di=36.8 km object at 20 km s−1 (4×vesc) into the “Mars”
target.

Shuvalov scaling

Shuvalov[2] has carried out an extensive set of impact sim-
ulations for objects into Mars- and Earth-like targets. He
plotted his results in terms of parametersξ and χa, defined
in terms of simulation parameters and escaping atmosphere
mass: ξ = (d3

i ρi/H3ρ0)[ρi/(ρi + ρt)][(v2
i − v2

esc)/v2
esc], χa =

(mesc/mi)[v2
esc/(v

2
i − vesc)

2] The impactor diameter isdi, ve-
locity vi, densityρi and mass ismi; the atmosphere is char-
acterized by surface densityρ0 and scale heightH; the planet
escape velocity isvesc and ground (“target”) densityρt .

Simulation Results

Shuvalov found that his results (χa vs ξ ) could be well-fit by
an empirical fifth-order polynomial inξ . In Fig. 2 we plot
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Figure 2: Scaled escaping massχa vs. Shuvalov numberξ
for our simulations. Top: Simulations carried out with im-
pactor diameter 36.8 km. Bottom: simulations with impactor
diameters 4.6 and 17.0 km. All calculations done with with
fixed (non-AMR), non-uniform grid with maximum resolution
of five grid points per impactor radius (R05); Super-Earth cal-
culations done with additional vertical resolution of five points
per atmosphere scale height (HZ05). Lower panel: open sym-
bols are results fordi = 4.6 km calculations, closed fordi = 17
km. Dashed curve, top and bottom is the empirical fifth-order
polynomial fit to Shuvalov (2009) results.

our results in terms of the same variables. For comparison
the Shuvalov fit is shown as a dashed curve. The Shuvalov

curve forms an upper envelope to our results. This suggests
that our simulations support the use of Shuvalov’s formulation,
but that various possible potential problems in our calculations
may cause the amount of escaping mass we find to fall short
of the Shuvalov curve. For instance, numerical resolution of
the calculations may be an issue. It will be noticed that our
“Super-Earth” calculations fordi = 17 km fall farthest below
the Shuvalov curve.

Previous results of ours (presented last year at LPSC)
showed considerable departures below the curve. These cal-
culations were done with CTH in AMR (adaptive mesh refine-
ment) mode. CTH may also be run in a fixed-grid mode (with
a non-uniform grid if desired). We redid all the calculations for
di = 36.8 anddi = 17 km with a fixed grid, with minimum grid
size equal to 1/5 the impactor radius (“R05”). For the Super-
Earth calculations, in addition, the minimum grid spacing∆z
at the surface was set to ensure that the atmosphere had at least
5 grid cells per scale height near the surface (“HZ05”). Ad-
ditionally, we have commenced thedi = 4.6 km calculations,
results of which are shown for eight Mars-type targets along
with thedi = 17 km in the lower panel of Fig 2.

We have found that the re-done calculations showed sub-
stantially better agreement with Shuvalov scaling, and sub-
stantially less scatter among the different runs. However, the
Super-Earth calculations still fall far below the curve and show
a large amount of scatter; further investigation of these simula-
tions is necessary.

We conclude as above that Shuvalov’s scaling does apply to
these calculations and may represent a fundamental characteris-
tic of impacts into planetary atmospheres, although Shuvalov’s
own presentation of his results was in a purely empirical form.
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