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Titan is an important endpoint for understanding atmospheric evolution. Prior to
Cassini’s arrival at Saturn, modelling based on Voyager data indicated that the hydrogen
escape rate was large (1–3!1028 amu sK1), but the escape rates for carbon and nitrogen

species were relatively small (5!1026 amu sK1) and dominated by atmospheric
sputtering. Recent analysis of the structure of Titan’s thermosphere and corona attained
from the Ion and Neutral Mass Spectrometer and the Huygens Atmospheric Structure
Instrument on Cassini have led to substantially larger estimates of the loss rate for heavy
species (0.3–5!1028 amu sK1). At the largest rate suggested, a mass that is a significant
fraction of the present atmosphere would have been lost to space in 4 Gyr; hence,
understanding the nature of the processes driving escape is critical. The recent estimates
of neutral escape are reviewed here, with particular emphasis on plasma-induced
sputtering and heating. Whereas the loss of hydrogen is clearly indicated by the altitude
dependence of the H2 density, three different one-dimensional models were used to
estimate the heavy-molecule loss rate using the Cassini data for atmospheric density
versus altitude. The solar heating rate and the nitrogen density profile versus altitude
were used in a fluid dynamic model to extract an average net upward flux below the
exobase; the diffusion of methane through nitrogen was described below the exobase
using a model that allowed for outward flow; and the coronal structure above the exobase
was simulated by presuming that the observed atmospheric structure was due to solar-
and plasma-induced hot particle production. In the latter, it was hypothesized that hot
recoils from photochemistry or plasma-ion-induced heating were required. In the other
two models, the upward flow extracted is driven by heat conduction from below, which is
assumed to continue to act above the nominal exobase, producing a process referred to as
‘slow hydrodynamic’ escape. These models and the resulting loss rates are reviewed and
compared. It is pointed out that preliminary estimates of the composition of the
magnetospheric plasma at Titan’s orbit appear to be inconsistent with the largest loss
rates suggested for the heavy species, and the mean upward flow extracted in the one-
dimensional models could be consistent with atmospheric loss by other mechanisms or
with transport to other regions of Titan’s atmosphere.
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1. Introduction

Titan is unique among the outer Solar System satellites in that it has an
atmosphere with a column density about 10 times that of the Earth and an
atmospheric mass to solid mass ratio comparable to that of Venus. If Io,
Europa or Ganymede had a large Titan-like atmosphere in some earlier epoch, it
would have been removed by the plasma trapped in the Jovian magnetosphere
even at present Jovian plasma densities (Johnson 2004). Therefore, the use of
Cassini spacecraft data to determine the heating and the present erosion rate of
Titan’s atmosphere by the plasma trapped in Saturn’s magnetosphere will
provide a useful endpoint for understanding the plasma-induced erosion and
heating of other planetary and satellite atmospheres.

AlthoughTitan’s atmosphere has about 10 times the column density of the Earth’s
atmosphere, the measured 15N/14N ratio suggests that considerable escape has
occurred (Niemann et al. 2005;Waite et al. 2005).Anumber of active escapeprocesses
have been proposed: thermal escape (Cui et al. 2008); chemical-induced escape
(De LaHaye et al. 2007b); slow hydrodynamic escape (Strobel 2008; Yelle et al. 2008);
pick-up ion loss and ionospheric outflow (Ledvina et al. 2005;Wahlund et al. 2005;Ma
et al. 2006; Sillanpaa et al. 2006; Coates et al. 2007); and plasma-induced atmospheric
sputtering (Shematovich et al. 2003;Michael et al. 2005a; De LaHaye et al. 2007a). In
addition, atmosphere is lost bymethanedestruction andhydrocarbonprecipitation to
the surface. These processes are briefly reviewed below, with special emphasis on the
role of the magnetospheric and ionospheric plasma flowing through the exobase
regions. The role of the plasma in Titan’s thermosphere and corona is interesting in
that it can vary considerably depending on whether Titan is in Saturn’s magneto-
sphere exposed to the trapped magnetospheric plasma or outside the boundary and
exposed to the solar wind flux (Penz et al. 2005). It can also vary due to the highly
variable ambient plasma pressure, which occurs for a number of reasons (Ma et al.
2006; Sillanpaa et al. 2006), including Titan passing in to and out of the current sheet.

Direct simulation Monte Carlo (DSMC) models have been used to calculate the
plasma-induced heating and loss at Titan (Shematovich et al. 2003; Michael &
Johnson 2005; Michael et al. 2005a), referred to as atmospheric sputtering. Such
simulations were also used to calibrate useful analytic models of atmospheric
sputtering (Johnson1994; Johnson et al. 2000).These resultswere subsequently used
inpreliminary interpretations ofCassini IonandNeutralMassSpectrometer (INMS)
data in Titan’s exobase region (De LaHaye et al. 2007a). In that work, the heating of
the thermosphere and corona due to the globally averaged flux of magnetospheric
and pick-up ions was compared with the effect of solar UV in the exobase region.
Below,wefirst reviewaspects of exobase approximationand the recoil spectra used in
De LaHaye et al. (2007a). The results from that paper are then compared withmore
recent descriptions of escape based on much different interpretations of the Cassini
INMS data (Cui et al. 2008; Strobel 2008; Yelle et al. 2008).
2. Exobase and escape depth

Since a planet’s atmosphere decreases in density with increasing distance from its
centre, an altitude is eventually reached above which molecules can travel
planetary-scale distances with a very small probability of making a collision.
Phil. Trans. R. Soc. A (2009)



