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Recent models of Titan’s upper atmosphere were used to reproduce the Cassini measurements of the
density vs. altitude by allowing a net upward flow at the exobase. Large mass flow rates were extracted
and interpreted due to thermally driven escape to space at a rate that is orders of magnitude larger than
the Jeans escape rate. This process is referred to as slow hydrodynamic escape. Direct simulation Monte
Carlo (DSMC) models are used here to describe the transition region of Titan's atmosphere where the
gas changes from being dominated by collisions to being dominated by ballistic transport. When
normalized at an altitude below the exobase to the densities and temperatures calculated in the recent
continuum descriptions of the Cassini ion neutral mass spectrometer data, these simulations show no
evidence for slow hydrodynamic escape. In addition, above the nominal exobase there is no evidence for
the proposed enhancement in the tail of the molecular speed distribution that would be required at
these temperatures to give the suggested escape rates. Even simulations at Titan for artificially small
Jeans parameters do not give thermal escape rates that deviate enormously from the Jeans estimate.
Therefore, we conclude that the suggested upward flow rates extracted from the INMS data, if

confirmed, must be due to mass loss by non-thermal processes and/or global transport.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Titan’s atmosphere is an important end point for studies of
atmospheric escape and evolution (e.g., Chamberlain and Hunten,
1986; Griffith and Zahnle, 1995; Johnson, 2004). Prior to Cassini’s
arrival at Saturn, Titan’s atmospheric mass loss was thought to be
dominated by loss of hydrogen (~2 x 108 amu/s; Lebonnois et al.,
2003; Wilson and Atreya 2004) with much smaller mass loss rates
for the heavier molecules (~2-5 x 10%® amu/s; Shematovich et al.,
2003; Michael et al., 2005). Recent analyses of the structure of
Titan’s thermosphere from data attained by the ion neutral mass
spectrometer (INMS) on Cassini have lead to substantially larger
loss rate estimates (0.3-5 x 10?® amu/s) (De La Haye et al., 2007;
Yelle et al., 2008; Strobel, 2008; Johnson, 2009). If the largest loss
rates suggested are correct, then a significant fraction of the
present atmospheric mass would have been lost in 4 Gyr.

The loss of hydrogen has been clearly confirmed by the INMS
data of density vs. altitude of H, (Waite et al., 2005; Yelle et al.,
2006) and by the ENA imaging of Titan’s corona (Garnier et al.,
2007). The rate extracted is roughly consistent with pre-Cassini
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estimates, although it was suggested that the Jeans estimate for
loss of H, needs modification (Cui et al., 2008).

Three different one dimensional (1-D) models were used to
estimate the heavy molecule loss rate based on INMS data for
density vs. altitude (for summaries see Johnson, 2009; Johnson
et al.,, 2009). In a fluid dynamic model, the heating rate and the
mass density profile vs. altitude were used to extract a net average
upward flux below the exobase (Strobel, 2008). In a diffusion
model, the diffusion of methane through nitrogen was described
below the exobase allowing for upward flow (Yelle et al., 2008).
In a third model the coronal structure above the exobase was
simulated by presuming the observed density vs. altitude depen-
dence was due to a non-thermal process occurring near the
exobase of a roughly isothermal thermosphere (De La Haye
et al,, 2007). The latter model calculated the hot recoils produced
by exothermic chemistry and atmospheric sputtering (e.g.,
Johnson 1990, 1994) and concluded that the incident plasma
drove escape (e.g., Michael et al., 2005). In the two continuum
models it was assumed that the upward flow extracted from the
averaged INMS data below the exobase is driven by heat
conduction from below. They further assumed that conduction
continues to act above the nominal exobase producing enhanced
thermally driven escape, a process referred to as slow hydro-
dynamic escape (e.g., Strobel, 2008; Johnson et al., 2008).

