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We present results of three-dimensional numerical hydro-
dynamical calculations of the impacts of comets into the at-
mosphere of Titan. Our goal is to develop formulae that may
be used to predict the sizes and distributions of craters that are
expected to exist on Titan’s surface and be found by the Huy-
gens probe of the Cassini mission that will arrive at the Saturn
system in 2004. We also compare our results with similar cal-
culations done by us for asteroid impacts into the atmosphere
of Venus [Korycansky, Zahnle, and Mac Low 2002 Icarus,
157, 1 (KZM02); Korycansky and Zahnle 2002 Icarus in press
(KZ03)].

In our most recent work (KZ03), we found that the depth
to which the impactor penetrated was governed primarily by
the mass of atmosphere encountered by the object, and was
otherwise largely independent of other parameters such as im-
pact velocity v0 and angle θ . The column mass to which the
last portion of the impactor penetrates is approximately equal
to the mass of impactor at the top of the atmosphere before the
impact takes place; however, the impactor is disrupted long
before that point, and substantial amounts of mass are stopped
in the atmosphere at higher altitudes.

In this work we extend the calculations to i) porous icy
bodies such as comets, ii) a different atmosphere (Titan as
opposed to Venus) with a different scale height, and iii) a larger
range of size (and thus mass): a factor of 10 in size (1000
in mass), spheres ranging from 1 km to 10 km in diameter.
Comparison calculations with the Venus atmosphere were also
made. As in KZ03, we use a modified version of the ZEUSMP
code for the simulations (Norman 2000, Astrophysical plasmas
eds. J. Arthur et al.). The resolution of the calculations is
the same as the high-resolutions calculations of KZ03. The
impactor material is porous ice, for which we use the Tillotson

equation of state (Melosh 1989, Impact Cratering). Porosity
is treated by the “p � α” model (Herrmann 1969, J. Applied
Phys., 40, 2490). We assume an initial 50% porosity, so that
the initial density of the impactors is ρ0

� 0 � 46 gm cm
� 3. The

initial mass of the impactors is denoted by m0 and the cross-
section by A0; due to ablation and other aerodynamic effects,
the mass and cross-section vary as impactor passes through the
atmosphere.

As with previous work, we measure from the simula-
tions as our primary indicators the total mass of the im-
pactor (primary body + ejecta) m f

�
z � ��� dt � CρvzdA � and

momentum q f

�
z � � � dt � Cρv2

z dA � that pass a given height z
in the atmosphere; C is a tracer in the simulations that tracks
impactor material. [For a given atmosphere ρ

�
z � and ini-

tial impactor cross-section A0, z translates to column mass
µA0
�
z � � A0 secθ � ∞

z ρ
�
z � � dz � .] In turn, m f and q f can be

used to generate a predicted crater size by using a crater scal-
ing such as the one given by Schmidt and Housen (1987, Int.
J. Impact Engineering 5, 543). We also track the mass mi,
momentum qi, and cross-section Ai of the primary impactor
body (which loses mass by mechanical ablation due to hydro-
dynamic instabilities); the impactor body is defined by grid
cells with ρC 	 0 � 5ρ0.

Fig. 1 shows mass curves m f and mi versus µA0 for several

1-km diameter Titan impactors at 10 km s
� 1 impacting at 45 
 .

The calculations differ by � 0 � 01 km s
� 1 in their initial veloci-

ties in order to sample the effects of sensitivity to initial condi-
tions (“chaos”) that we found previously (KZM02, KZ03). For
impactors of this cross-section (A0

� 7 � 85 � 109 cm2), the sur-
face at z � 0 corresponds to a column mass µA0

� 1 � 19 � 1014

gm, and our calculations predict that 1-km porous icy bodies
are completely disrupted at a column mass corresponding to
altitudes of  15 km and that the ablated mass is stopped at a
column mass  9 � 1013 gm, or about 5 km above the surface,
as seen from Fig. 1.