755Sputtering of Titan’s atmosphere
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. This
region of the atmosphere is called the exosphere or the planetary corona. The
lower boundary for this region, called the exobase, is defined as that altitude
where the ratio of the mean free path for collisions, lc, to the atmospheric scale
height, H, is about unity. In rarefied gas dynamics this ratio is the Knudsen
number: KnZmean free path divided by density scale. It defines the transition
region from a gas that is dominated by collisions, Kn/1, and behaves like a
fluid, to a gas that should be modelled stochastically, KnR0.1. The nominal
exobase is KnZlc/Hw1 (e.g. Johnson et al. 2008). Because the exobase level is
determined by the collision cross-section, it is different for each species.
Unfortunately, in estimating the mean free path, the total collision cross-section
is often used and is modelled by a hard-sphere interaction. Since elastic collision
cross-sections for hot recoils are typically forward scattering, simulations have
shown that the appropriate lc is the mean free path prior to a significant
momentum transfer collision (e.g. Johnson 1994). Using realistic potentials, such
simulations also show that a hot particle of energy E moving through a
background of identical atoms or molecules loses most of its energy in an average
distance lcw(bnsd)

K1, where sd is the momentum transfer (diffusion) cross-
section of the escaping particle averaged over the composition of the background
gas. Here b is a number that depends slowly on the interaction potential between
the escaping molecule and the ambient gas: for a hard-sphere interaction bZ21/2

(e.g. Strobel 2002); for a steeply varying potential with forward scattering,
bw0.5 (Johnson 1990, 1994; Johnson et al. 2000).

Because hot atoms and molecules escape from depths well below the nominal
exobase, as seen in figure 1, the often-used Chamberlain model (e.g. Chamberlain &
Hunten 1987), inwhich escape occurs from the exobase, gives a rough approximation
to atmospheric loss. Assuming hot particles move upwards at random angles, the
probability of escape from a radial depth r in Titan’s atmosphere is

PesðrÞzexp

�
K

ðN
r
ds=lc

�
;

where ds is along the particle’s path. This is more commonly written for a one-
dimensional flat atmosphere as

Pesðz; qÞzexp

�
K

ðN
z
dz 0=ðlc cos qÞ

�
;

where q is the direction of motion, assumed upwards, and z is the altitude above
the surface. Since the density of the exosphere is not necessarily exponential, it is
better to write:

Pesðz; qÞzexp½KbNðzÞsd=cos q�;
where N(z) is the vertical column density above altitude z in a flat atmosphere

½NðzÞZ
ÐN
z n dz�. Using this expression and isotropic ejection, the average column

depth for escape is

Nesz

� ðN
0
dN

ð1
0
d cos q NPes

���ðN
0
dN

ð1
0
d cos q Pes

�
zð2=3bÞsK1

d :

Therefore, the altitude of the exobase, zx, is determined from NðzxÞzNes (e.g.
Johnson et al. 2000, 2008).
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Figure 1. Mass flux for molecular escape versus altitude due to hot atoms produced by
photochemistry in Titan’s upper atmosphere. From Shematovich et al. (2003). Exobase (Knw1) is
approximately 1500 km in this model. Recoils produced by plasma-induced sputtering have similar
loss rates. Although the escape rates differ from those based on recent analysis of INMS data, this
figure indicates the depth of origin of escaping molecules: the transition region where the fluid
approximation gives way to the kinetic regime.
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Simulations and transport equations using realistic potentials give mean
escape depths of ðNessdÞw1:3 in a single-component atmosphere (appendix A in
Johnson 1994). Since sd decreases slowly with increasing energy and collisions
are predominantly forward scattering, evaluating sd at the escape energy
underestimates Nes . In addition, Nes should be averaged over the hot particle
energy distribution, and the integrals above should take into account the fact
that Titan’s corona is molecular and its composition changes with altitude. In a
multicomponent atmosphere similar to Titan’s, each species has its own exobase
level. Therefore, the exobase for methane is slightly higher than that for
nitrogen. These expressions can also be applied to the ions escaping from Titan’s
ionosphere, but, because their paths are also affected by the local electric and
magnetic fields, the integrations above need to be carried out over the ion’s path.
Since the ion–neutral momentum transfer cross-section, sd, is about an order of
magnitude larger than the neutral–neutral cross-sections, and is often dominated
by the charge exchange, the effect of the ambient plasma on Titan’s atmosphere
extends well above the nominal exobase for escaping neutrals.
3. Hot recoil production

The slowed and deflected ions from the ambient plasma and locally produced
pick-up ions can penetrate Titan’s atmosphere, transferring momentum to
atmospheric neutrals (e.g. Johnson 1994). This can heat Titan’s thermosphere
Phil. Trans. R. Soc. A (2009)



757Sputtering of Titan’s atmosphere
and produce recoils with sufficient energies to cause escape, processes often
referred to as atmospheric sputtering. Atoms and molecules with energies in
the eV to few eV range produced by photon- and electron-induced exothermic
chemistry also produce recoils that heat the atmosphere and produce
escape. However, it has been shown that recoils produced by exothermic
chemistry and the incident plasma can be treated together (Johnson 1994;
Johnson et al. 2000).