Slow hydrodynamic escape was defined as an organized
outflow of gas in which the atmospheric flow rate directly
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overcomes the gravitational well due to heating from below.
Such a process is thought to occur at Pluto (McNutt, 1989;
Krasnopolsky, 1999), where the Jeans parameter, 4;, the ratio of the
gravitational energy of a molecule to the thermal energy, is ~10 at
Texo™~3.5 Tputo (Strobel, 2007). This process has recently been
suggested to occur at Titan where the Jeans parameter is relatively
large, ~45 at rexo~1.6Tritan (Strobel, 2008).

Here we examine that suggestion using a direct simulation
Monte Carlo (DSMC) description of the 1-D atmosphere near the
exobase. Marconi et al. (1996) used a DSMC simulation to test a
fluid model in the transition region for an lo-like atmosphere and
found significant differences for a model in which escape was
forced to occur. The DSMC simulation is a suitable test to the fluid
models applied in Titan’s atmosphere because it makes no
assumptions about how atmospheric flow is driven by conduction
or convection. With DSMC we can apply an observed density and
inferred temperature to a lower boundary, and calculate how
conduction and convection would alter the atmosphere. In order
to test the escape rate from the slow hydrodynamic model, we can
connect a DSMC simulation to the continuum model using the
properties of the atmosphere below the exobase in Strobel (2008)
for a single component atmosphere and in Yelle et al. (2008) for a
two component atmosphere. We carry out DSMC simulations of
Titan’s transition region assuming no additional escape process is
occurring other than thermally driven escape. Based on these
simulations, we find that mass loss driven by thermal conduction
is not significantly enhanced over the Jeans rate at the relevant
temperatures or even at temperatures made artificially larger.
Therefore, if upward flow is occurring at the exobase, as suggested
by models of the INMS data, it must be associated with transport
to other regions of the atmosphere or to non-thermal escape
mechanisms (e.g., Johnson, 2009; Johnson et al., 2009).

2. Exobase and Jeans escape

As the density decreases with increasing distance from its
center, an altitude is eventually reached above which molecules
can travel planetary scale distances with a very small probability
of making a collision. At such altitudes an atom or molecule can
escape to space if its radial velocity is outward and its energy is
greater than its gravitational binding energy. The rough lower
boundary to this region of the atmosphere, called the exosphere
or the planetary corona, is the exobase. It is defined as that
altitude where the ratio of the mean free path for collisions, I to
the atmospheric scale height, H, is about one. In rarefied gas
dynamics this ratio is the Knudsen number (Kn), which is used to
define the transition from a gas that is dominated by collisions
(*Kn<1), and behaves like a fluid to a gas that should be
modeled stochastically (Kn>~0.1). Calling o4 the diffusion
(momentum transfer) cross section, the exobase given as a
column density, Nexo, iS at Nexo~1/04 when hard sphere cross
sections are used or at Neyxo~1.3/04, when forward-directed cross
sections are used for the hot component (Johnson, 1990, 1994;
Johnson et al., 2008).

Thermally driven escape from the exobase, rexo, OcCcurs in
two different limits which are categorized by the Jeans parameter,
the ratio of the gravitational energy to thermal energy of
molecules: 4j = (GMmM|[Texo)/kTexo, Where G is the gravitational
constant, M the object’s mass, m the molecular mass, and Tey, is
the temperature at the exobase or critical level. This can also be
Written as Aj = Texo/Hexo, the exobase radius over the scale height.
When 4 is large, the molecules have to overcome a significant
gravitational barrier. In this limit Jeans escape occurs due to the
fraction of the molecules at the exobase which have velocities
that are above the escape speed and directed outward. In this case

the escape flux is
@)= [(Mexo (V) /4)(1 + Ay) €Xp(—4p],

where ney, is the number density at the exobase and <v) is the
mean thermal speed (8 KTeyo/mm)'/2. The average energy carried
off is

Ey = 2+ 24+ )/(1 + 2p) KTexo.