As in KZ03, we can fit empirical formulae for the total
masses m f and momenta q f of the form

m f
� m0

�
1 ��� µA0

Bm0 � βm � αm

q f
� m0v0

�
1 ��� µA0

Bm0 � βq � αq

to the m f and q f curves, where B, αm, βm, αq, and βq are
fit for each individual run. For the Venus-impact calculations
described in KZ03 we found that the parameters such as B were
largely independent of m0, the impactor mass, v0, its velocity,
or θ , the impact angle. Variations were generally smaller than
the variance of the result. In this discussion we focus on B;
B is the ratio of atmospheric column mass down to which
at least some impactor mass penetrates, to the mass of the
impactor before it strikes the atmosphere. In other words, given
the value µA0

�
m f
� 0 � of the horizontal axis zero-intercept
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where m f
� 0, B is the ratio µA0

�
m f
� 0 ��� m0. Note that

m f is in general not the initial body of the impactor, which
suffers ablation and disruption, but the total mass of material,
ablated or not, that passes by a given atmospheric height. On
general physical considerations, one would expect B to take on
values of order unity. However, the situation is complicated
by ablation of the impactor; it is possible, for instance, to
envision ablative mechanisms that are sufficiently effective as
to produce B � 1; contrariwise, enhanced aerodynamic effects
on ablated material might produce larger values of B. For the
Venus calculations (KZ03) we found B � 0 � 96 � 0 � 20, which
suggested that rocky impactors (over a range of about 30 in
mass) generally penetrate an amount of mass equal to their
initial mass.

For porous icy impactors, our results have turned out dif-
ferently. As can be seen in Fig. 1, the simulations do not
yield the value of B � 0 � 96 as can be seen by inspection of
the figure; rather B  0 � 36 for these particular runs which are
all of impactor mass 2 � 4 � 1014 gm. We have carried out a
suite of simulations of porous icy impactors of a large range
of mass, as mentioned above. Large (multi-km) impactors
would in reality encounter the surface of Venus or Titan before
losing significant amounts of mass (or at least, the total mass
would strike the surface); we have therefore extrapolated the
atmospheric profiles below the surface level at z � 0 in order
to focus on atmospheric interactions.

For 19 runs of impactors spanning the range 2 � 4 � 1014 �
m0 � 2 � 4 � 1017 gm, we find

B � 0 � 49 � m0

1015gm � 0 � 19

(1)

for Titan impactors at 45 
 and v0
� 10 km s

� 1. A comparison
for Venus porous ice impactors over the same mass range with
the same impact velocity and angle yields

B � 1 � 06 � m0

1015gm � 0 � 27

(2)
a result which is consistent with the previous Venus impact-
or runs (i.e. the results of KZ03), if the power-law variation
is neglected; however, a mass ratio of 30 as in KZ03 should
lead to a range in B of  2 � 5, which is rather larger than was
observed.

Figure 2 plots log B vs. log m0 for the calculations de-
scribed here and relevant calculations from KZ03, along with
the fits given by Eqns. (1) and (2). Some conclusions emerge:

� porous and/or icy impactors do have different behavior
from rock impactors (e.g. different depths of penetra-
tion) in the same atmosphere (Venus)

� porous icy impactors penetrate more deeply into the
atmosphere of Venus than into that of Titan by about a
factor of 2 in mass; the effect is larger for more massive
impactors.

These tentative conclusions require more testing and anal-
ysis (e.g. calculations of large rock impactors), but do im-
ply significant additional dependence of mass and momentum
fluxes on parameters such as impactor composition (as it af-
fects, e.g. sound speed) and atmospheric profile (e.g. scale
height). One possible correlation to be checked is the behav-
ior of the impactor body as a function of atmospheric mass
(i.e. mi). Deposition of mass in the atmosphere is controlled
by ablation, which is a function of parameters of the atmo-
sphere as well as the impactor. Ultimately we aim to produce
a quantitative explanation of this and other impactor behavior.
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