The evolution of the initially energized atoms and molecules and their
recoils can be described by a Boltzmann transport equation for each molecular
species or by the Monte Carlo simulations described below. Because solving
the full set of Boltzmann equations is difficult, simplifications are used, such
as the exobase approximation described above, the two-stream model (Nagy &
Cravens 1981) and the, so-called, 13 moment equations (Hirschfelder et al.
1964; Schunk & Nagy 2000). A useful analytical approximation for the energy
spectrum of the recoils has been derived from the Boltzmann equation by
ignoring spatial and temporal variations in the atmosphere. This has been
used extensively in the literature for sputtering of solids and has been applied
occasionally for atmospheric sputtering (e.g. Johnson & Luhmann 1998;
Johnson et al. 2000). A solution to a transport equation in a single-component
atmosphere gives the number of hot recoils with energy between E and ECdE
produced by a primary particle of energy E0: h(E0, E ) dEzb(E0/E

2Cx) dE
(Johnson 1990, 1994). This result applies for E[kT, where T is the
atmospheric temperature, and b and x vary slowly with the form for the
interaction potential between a hot recoil and an atmospheric molecule. For a
steeply varying potential, bz6/p2 and xz0 have been shown to be realistic
(Sigmund 1981; Johnson 1994). In steady state, the number of moving atoms
with energy between E and ECdE produced by a source ratef(t) of hot particles
of energy E0 can be written as

½fðtÞ=vðEÞ�½dðE0 � EÞChðE0;EÞ�dE:

Here the delta function, d(E0KE ), accounts for the initial recoil and n(E ) is the
collision frequency between a hotmolecule anda thermalmolecule: n(E )Z[vnsd(E )],
where v is the relative collision velocity, e.g. vZ(2E/m)1/2 with m the mass of the
atmospheric recoil and E[kT (Johnson 1994).

Monte Carlo simulations using realistic potentials have been carried out
confirming the analytic expressions discussed above (e.g. Johnson et al. 2000).
Remarkably, these simple expressions were also confirmed in a simulation of a
multi-species molecular atmosphere (Cipriani et al. 2007). The spectrum of the
hot recoils produced by both dissociative recombination and the incident ion flux
exhibited power-law dependence over a broad range of energies. In the discussion
of their result, the extracted powers were incorrectly compared with the
dependence on E for the total number of recoils produced, h(E0, E ), rather for
the steady-state recoil energy spectrum, [wf(t)h(E0, E )/n(E )] with which they
essentially agree. The latter varies more steeply with E due to the energy
dependence of the collision frequency, n(E)fE (1/2Cq), where q is small (e.g. Johnson
1990). Because the analytic model of the recoil spectrum above has been roughly
confirmed by detailed DSMC simulations, it was used in the work of De LaHaye et al.
(2007a) to fit Titan’s observed coronal densities.
Phil. Trans. R. Soc. A (2009)
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Figure 2. (a) Density profiles for H2 based on an average of INMS data from Cui et al. (2008) and
N2 and CH4 data from Yelle et al. (2008). (b) Density versus radial distance from Titan for CH4 and
N2 from the INMS data for Tb egress (from fig. 6 in De La Haye et al. 2007a): dashed lines (thermal
profiles, TthZ149.0 K (egress)) are the assumed isothermal fits based on data below the exobase
(approx. 1450 km); this shows a change in slope of the density profiles above the nominal exobase.
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4. Escape flux: pre-Cassini

Titan has a thick and extended atmosphere, which consists of over 95 per cent N2,
approximately 2–3 per cent CH4 with some H2 and other minor species. Loss of
hydrogen was known to occur by thermal escape (Lebonnois et al. 2003). Heating
effects in the exobase region induced by the ambient plasma ions, pick-up ions,
ionospheric outflow and energetic re-impacting neutrals have been estimated by a
number of groups. Initial estimates for atmospheric sputtering of nitrogen induced
by magnetospheric ions penetrating Titan’s atmosphere were large (Lammer &
Bauer 1993). Therefore, a three-dimensional DSMC calculation of the atmospheric
sputtering (Michael et al. 2005a) and a one-dimensional DSMC simulation of the
plasma-induced heating were carried out using a model plasma flux consisting of
magnetospheric and pick-up ions (e.g. Shematovich et al. 2003). However, these
simulations led to a very small increase of the exobase temperature (Michael &
Johnson 2005) and a modest globally averaged loss rate: approximately
0.6!109 amu cmK2 sK1 normalized to Titan’s surface (Michael et al. 2005a).

Initial estimates of the photon- and electron-induced chemistry near the exobase
gave significant loss rates (Strobel & Shemansky 1982), but revisions resulted

in modest heating and loss rates, e.g. approximately 0.2!109 amu cmK2 sK1

normalized to Titan’s surface as seen in figure 1 (Shematovich et al. 2003).
Therefore, prior to the arrival of Cassini–Huygens, it was concluded that the
present escape rates for carbon and nitrogen species were small. If this was the
case, then the observed nitrogen isotope ratios must have evolved in an earlier
period when the solar EUV and plasma interactions were more robust (e.g.
Lammer et al. 2008).