At large A, Ej—GMm|rexo: i.e., each molecule carries off the
gravitation energy. When 4, is small, hydrodynamic escape can
occur if the heating produces an expansion in the atmosphere for
which the flow speed exceeds the escape speed. In that limit the
gas has an energy flux at the exobase close to that for free
expansion: i.e., A4;—0 giving (E; @))—>(2KkTexo) (Nexo{V)[4).
Watson et al. (1981) noted that when the thermal energy carried
off in a free expansion is close to the gravitational energy (i.e.,
2 KTexo~GMm|[reyo) then Aj~2. For measured parameters at Titan,
this criterion would suggest that, in the absence of non-thermal
processes at the exobase, Jeans escape should dominate. However,
because a good description of atmospheric heating and 3-D heat
transport is required during the expansion, it is often not simple to
define precisely when hydrodynamic escape occurs. Hence, there
is considerable literature on the heating/cooling rates required to
initiate this process. Although the physics is different in the two
limits, affecting the ability of light species to carry off heavy
species (McNutt, 1989), the estimates of the actual escape flux do
not differ enormously. Therefore, it is surprising that at Titan
thermally driven escape was suggested to be orders of magnitude
larger than Jeans escape. Below we describe the DSMC simula-
tions of the transition region that we use to test this suggestion.

3. DSMC model

To describe the transition region in the atmosphere from below
the exobase to above, solutions to the Boltzmann equation or
Monte Carlo simulations are required. Here we use a DSMC model
(Bird, 1994). The atmosphere is described using a set of
representative molecules and its evolution is calculated by
following the motion of these particles subject to gravity and
collisions. A 1-D simulation is carried out, consistent with the 1-D
continuum models being tested. In the main flow direction,
radially outward from Titan, the space is divided into cells with
sizes less than the local mean free path for collisions between
atmospheric neutrals. For the results presented below the typical
simulation cell sizes were 10, 15, 20 or 25km. To accurately
describe an atmosphere using such simulations three conditions
must be satisfied concerning collisions between atmosphere
molecules (Shematovich, 2004): there are sufficient representa-
tive particles to describe the nature of the flow; the molecular
motion between collisions is independent of the nature of the
collisions; and the time between collisions must be much larger
than the time step. In the first set of simulations for the single
component nitrogen atmosphere described in Strobel (2008),
collisions probabilities in each cell are determined using an
energy independent cross section of 3.1 x 10~!> cm™2 appropriate
for the temperatures near the exobase. Using an energy depen-
dent cross did not change the conclusions.

We describe Titan’s atmospheric corona over radial distances
3875-7000km, with the upper boundary dependent on the
Jeans parameter involved. Fixed densities and temperatures
taken from the continuum models were applied at the lower
boundary which is below the exobase. The upper boundary was
placed many scale heights above the exobase to include any
effects of collisions which may have occurred above the nominal
exobase. Upward moving molecules with speeds greater than the
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escape speed were assumed to escape while the others were
specularly reflected back into the simulation region. The reflected,
non-escaping molecules represent ballistic particles that are
returning allowing a shorter time to achieve steady state.
Variations in the upper boundary did not affect the results
presented below. Typically, on the order of one million particles
were used to represent the atmosphere in order to have at least a
few hundred particles in the very top cells. The weights for the
representative molecules were determined in order to meet that
condition. Using this number of representative molecules, we
were able to obtain results with relatively small statistical
scattering. Even with this number of particles we cannot
accurately simulate the escape that might occur well above the
exobase if our lower boundary is the same as in the continuum
models (~3450km). Therefore, we use the continuum results at
an altitude closer to the exobase and simulate the transition
region. In Strobel (2008), a model which included no EUV or UV
heating was used to determine the lower limit to the escape
rate from Titan using the approximate hydrodynamic model. For
this case a thermally driven escape flux of 3.3 x 10'®amu/cm?/s
normalized to the physical surface was obtained by the approx-
imate fluid model. Since this flux was assumed to apply globally,
for the surface area of 0.84 x 10'® cm? the net atmospheric loss
rate was estimated to be ~2.8 x 10%® amu/s Strobel (2008).