Following the Voyager flybys, it was also assumed that nitrogen escaping from
Titan would be the dominant process for supplying Saturn’s magnetosphere with
heavy ions (Barbosa 1987). However, ions formed near Titan’s orbit from the
ejected neutrals have a high probability of being lost down Saturn’s magnetotail.
Phil. Trans. R. Soc. A (2009)



759Sputtering of Titan’s atmosphere
Therefore, the dominant source of nitrogen ions to Saturn’s magnetosphere
appears to be Enceladus (Smith et al. 2007, 2008). After reviewing the recent
estimates of the escape rate, we compare the various magnetospheric source rates.
5. Escape flux: Cassini data

With the many transits of Titan’s exobase by Cassini, the escape processes have
been re-examined. Data from the Cassini INMS indicate a steeply varying H2

density profile above the nominal exobase (Waite et al. 2005) as seen in figure 2a.
This profile is consistent with considerable H2 escape: a mass flux of H2 of
approximately 2!1010 amu cmK2 sK1 normalized to the surface of Titan (Cui et al.
2008). Assuming that this is a global average, then it is comparable to the pre-
Cassini estimates of hydrogen loss (Lebonnois et al. 2003). A large H2 escape flux
appears to be roughly consistentwith the presence of the extended hydrogen corona
imaged by the detection of energetic neutral atoms produced by charge exchange
(Garnier et al. 2007). Since hydrogen is produced by dissociation of methane and
other hydrocarbons, its loss to space implies that atmospheric methane is also lost
to the surface, precipitating out as larger hydrocarbons. Using the above hydrogen
loss rate, and the atmospheric chemistry model of Wilson & Atreya (2004),
methane is lost from the atmosphere by precipitation of hydrocarbons at a rate of
approximately 2!1029 amu sK1. Therefore, even for the largest escape rates
discussed below, mass loss to the surface dominates escape to space.

Models of the Cassini INMS data indicate that the heating processes for
Titan’s atmospheric corona and exobase region are not yet fully understood.
De La Haye et al. (2007a,b) examined such data for a number of early passes and
showed that the structure could be understood if the energy spectra of the
molecules in the corona had an enhanced high-energy tail or a non-thermal,
hot component. This was suggested by the change in slope near to or above the
nominal exobase as indicated in figure 2b for the crossing of the exobase region as
Cassini exited Titan’s atmosphere during orbit Tb. However, it is also clear from
the five passes through the exobase examined by De La Haye et al. (2007a) that
the coronal structure varies considerably both spatially and in time.

In order to simulate the densities of N2 and CH4 from the nominal exobase
(approx. 1450 km) to 2000 km above Titan’s surface, De La Haye et al. (2007a)
found that the energy spectra of the molecules in the hot corona could be well
represented by kappa distributions (Vasyliunas 1968; Jurac et al. 2002). These
are Maxwellian energy distributions that fall off as power laws at higher energies.
Such a distribution at the exobase implies that an equilibrium thermal energy
distribution well below the exobase developed an energetic tail in the exobase
region. For the kappa distributions extracted, the tail decayed with increasing
energy much more steeply than the recoil spectra discussed above: powers were
approximately 4–20 for cases for which there was a hot nitrogen corona. This
steep decay could be an artefact of the narrow range of altitudes modelled, or it
could suggest that processes other than the production of hot recoils are
responsible for the coronal structure. More importantly, for four of the five
exobase crossings examined, De La Haye et al. (2007a) could not account for the
measured corona structure by assuming that the tail of the distribution was only
populated by known photon- and electron-induced chemical processes or by the
Phil. Trans. R. Soc. A (2009)
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published models of the plasma-induced sputtering rate. That is, additional
energy was needed due to either energy transport from below or larger energy
deposition rates in the exobase region.

Using best fits to the neutral densities obtained from models of exobase energy
distributions, De La Haye et al. (2007a) extracted estimates of the energy
deposition rate that would be required to produce the local corona structure.
This energy could be delivered by exothermic chemistry, by interaction with the
plasma or by transport processes. The heating rate required was found to vary
from a crossing of the exobase in which no hot corona was identified, hence no
hot particle production in the exobase region was required, to relatively large,
possibly unrealistic, energy deposition rates in the exobase region. Heating rates
were extracted using the best kappa energy distributions and the analytic model
described above with xZ0. The average heating rate for the five crossings
examined was approximately 70–140 eV cmK3 sK1 depending on the model
energy distribution used. As indicated above, such energy deposition rates near
the nominal exobase are much larger than the estimates for the photo-induced
heating minus cooling at that altitude (approx. 8 eV cmK3 sK1; Strobel 2008)
and much larger than the earlier estimates of the plasma-induced heating rate
(approx. 15 eV cmK3 sK1, Lammer et al. 1998; approx. 20 eV cmK3 sK1, Michael &
Johnson 2005; e.g. figure 3). They concluded that plasma-induced heating
associated with the magnetosphere–ionosphere interaction was likely to be
more important than the pre-Cassini estimates. This assumption appears to this
author to be consistent with the observation by the Cassini Plasma Spectrometer
Phil. Trans. R. Soc. A (2009)
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761Sputtering of Titan’s atmosphere
(CAPS) instrument of a flux of low-energy ions in the corona near the exobase
(e.g. figure 4). These low-energy ions, which couple more efficiently to the
neutrals, were absent from the hybrid simulations that were used to obtain
the plasma heating rate in figure 3. They are probably associated with pick-up
close to the exobase and/or ionospheric outflow, i.e. ions scavenged from the
ionosphere (Wahlund et al. 2005; Hartle et al. 2006a,b; Ma et al. 2006; Sillanpaa
et al. 2006). Such ions flowing through the corona can efficiently heat the
atmosphere in the exobase region due to long-range ion–neutral interactions.
Although the absolute fluxes in figure 4 are not yet available, the peak count rate
measured is more than an order of magnitude larger than the peak ion count rate
in the ambient plasma.

Since the kappa energy spectra extracted from the fits to the INMS data had a
steeply decaying tail, the average escape rates for CH4 and N2 were very small.
However, for that range of altitudes for which CH4 and N2 density information
was available (up to approx. 2000 km above the surface), these spectra were well
tested for energies only up to about a seventh of the local escape energy.
Assuming that the heating rates extracted are due to a production of recoils in
the thermosphere, the energy deposition rates found by De La Haye et al. (2007a)
were scaled to the plasma-induced sputtering rate obtained by Michael et al.
(2005a). This is valid as long as the primary recoils have energies larger than the
escape energy. The average escape flux found in this manner for the five exobase
crossings is approximately 0.3!1010 amu cmK2 sK1 measured with respect to
Titan’s surface, with nitrogen mass loss about twice that of methane. If correct,
this is much larger than the escape rates obtained from the pre-Cassini
Phil. Trans. R. Soc. A (2009)
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simulations. They also obtain what they feel is a rough upper bound by assuming
that the tail of the energy spectrum is determined using the recoil energy
distribution described earlier. This is the analytic model of the hot corona in
De La Haye et al. (2007a; e.g. table 5). Averaging these escape rates for the five
passes and summing the N2 and CH4 contributions gives an average mass flux
out equal to approximately 5!1010 amu cmK2 sK1 normalized to Titan’s surface.
Assuming that this applies globally, their averaged upper bound to the loss rate
is approximately 4!1028 amu sK1 presumed due to plasma-induced heating.

Examining Cassini data below the exobase using continuum models, Strobel
(2008) and Yelle et al. (2008) separately concluded that, in addition to H2 loss,
escape of a heavy species was occurring. However, their suggested mechanism for
escape was very different from that described above. Strobel (2008) modelled the
density and temperature profile using an approximate fluid dynamic model that
included thermal conductivity and solar heating. Three cases were examined:
a lower boundary that allowed a heat flux, and two different net heating/cooling
rates with peaks occurring well below the exobase (e.g. figure 3). The observed
altitude dependence of the mass density and the Huygens Atmospheric
Structure Instrument (HASI) temperature profile (Fulchignoni et al. 2005)
could be well represented by having an upward mass flux of approximately
5!1010 amu cmK2 sK1 measured from Titan’s surface. Continuing the fluid
model above the exobase, Strobel found that thermal conduction could drive
escape. Although calculated to be consistent with the mass density profile, the
escape flux was presumed to be dominated by the lighter species, CH4 and H2,
due to diffusive separation.

Yelle et al. (2008) noted that the changing atmospheric composition with
altitude in the thermosphere (e.g. figure 2a,b) is indicative of diffusion of CH4

through the background N2. They derived eddy diffusivity from the density
profile for 40Ar and then solved the coupled diffusion equations using eddy and
molecular diffusion, allowing for the possibility of upward flow. Modelling
up to the nominal exobase, they found that the combined CH4 and N2

profiles could be described if CH4 flows upwards at a rate of approximately
4–5!1010 amu cmK2 sK1. They then presumed that this was a measure of the
loss to space, rather than the loss of methane by any other process. This mass
flux is remarkably close to that found by Strobel (2008). It is also close to the
average upper limit for escape in De La Haye et al. (2007a). Therefore, ignoring
the very lowest escape estimates in De La Haye et al., the three models of the
Cassini data suggest that Titan could be experiencing an average escape flux
of the order of approximately 0.3–5!1010 amu cmK2 sK1 in heavy molecules.
Such rates are much larger than the pre-Cassini estimates.
6. Comparison of estimates for escape

Although all three papers suggest that the heavy-molecule loss rate may be
larger than anticipated, there are considerable differences between the analyses
in Strobel (2008) and Yelle et al. (2008) and that in De La Haye et al. (2007a).
The former are continuum models that are solved up to the exobase. In these
models, it is assumed that solar heating of the atmosphere well below the exobase
is transported upwards by thermal conduction that can operate above the
Phil. Trans. R. Soc. A (2009)



763Sputtering of Titan’s atmosphere
exobase to power the escape. De La Haye et al. (2007a), on the other hand,
modelled a few passes and hypothesized that escape was powered by the
molecular physics occurring in the thermosphere and corona, and that the
background temperature produced by solar heating is nearly isothermal, with
the energy deposition roughly compensating for the adiabatic cooling by escape.

Although different conceptually, these results could be made to be consistent.
That is, if atmosphere is being removed at the top by a process similar to that in
De La Haye et al., then, in a one-dimensional model, there must be an average
upward flow replacing the material removed. Vice versa, the presence of an
upward flow below the exobase found in the continuum models could be
consistent with the heavy species being removed at the top by any number of
processes: ionospheric outflow, pick-up ion loss, atmospheric sputtering, radiation
chemistry and precipitation, viscous momentum transport from H2, transport to
another region of the atmosphere or any combination of these processes.

However, the very different mechanisms for powering escape, as described in
these papers, deserve comment. In the fluid models, after concluding that there is a
net upward flux in the thermosphere below the exobase, Strobel (2008) and Yelle
et al. (2008) assumed that the production of hot recoils or other atmospheric
removal processes in the vicinity of the exobase are not required. Rather, they
propose that thermal conduction from below produces a non-thermal tail in the
exobase region and continues to act above the exobase to accelerate a fraction of the
coronal particles to escape energies. Such a model could be consistent with the steep
power laws in the kappa distributions derived below 2000 km. But those spectra led
to very small escape fluxes. In order to obtain the larger escapes rates, De La Haye
et al. assumed that molecular processes act to produce hot recoils throughout the
region of the thermosphere defined by the escape depths in figure 1.