Fixing the temperature and density at our lower boundary,
~3875km, to that calculated for the same altitude from the
hydrodynamic model, the DSMC results in (Fig. 1a) were obtained.
It is seen that, unlike in the temperature profile in Strobel (2008)
the atmosphere is essentially isothermal throughout the
transition region, where the nominal exobase in our simulations
is ~4000 km. In addition, since no test particles escaped during
the simulation, consistent with our estimate of the Jeans escape
rate and the simulation time, we can obtain an upper limit on the
escape flux. If one representative particle would have escaped
from our model during the simulation the escape rate would be
more than six orders of magnitude less than the rate estimated in
Strobel (2008).

The sense of these results did not change by changing the lower
boundary or increasing the upper boundary. We also compared our
simulations in which radial cells were used to simulations in which
rectangular cells were used. In both cases the gravitational field is
assumed to vary with radial distance. The results are very close for
our altitude range and cell sizes: i.e., dr = dz = 20km.

In addition, we carried out simulations in which the collisions
were described by a forward-directed cross section (Johnson,
1990, 1994). This meant that escape could occur from deeper in
the thermosphere (i.e., a slight lowering of the effective exobase
level as discussed earlier). This also did not change the results in
Fig. 1a within the uncertainties. Simulations of the transition
region were carried out for the other cases that included EUV and
UV heating in Strobel (2008) by normalizing to the temperatures
and densities at 4000 km, and using the appropriate heating rates.
In all cases the escape was negligible.

For the case in which no heating was assumed to occur above
3450 km, Strobel (2008) obtained a net upward thermal flux due
to heat conduction. At the lower boundary, this flux was
~4.7 x 10% eV/cm?/s. At the lower boundary in our radial simula-
tions, 3875km, this would be ~4 x 108 eV/cm?/s. This flux is, of
course, smaller than the total upward thermal flux of ~1.3 x 10°
eV/cm?/s, which in the absence of escape is balanced by a
downward thermal flux. Because heat conduction was suggested
to drive the large escape rate obtained in Strobel (2008), we tested
the effect of an additional heat flux of the size suggested. Therefore,
at our lower boundary we increased the upward heat flux by
4 x108eV/cm?/s and allowed the system to evolve. The new
temperatures and densities are also indicated in (Fig. 1a) by the
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Fig. 1. (a) DSMC result for temperature and density (open triangles: dotted lines)
using lower boundary conditions at 3875km (n =177 x103cm™>, T = 141K;
A~50) obtained from the case with no heating in Strobel (2008) (his result for
density and T given as solid triangles and solid lines). Upward triangles: densities
(top axis); inverted triangles: temperatures (bottom axis). Nominal exobase is at
4000 km indicated by intersecting horizontal line. Changing from a 1-D radial
simulation to 1-D in z (altitude) did not affect these results within the
uncertainties. Dashed line and inverted open triangles: DSMC result for T for an
added heat flux out of the lower box set equal to the net upward heat flux in
Strobel (2008) of 4 x10%eV/cm?/s. In steady state, atmosphere becomes iso-
thermal with a slightly higher T. No escaping particles were detected during the
DSMC run consistent with the Jean estimate and the simulation time. (b)
Artificially removed molecules at the upper boundary at a rate consistent with
the suggested escape rate in Strobel (2008) of ~4.5 x 10?®amu/s (triangles:
density; inverted triangles: T).

dashed lines. On achieving steady state this lead to an undetect-
able increase in escape, but the temperature increased slightly
(Fig. 1a) until the increased upward heat flux was balanced by an
increase in the downward heat flux. These simulations indicate
that thermal conduction, included here by explicitly including all
collisions up to a few scale heights above the nominal exobase, is
not efficient at driving molecules over their gravitational barrier
for the relevant 4; values.

To simulate the presence of an additional escape process, we
artificially removed molecules at the upper level, consistent with a
non-thermal loss mechanism, such as plasma-induced sputtering
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(e.g., Johnson, 2009; Johnson et al., 2009). A removal rate was used
equivalent to an escape flux of 4.5 x 10?8 amu/s. The effect on the
density profile is relatively small over this range of altitudes but,
not surprisingly, as seen in (Fig. 1b) the temperature decreases
with altitude slowly, consistent with adiabatic cooling induced by
atmospheric loss. A decreasing temperature profile is suggested
by the HASI experiment on Cassini (Fulchignoni et al., 2005).
However, above the exobase the form for thermal conduction
changes when the mean free path for collisions is long (e.g.,
Marconi et al., 1996), so that the temperature profile for the same
escape flux differs from that in Strobel (2008).

4. DSMC results for smaller J;

In the description of escape from Pluto, /; for the principal N,
component ranged from ~5-16 depending on the case
examined (Krasnopolsky, 1999; Strobel, 2007). The approximate
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Fig. 2. (a) Temperature and density profiles vs. radial distance from Titan with
T = 600K and density 3.25 x 10’ cm~> at the lower boundary (4000 km). Results
using an upper boundary of 7000 km (solid line), and upper boundary of 6400 km
(filled triangles) both simulations used 15km cells. ;~11 at exobase (horizontal
line) ~4600. Using 7000 km the global escape rate is 7.1 x 10?° N,/s; using 6400 km
the escape rate is 7.0 x 102° N,/s indicating the results are independent of the
upper boundary. (b) rate of escaping molecules vs. radial distance from Titan
(upper boundary: solid 7000 km and dashed 6400 km): actual escaping particles
and those with energies sufficient to escape (open and closed circles respectively).
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hydrodynamic escape model led to an estimate that was four
orders of magnitude larger than the Jeans rate at 4;~16 for the
principal N, component, and became smaller than the Jeans rate
for the cases in which /;<~5. Therefore, we examine the escape
rate from Titan for a lower /; as might occur, for example, due to
additional heat sources which would yield higher temperatures.
We increased T at the lower boundary in the simulations using a
fixed starting altitude (r = 4000 km), which was a number of scale
heights below the exobase, with a density (n = 3.25 x 10’ cm™3)
consistent with that used in the above simulations. In this way we
ensured that at a sufficiently high T thermal escape would occur.
Changing T in this manner also increases the scale height and the
nominal exobase level. As the scale height and exobase level
increased, we also increased the upper boundary, keeping the
collision probabilities in each radial box approximately the same.

Thermal escape is seen to occur in the simulations when the T
is increased significantly. However, unlike the hydrodynamic
model applied to Pluto and Titan, with a temperature at the
lower boundary as high as 500 or 600K (4;~14 and ~11 at the
exobase), the escape rate is only ~1.5 that of Jeans escape rate
calculated using the exobase temperature and exobase density.
Results for the 600K case are shown in (Fig. 2). The decreasing
temperature vs. radial distance from Titan in (Fig. 2a) are
consistent with the fact that in these simulations escape is
occurring, as was the case in (Fig. 1b) when molecules were
simply removed for the exobase region. In (Fig. 2b) the rate of
escape vs. radial distance from Titan is shown as is the flux of
particles at each altitude with sufficient energy to escape. Results
are shown for two different upper boundaries, indicating that the
upper boundary conditions chosen do not influence the escape
rate. For these cases, )~11 at the exobase (indicated in both
panels) giving a Jeans rate of 4.6 x 10*°Ny/s. The actual
(simulated) escape rate is 7.0 x 10%° Ny/s. This again emphasizes
that the very large hydro dynamic escape rates obtained by the
approximate fluid model are incorrect at Titan, and, possibly,
incorrect at Pluto. This aspect will be described more thoroughly
in a separate paper.

5. Speed distributions

It has been suggested, that thermally induced escape is
enhanced when an accurate description of the transition region
is used. That is, thermal conduction was suggested to produce an
enhancement in the tail of the particle energy distribution above
the exobase (Cui et al., 2008; Yelle et al., 2008). Such an
enhancement was shown using a DSMC model attached to a fluid
model when escape was forced to occur in an lo-like atmosphere
(Marconi et al., 1996). In Fig. 3 we show results from our
simulations of thermal escape. It is seen that for the no heating
case in Strobel (2008) the speed distributions are well fit by
Maxwellians. Even for energies well above the peak, there is no
evidence for an enhancement in population of the tail of the
distribution in these simulations. This is the case for all the
coronal temperatures in all of the models in Strobel (2008) and
Yelle et al. (2008). When the temperature of the lower boundary
was raised so that thermal escape became significant as in the
examples in Fig. 2, both depletions, due to escape, and
enhancements due to collisions eventually occur, which will also
be discussed in a separate paper.