It may also be noteworthy that the coronal enhancements for the five
individual passes analysed in De La Haye et al. (2007a,b) do not appear to
correlate with solar heating. For example, there appears to be no enhanced
corona for T5 ingress, although the atmosphere below the exobase is exposed to
the solar flux. However, on the egress portion of this orbit there appears to be an
enhanced corona above an atmosphere that has not been exposed to the Sun for a
large fraction of a Titan night (8 days). Similarly, the most robust corona, which
De La Haye et al. (2007a) assumed to be caused by the largest exobase heating
effect, was seen on the exobase crossing for Tb egress (figure 2b), a crossing point
that is above a region of the atmosphere not exposed to the Sun. Such
observations, of course, do not eliminate solar heating and thermal conduction as
the driving mechanism, since time lags and horizontal transport (Mueller-Wodarg
et al. 2008) have been shown to be important and need to be described. In
addition, since simulations of the spatial variations in the plasma flow through the
exobase region (e.g. Ledvina et al. 2005; Sillanpaa et al. 2007) indicate that
the plasma-induced heating has a very differentmorphology than solar heating, both
processes eventually need to be included in a three-dimensional model.

The analysis in De La Haye et al. (2007a) used a description of the hot particles
produced below the exobase and tracked them ballistically (Liouville’s theorem)
above the nominal exobase assuming no subsequent collisions. By contrast, the fluid
models conclude that thermal conduction occurs above the exobase with a sufficient
collision rate to produce a significant escape flux. There are, of course, collisions
above the nominal exobase (Schunk & Nagy 2000). However, the enhancement
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required in the energetic tail is significant. Using a temperature of 150 K,
corresponding to a CH4 thermal speed of approximately 0.45 km sK1, a mass flow
speed of approximately 0.013 km sK1 and a density of approximately 2!106

CH4 cm
K3 at the exobase corresponding to 1010 amu cmK2 sK1, the fraction of

the upwardly moving CH4 with escape energies at the nominal exobase density is
%10K11. In order to account for the proposed escape flux, this fraction has to increase
to approximately 0.5 per cent of the upwardly moving neutrals having speeds of
approximately 2.1 km sK1, the escape speed. This does not require a large amount of
energy. However, it does require a large number of collisions in the tail of the
distribution in a region in which collisions, although occurring, are infrequent.

Although the density profile below the exobase can be reasonably well
described by an isothermal atmosphere, modulated by gravity waves (Waite
et al. 2005; Mueller-Wodarg et al. 2006), the continuum models predict
temperature profiles in which T decreases as a function of altitude in the
thermosphere consistent with cooling associated with upward heat flow and
which equally well fit the average density profile measured by INMS. A recent
two-dimensional model of the Northern Hemisphere, the region primarily
sampled by Cassini (Mueller-Wodarg et al. 2008), also shows a slightly
decreasing T profile everywhere above approximately 1400 km, but the
uncertainties in these temperatures are large and increase at increasing altitudes.
Therefore, associating the upward flows with global transport cannot be ruled
out. De La Haye et al. (2007a), on the other hand, hypothesize that there is an
additional, and spatially variable, source of hot recoils in the thermosphere and
corona near the exobase producing the spatially variable coronal structure
observed. The source of these recoils has not yet been identified. Possible
processes are reviewed below.
7. Coronal heating and loss processes

In addition to thermal conduction and gravity waves from below, there are a
number of processes that act on the neutrals in Titan’s corona and exobase
region. The upward flow of hydrogen molecules having thermal speeds much
greater than that for the heavy molecules (approx. 1.2 km sK1 at 150 K) can, in
principle, transfer momentum to the heavy molecules (e.g. Chamberlain &
Hunten 1987). Cui et al. (2008) model the viscous energy loss to the heavy
background molecules as part of their 13 moment approximation to the
Boltzmann equation (Schunk & Nagy 2000). In this model, viscosity and heat
conduction can, in principle, produce a Maxwellian with an enhanced tail,
conceptually similar to the kappa distribution for the heavy species (De La Haye
et al. 2007a). But the viscous heating rate in their fig. 7 (approx. 2 eV cmK3 sK1)
falls short of that required to drive the outflow of the heavy molecules. In
fact, the modelling in Cui et al. (2008) requires that the H2 molecules draw energy
from the background gas, enhancing the tail of the H2 velocity distribution function.

The production of hot recoils in the thermosphere by the solar EUV and UV
photons could have been underestimated in De La Haye et al. (2007a,b). But in the
absence of new exothermic processes, the present estimates for recoil production are
not sufficient to drive the largest CH4 escape flux suggested. Magnetohydrodynamic
(MHD) and hybrid simulations show that the slowed and deflected ambient
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plasma, and the locally produced pick-up ions, can have access to neutrals in the
corona and the upper thermosphere. Atmospheric loss occurs by momentum
transfer collisions and charge exchange with the incident ions, producing neutrals
with energies greater than the escape energy. Ionization of neutrals by charge
exchange, electron impact and photons followed by pick-up ion formation can also
lead to atmospheric loss (Ma et al. 2006; Sillanpaa et al. 2006). Since the fields
penetrate below the exobase, ionospheric outflow also occurs (Wahlund et al. 2005;
Hartle et al. 2006a,b; Coates et al. 2007), as seen at Io (e.g. Wilson et al. 2002) and
Venus (e.g. Terada et al. 2004). The ionospheric outflow, pick-up ions and the
slowed and deflected ambient ions, as well as the energetic neutrals produced by
charge exchange, collisionally deposit energy in the corona, causing atmospheric
sputtering. These plasma heating processes can be important at altitudes well
above the exobase, as the ion–neutral momentum transfer cross-section is an order
of magnitude larger than the neutral–neutral cross-section.