6. DSMC result: N,+CH,4

Although Strobel (2008) solved the approximate fluid equa-
tions for the net mass flux, the principal escaping component was
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Fig. 4. Results of DSMC simulations of temperature and density of CH; and N, vs.
radial distance from the center of Titan. Densities and temperatures at the lower
boundary are fixed to those in Yelle et al. (2008). The resulting profiles (filled
triangles N, and filled circles CH,4) are compared to the averaged INMS data (open
diamonds N, open squares CH4). Temperature is essentially the same, within the
DSMC uncertainties, for each case. No test particles escaped over the DSMC run
consistent with the Jeans estimate.

assumed to be CH4. Yelle et al. (2008) on the other hand solved
the coupled diffusion equations for CH4; and N, and came to
roughly the same conclusion. That is, they found an upward
flow of ~4 x10*2amu/s for CH, which they assumed escaped
to space. This was also roughly consistent with the model in
Miiller-Wodarg et al. (2008). Therefore, we carried out another set
of DSMC simulations for an atmosphere having both methane and
nitrogen. At the lower boundary, in this case r=3800km, we
again fixed the temperature and the density of each species to the
model in Yelle et al. (2008), and escape was allowed at the upper
boundary, about 2.5N, scale heights above the exobase. Hard
sphere cross sections were again used for simplicity, with the
values taken from Bondi (1964). Molecular diffusion, included

here explicitly by the molecular collisions, dominates over eddy
diffusion above ~3400 km (Yelle et al., 2008). As seen in Fig. 3, the
model can reproduce the INMS averaged density measurements,
but results in a different temperature structure. Again, only an
upper bound on the escape rate for CH4 is obtained from these
simulations and this is many orders of magnitude smaller than
the suggested rate. Although including some eddy mixing above
our lower boundary might affect these results slightly, the
conclusion that thermal conduction can drive large escape rates
at these values of /; does not borne out. As in our earlier
discussion, there is no evidence for a significant enhancement in
the tail of the speed distribution and the Jeans model appears to
adequately describe escape unless the Jeans parameter is much
smaller as in Fig. 2. Including in our simulations the other
important molecule in Titan’s upper atmosphere, H,, did lead to a
significant H, escape rate as predicted, which we will also
described in a separate paper. Here we point out that the upward
flowing H, did not significantly modify the CH, escape rate, but
does, not surprisingly, have an affect on the temperature profile,
as the escaping H, are energized by the background gas leading to
adiabatic cooling (Fig. 4).

7. Discussion and summary

Recent Cassini measurements of density vs. altitude (Waite
et al., 2005; Fulchignoni et al.,, 2005) have lead to continuum
models of Titan’s upper atmosphere below the exobase. These
models suggest that there is a net upward mass flux of the
principal atmospheric components at the exobase (Strobel, 2008;
Yelle et al., 2008; Miiller-Wodarg et al., 2008). In these papers the
authors concluded that, at the temperature and densities expected
at Titan’s exobase, an escape flux many orders of magnitude larger
than the Jeans flux could be driven by thermal conduction. This
process was also suggested to be the case at Pluto (Krasnopolsky,
1999; Strobel, 2007). The approximate fluid model used is often
referred to as the slow hydrodynamic escape model (e.g., Johnson
et al., 2008). Here we used DSMC simulations of the exobase
region to show that, for expected temperatures and densities, the
large escape rates predicted by the slow hydrodynamic model are
not occurring either in the one component atmosphere or the two
component atmosphere. In addition, as seen from the comparison
in Figs. 1a and 4, the density profiles below the exobase are not
good constraints on the escape rate.