The escape rate derived in Strobel (2008) requires the delivery of approximately
6!108 eV cmK2 sK1. The average energy deposition rate extracted by De La Haye
et al. (2007a; 70–140 eV cmK3 sK1), deposited over a scale height (approx. 60 km),

suggests a similar energy flux (approx. 4–8!108 eV cmK2 sK1), which they
presumed to be deposited in hot recoil production. The energy flux available in
the ambient plasma and fields is larger than this, 1010 eV cmK2 sK1 (e.g. Johnson
2004). This flux ignores any enhancement in the effective area of interaction due to
the expanded corona or the gyroradii of the heavy ions (Hartle et al. 2006a,b).
Although this indicates that sufficient energy is, in principle, available from the
magnetosphere–atmosphere interaction, a significant fraction will be carried by the
energetic plasma and deposited at depth. Therefore, molecular level modelling in
the interaction region combined with Cassini data will be required to determine if
the plasma-induced escape rates are indeed much larger than the earlier estimates.
For instance, the energy flux used to obtain the exobase heating rate given in
figure 3 is approximately 5!109 eV cmK2 sK1 (Michael & Johnson 2005; Michael
et al. 2005a). Although this is larger than that required by De La Haye et al., it is
seen to be deposited mostly a few scale heights below the exobase. This resulted in a
temperature profile that slightly increases with increasing altitude but still produces
atmospheric loss rates well below the recent estimates. Therefore, the details of the
collisional coupling of the ions to the neutrals are critical. That is, if the incident
plasma had a similar energy flux, but an energy spectrum such as that in figure 4,
the energy would be deposited in a much narrower region about the exobase,
increasing the escape rate.

Using CAPS data Hartle et al. (2006a,b) estimated that approximately 0.9!
1024 OC sK1 impact Titan’s atmosphere and corona. Since these ions have mean
flow energies in the keV range and comparable thermal energies, they contribute
a significant fraction of the energy flux used to obtain the plasma-induced
heating rate in figure 3. Consistent with this, Sillanpaa et al. (2007) find that

approximately 1024 OC sK1 are lost to interactions with Titan, depositing a
globally averaged energy flux of approximately 109 eV cmK2 sK1 normalized to
the exobase surface. Estimates to date of the rate of energy deposition into recoils
by the incoming ions using hybrid and MHD models (Brecht et al. 2000; Ledvina
et al. 2005; Sillanpaa et al. 2007; Tseng et al. 2008) are below that required by
De La Haye et al. (2007a). In such simulations, the ion energy deposition rate
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into the atmosphere is affected by the fields penetrating the exobase region.
Therefore, modelling the ion and energetic neutral flow through the exobase
region and their collisional coupling to the background neutrals is critical. For
instance, ions and energetic neutrals penetrating the edge of the atmosphere
(Michael et al. 2005a), pick-up ions formed close to the exobase, and ions
outflowing from the ionosphere can cross the exobase from below. This process,
referred to as forward sputtering, can considerably enhance the sputtering
efficiency (Johnson 1990, 1994). Based on CAPS data (e.g. figure 4) and data
from other instruments (e.g. Wahlund et al. 2005), there is a flux of low-energy
ions flowing through the corona that has not yet been incorporated into the
atmospheric sputtering simulations. There is also a flux of very energetic ions
([10 keV; Ledvina et al. 2005), but these ions deposit their energy at depth
(e.g. Luna et al. 2003; Cravens et al. 2008) and do not affect escape.

If atmospheric sputtering is the dominant process driving escape, which is not
at all clear, it is the low-energy heavy pick-up and ionospheric ions that need to
be included in new simulations of Titan’s exobase region. Fortunately, more
detailed models of the plasma flow through the exobase region, constrained by
Cassini plasma data, are now becoming available.
8. Summary

Based on data from Cassini for many passes through Titan’s upper atmosphere,
we are rapidly improving our knowledge of atmospheric escape as well as our
knowledge of the interaction of Saturn’s magnetosphere with Titan’s atmos-
phere. In order to describe the evolution of this unique atmosphere, it is exciting
that molecular level modelling of the present escape mechanisms, constrained by
Cassini data, is now possible. Therefore, the differences in the loss mechanisms
proposed will be resolved by detailed simulations of the transition region in
Titan’s atmosphere.

Although the hydrogen loss rate (approx. 2!1028 amu sK1) is similar to the
pre-Cassini estimate (Cui et al. 2008), considerable enhancements in the loss rate
of heavy species have been suggested: approximately 0.3–5!1028 amu sK1. If the
largest loss rates for the heavy species persisted for ca 4 Gyr, the net mass loss
would be of the order of the present atmospheric mass. In addition, if such loss
rates were primarily in the form of CH4, then the present CH4 inventory would
be lost in less than 108 years. Although this rate is about an order of magnitude
smaller than methane loss by precipitation of hydrocarbons, it can have a
significant affect on model descriptions of atmospheric evolution (e.g. Lammer
et al. 2008). For this reason accurately understanding the mechanisms driving
escape (e.g. Johnson et al. 2008, submitted) is critical to our understanding of the
evolution of Titan’s atmosphere.