The results here also appear to contradict those found for Pluto
earlier using the slow hydrodynamic model. That is, for a Jeans
parameter ~11 at Titan (the 600K case) with exobase at ~1.8rrjtan
we found the actual escape rate was about 1.5 times the Jeans
rate. Whereas at Pluto, when /;~10 at an exobase ~3.57pjy0, the
hydrodynamic model predicts escape rates orders of magnitude
large than the Jeans rate (Strobel, 2007). Therefore, either the
model is incorrect or the size of the Jeans parameter alone is not
sufficient to describe when significant deviations from Jeans
escape occur. Simulations for Pluto are in progress.

DSMC simulations include thermal conduction explicitly by
directly calculating the molecule-molecule collisions. These
collisions were described using both isotropic and forward-
directed models of the angular scattering. Here we showed that
in the transition region, thermal conduction did not cause a
significant enhancement in the tail of the speed distribution even
when the exobase temperature was significantly larger than that
expected. The difference with the result in Strobel (2008, 2009) is
because the thermal conduction model used does not apply above
the exobase and also the hydrodynamic equations were scaled by
the escape flux so that solutions with negligible escape cannot be
obtained but solutions with large fluxes are favored.
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However, we also showed that if an escape process other than
thermal escape is operative above Titan’s exobase (e.g., De La Haye
et al., 2007; Johnson, 2009), then, not surprisingly, the tempera-
ture vs. altitude dependence is more consistent with that
proposed. Therefore, if the net upward flux below the exobase is
confirmed, that flow must be due to non-thermal loss mechanisms
acting in the exobase region and/or to net flow to other regions of
the atmosphere.

Acknowledgements

This work was supported by grants from NASA’s Planetary
Atmospheres Program, Cassini Data Analysis Program, and SwRI
through the Cassini CAPS instrument program via a grant from JPL.

References

Bird, G.A., 1994. DSMC procedures in a homogenous gas. In: Molecular Gas
Dynamics and the Direct Simulation of Gas Flows. Clarendon Press, Oxford,
England, pp. 218-256.

Bondi, A., 1964. The nature of the chemical bond. J. Phys. Chem. 68, 441.

Chamberlain, J.W., Hunten, D., 1986. Theory of Planetary Atmosphere. Academic
Press, New York.

Cui, J., Yelle, R.V,, Volk, K., 2008. Distribution and escape of molecular hydrogen in
Titan’s thermosphere and exosphere. ]. Geophys. Res. 113.

De La Haye, V., Waite Jr., ].H., Johnson, R.E., et al., 2007. Cassini ion and neutral mass
spectrometer data in Titan's upper atmosphere and exosphere: observation of
a suprathermal corona. J. Geophys. Res. 112, A07309.

Fulchignoni, M., Ferri, F.,, Angrilliet, F,, et al., 2005. Titan’s physical characteristics
measured by the Huygens Atmospheric Structure Instrument (HASI). Nature
438, 785-791.

Garnier, P, Dandouras, I, Toublanc, D., Brandt, P.C., Roelof, E.C., Mitchell, D.G.,
Krimigis, S.M., Krupp, N., Hamilton, D.C., Waite ]Jr., ].H., 2007. The exosphere of
Titan and its interaction with the kronian magnetosphere: MIMI observations
and modeling. Planet. Space Sci. 55, 165-173.

Griffith, C.A., Zahnle, K., 1995. Influx of cometary volatiles to planetary moons: the
atmospheres of 1000 possible Titans. J. Geophys. Res. 100, 16907-16922.

Johnson, R.E., 1990. Energetic Charged-Particle Interactions with Atmospheres and
Surfaces. Springer, Berlin.

Johnson, R.E., 1994. Plasma-induced sputtering of an atmosphere. Space Sci. Rev.
69, 215-253.

Johnson, R.E., 2004. The magnetospheric-plasma-driven evolution of satellite
atmospheres. Astrophys. J. 609, L99-L102.

Johnson, R.E., 2009. Sputtering and heating of Titan’s atmosphere. Phil. Trans. R.
Soc. A 367, 753-771.