The escape rate of heavy species estimated in De La Haye et al. (2007a) had a
wide range of values because the density data only covered a limited range of
altitudes above the nominal exobase. If the kappa energy distributions they
extracted are correct, then heavy-molecule escape is small, consistent with pre-
Cassini estimates. Their preferred escape rate, obtained by scaling the recoil
production to earlier simulations, showed a considerable enhancement in the
heavy-molecule escape rate (approx. 0.3!1028 amu sK1), but much smaller than
Phil. Trans. R. Soc. A (2009)



Table 1. Neutral sources for Saturn’s magnetosphere.

source
rate
(1029 amu sK1) compositiona

rings (Johnson et al. 2006b) w6 O2, H2

Enceladus (Johnson et al. 2006a) w2 H2O (w4% C or N
species)

Titan (De La Haye et al. 2007a (N2, CH4); Cui et al. 2008
(H2); Strobel 2008 (CH4, H2); Yelle et al. 2008 (CH4))

0.2–0.5 (N2), CH4, H2

aMolecular dissociation products would also be present for all of these species.
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that suggested by Strobel (2008) and Yelle et al. (2008). Their rough average
upper limit for the mass escape rate was obtained using a model recoil spectrum.
If the extracted rate is correct, then a one-dimensional analysis of the density
data below the exobase would result in an upward flow such as that found in the
other models. In that case, the three mass loss rates would be consistent,
although the mechanisms proposed are very different.

For this reason, it is critical to obtain good estimates of the amount and
spatial morphology of the plasma-induced heating, the process that was assumed
to be driving escape in De La Haye et al. Although, the plasma energy deposition
rate in the exobase regions is at least as large as the average EUV heating rate,
a larger rate or more efficient coupling to the neutrals would be required to
obtain the suggested escape rates. If the largest estimates for heavy-molecule
escape are viable, but the plasma heating is inadequate, then one of the following
must be true: another non-thermal process must be active; the upward flow is
indicative of transport to another region of the atmosphere; or heat from below
acts to drive escape as proposed by Yelle et al. and Strobel. Since a new model for
thermal escape has also been proposed for hydrogen loss (Cui et al. 2008),
molecular level tests of these results are needed. Therefore, stochastic
simulations of the gas in the exobase region are critical if we are to obtain an
understanding of molecular transport and escape at Titan.

Loss of atmosphere from Titan is not only of evolutionary interest, but also of
interest as a source of material for Saturn’s magnetosphere. Therefore, the
composition of the ambient plasma near Titan’s orbit can be used to test the
atmospheric loss rate. Prior to the arrival of Cassini, Titan was assumed to be an
important, and probably dominant, source of nitrogen for the magnetosphere.
Not only is this not the case (e.g. Smith et al. 2005, 2007), Titan is not the
dominant source of material for Saturn’s magnetosphere even for the largest
proposed loss rates as seen in table 1. However, if the largest methane source rate
(approx. 4–5!1028 amu sK1: Strobel 2008; Yelle et al. 2008) is correct, then
Titan is the dominant source of carbon for the magnetosphere.

Since neutrals ejected from Titan orbit Saturn until they are ionized, they can
be detected in the ambient plasma. Detection is possible not only close to Titan’s
orbit, but over a broad region of Saturn’s magnetosphere (Smith et al. 2004).
Although the neutrals converted to ions close to Titan, or in its wake, are rapidly
lost down the magnetotail, a background plasma is present in the vicinity of
Titan’s orbit. Outward diffusion of ions produced closer to Saturn can contribute
to this plasma, but such ions are also lost down the magnetotail prior to crossing
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Titan’s orbit. For this reason the measured phase-space distributions of detected
ions indicate that the ambient plasma near Titan’s orbit is dominated by neutrals
ionized in the outer magnetosphere (Szego et al. 2005). Therefore, for the largest
methane loss rates proposed, carbon-containing ions should dominate oxygen ions
near Titan’s orbit. This is the case since the latter must be scattered to the outer
magnetosphere from the Enceladus and OH tori (Johnson et al. 2006a) or from the
ring atmosphere (Johnson et al. 2006b). However, the plasma upstream from Titan
has been shown to contain a substantial fraction of OC (Hartle et al. 2006b).
A ratio of oxygen to carbon species on Cassini’s first orbit of Saturn was estimated
to be approximately 1.5 (Crary et al. submitted). Scaling the suggested loss rates
to earlier models of the neutral densities from all sources (e.g. Smith et al. 2004,
2005, 2007; Johnson et al. 2006a,b), this fraction is inconsistent with the highest
methane source rates suggested. To settle the present carbon escape rate using ion
density measurements in the magnetosphere will require a good model of the
oxygen and carbon neutral densities and ionization rates near Titan’s orbit. In
addition, the carbon and oxygen fractions in the ambient plasma will have to be
measured for a variety of plasma conditions. However, it is exciting that the
concepts for escape from Titan’s atmosphere are being re-examined based on
recent Cassini data. This is especially so since understanding the present
atmospheric escape processes is a precondition for understanding the origin and
evolution of Titan’s atmosphere.
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