Johnson, RE, Tucker, OJ., Michael, M., Sittler, E.C., Waite, J.H., Young, D.A., 2009.
Mass loss processes in Titan upper atmosphere. In: Brown, R. (Ed.), Titan after
Cassini Huygens. Chap. 15. ISBN: 978-1-4020-9214-5.

Johnson, RE., Combi, M. R, Fox, J. L, Ip, W.-H., Leblanc, F., McGrath, M. A,
Shematovich, V. I, Strobel, D. F, Waite ]Jr, ]J.H., 2008. Exospheres and
Atmospheric Escape. In: Nagy, A,, et al., (Eds.), Comparative Aeronomy. Space
Sci. Rev., 10.1007/s11214-008-9415-3

Krasnopolsky, V.A., 1999. Hydrodynamic flow from Pluto. ]. Geophys. Res. 104,
5955-5962.

Lebonnois, S., Bakes, E.L.O., McKay, C.P., 2003. Atomic and molecular hydrogen
budget in Titan’s atmosphere. Icarus 161, 474-485.

Marconi, M.L., Dagum, L., Smyth, W.H., 1996. Hybrid fluid/ kinetic approach to
planetary atmospheres: an example of an intermediate mass body. Astrophys.
J. 469, 393-401.

McNutt, R.L, 1989. Models of Pluto’s upper atmosphere. Geophys. Res. Lett. 16,
1225-1228.

Michael, M., Johnson, R.E., Leblanc, F, Liu, M., Luhmann, ].G., Shematovich, V.I.,
2005. Ejection of nitrogen from Titan’s atmosphere by magnetospheric ions
and pick-up ions. Icarus 175, 263-267.

Miiller-Wodarg, I.C.F, Yelle, R.V,, Cui, J., Waite Jr., ].H., 2008. Horizontal structures
and dynamics of Titan’s thermosphere. ]. Geophys. Res. 113.

Shematovich, V.L, Johnson, R.E., Michael, M., Luhmann, J.G., 2003. Nitrogen loss
from Titan. ]J. Geophys. Res. 108 (E8), 5087.

Shematovich, V.1, 2004. Stochastic models of hot planetary and satellite coronas:
suprathermal nitrogen in Titan’s upper atmosphere. Solar Syst. Res. 38,
178-187.

Strobel, D.F.,, 2007. N, escape rates from Pluto’s atmosphere. Icarus 193, 612-619.

Strobel, D.F.,, 2008. Titan’s hydrodynamically escaping atmosphere. Icarus 193,
588-594.

Strobel, D.F., 2009. Titan’s hydrodynamically escaping atmosphere and the structure
of the exobase region Icarus, in press, doi:10.1016/j.icarus.2009.03.007.

Waite Jr., J.H., et al., 2005. Ion neutral mass spectrometer results from the first flyby
of Titan. Science 308, 982-986.

Watson, AJ., Donahue, TM., Walker, J.C.G., 1981. The dynamics of a rapidly
escaping atmosphere: applications to the evolution of Earth and Venus. Icarus
48, 150-166.

Wilson, E.H., Atreya, S.K., 2004. Current state of modeling the photochemistry in
Titan’s mutually dependent atmosphere and ionosphere. ]. Geophys. Res. 109.

Yelle, R.\V., Cui, J., Miiller-Wodarg, I.C.F, 2008. Methane escape from Titan's
atmosphere. J. Geophys. Res. 113.

Yelle, R.V., Borggren, N., De La Haye, V., Kasprzak, W.T., Niemann, H.B., Miiller-
Wodarg, I.C.F., Waite Jr.,, J.H., 2006. The vertical structure of Titan’s upper
atmosphere from Cassini ion neutral mass spectrometer measurements. Icarus
182, 567-576.


dx.doi.org/10.1016/j.icarus.2009.03.007

	Thermally driven atmospheric escape: Monte Carlo simulations for Titan’s atmosphere
	Introduction
	Exobase and Jeans escape
	DSMC model
	DSMC results for smaller lambdaJ
	Speed distributions
	DSMC result: N2+CH4
	Discussion and summary
	Acknowledgements
	References




