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[1] We present in this paper an investigation of the distribution of H, in Titan’s exosphere,
based on the measurements made with the lon Neutral Mass Spectrometer (INMS) onboard
Cassini during 32 encounters with the satellite. The observed H, density in Titan’s exosphere

shows significant variance from flyby to flyby. However, no appreciable trend with
geophysical or solar conditions can be identified. A data-model comparison is made in
the framework of the Chamberlain approach, taking into account two ideal cases. First,
we assume that the observed variability is spatial. In this case, the damping of exobase
perturbations when propagating into the exosphere is a diagnostic of the spatial scale of the
perturbations. We find that for all reasonable choices of this spatial scale, the model predicts
significantly more damping than implied by the INMS data. Second, we assume that at
any given time, the physical conditions in Titan’s upper atmosphere and exosphere are
globally uniform, but these conditions evolve with time, indicating that the observed
variability is temporal. In such a case, the observations can be interpreted as a result of
exobase perturbations on timescales in the range of ~10°~10° s. The time-varying H,
exosphere of Titan essentially reflects the varying structure and energy deposition in the
upper atmosphere of the satellite, which are ultimately determined by the variations in either
the solar EUV/UYV radiation or the level of magnetospheric particle precipitation. However,
we do not expect the considerable variability observed for Titan’s H, exosphere to be
induced by the varying solar inputs into Titan’s atmosphere. Instead, we postulate that such
a variability is more likely to be associated with Titan’s varying plasma environment.
Comparisons between different categories of Titan flybys tentatively reveal that the H,
exosphere tends to be more energetic and more expanded, and H, molecules tend to escape
more rapidly, with increasing levels of electron precipitation from the ambient plasma

environment.
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1. Introduction

[2] An exosphere is commonly referred as the uppermost
part of the planetary atmosphere, where the collision fre-
quency becomes so low that particles essentially undergo
free-streaming motion under the gravitational influence of the
central body. In the traditional framework that assumes a
sharp transition between collisional and collisionless states,
the gas distribution in the exosphere is completely determined
by the physical conditions at the lower boundary, i.e., the
exobase [Johnson et al., 2008, and references therein]. In the
seminal work of Chamberlain [1963], a uniform exobase was
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assumed, with the particle velocity distribution function
(hereafter VDF) taken to be Maxwellian. The exospheric
density was then determined with a kinetic approach by
integrating the Maxwellian VDF over truncated regions of the
momentum space.

[3] The above simple case was later extended to allow for
horizontal variations in the exobase density and temperature
[e.g., Vidal-Madjar and Bertaux, 1972; Hartle, 1973], typi-
cally parameterized with empirical models such as that of
Jacchia [1971]. The propagation of exobase variations into
the exosphere is naturally implied by such a kinetic model.
The magnitude of the variations, however, is significantly
damped in the exosphere, since the ballistic flux and the
associated lateral heat transfer help to remove any existing
variance in density and temperature, driving the conditions
near or above the exobase toward uniformity [e.g., Fahr,
1970]. The propagation of exobase variations into the exo-
sphere has been studied extensively for the Earth and sup-
ported by satellite observations of geocoronal emission [e.g.,
Meier and Mange, 1970]. It has also been evaluated for other
Solar System bodies such as Mars [Kim and Son, 2000].

[4] Following the above line of reasoning, we investigate
in this paper the density variations in Titan’s exosphere, by
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virtue of the extensive measurements made during the Cassini
flybys with the satellite. Titan’s exosphere is primarily
composed of molecular hydrogen (H,), methane (CH,4) and
molecular nitrogen (N,). We focus on H, in this work, the
distribution of which can be reasonably reproduced by the
traditional Chamberlain model [Cui et al., 2008]. The cases
for CH4 and N,, however, are more complicated, as the
investigations of De La Haye et al. [2007a, 2007b] have
revealed the presence of suprathermal CH4 and N, coronae
on Titan, with the Maxwellian VDF providing poor fits to
the data.

[5] The structure of the paper is as follows. In section 2, we
present the observed variations of H, density above Titan’s
exobase, based on the in-situ measurements made by Cassini
during its Titan flybys. We show in section 3 that the
observations cannot be reproduced by the simple kinetic
model assuming that the observed variations are spatial. We
investigate the validity of such a model in section 4, where we
propose that the observed H, variation in Titan’s exosphere
is more likely a temporal phenomenon. This is followed by
a discussion of the possible implications of the INMS H,
observations in section 5. Finally, we conclude in section 6.

2. Observations of a Variable H, Exosphere
From Cassini INMS Measurements

[s] The H, densities in Titan’s exosphere were measured
in-situ by the Cassini lon Neutral Mass Spectrometer (INMS)
when operating in the Closed Source Neutral (CSN) mode
[Waite et al., 2004]. Until now, there have been over 70 Titan
flybys for which the INMS neutral data are available. The H,
densities are obtained from count rates recorded in mass
channel 2, with thruster firing contamination removed and
background signals subtracted. Only measurements with
INMS-favored spacecraft configurations (here defined with
ram angles less than 60°) are considered in this study. The
procedures of data analysis have been detailed by Yelle et al.
[2006], Cui et al. [2008, 2009] and Magee et al. [2009] and
thus are not repeated here. We have also taken into account an
average enhancement factor of ~2.6, required to match the
INMS total densities to the Huygens Atmosphere Structure
Instrument (HASI) values as well as those inferred from
the Cassini Attitude and Articulation Control Subsystem
(AACS) [Strobel, 2010]. Throughout this study, we will not
use the H, measurements made at altitudes above ~4000 km,
where a significant fraction of the channel 2 count is con-
taminated by the residual H, gas in the INMS chamber.
Below this altitude, the density of the residual gas is typically
lower than the uncertainty of the atmospheric density.

[7] To be conservative, outbound measurements are
excluded in our analysis due to possible wall effect, which is
clearly seen from the asymmetry between the average
inbound and outbound H, density profiles above Titan’s
exobase [Cui et al., 2008]. Such an instrumental effect refers
to the processes of adsorption/desorption or surface chemical
reactions that take place on the INMS chamber walls [ Vuitton
et al., 2008; Cui et al., 2009]. However, it is worth empha-
sizing that the above argument relies on the assumption of
identical sampling of Titan’s upper atmosphere and exo-
sphere for both the inbound and outbound flybys, which is not
exactly true. Despite this, we note that the main results of this
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paper are still valid even with the inbound INMS H, data
included in the analysis.

[8] The INMS sample appropriate for this study combines
the data acquired during 32 flybys of Cassini with Titan (from
T5 to T71). The sample is significantly larger than that
adopted for our previous investigation of the global average
H, distribution (Cui et al. [2008], including 14 flybys from T5
to T32). Among these 32 flybys, 24 of them provide con-
tinuous INMS neutral measurements for Titan’s thermo-
spheric and exospheric regions from the closest approach up
to at least ~4000 km above the surface. The data from the
remaining 8 flybys in our sample contain gaps near or below
the exobase, but still provide useful measurements of the H,
content in Titan’s lower exosphere. Other flybys, though with
neutral data available, have been excluded here either due to
spacecraft configurations not favored for INMS neutral
observations (i.e., with ram angles greater than 60°), or
due to closest approach altitudes being too high (i.e., above
4,000 km).

[9] To simplify the discussions below, we place Titan’s
exobase at a common altitude of 1500 km above the surface in
this and the following sections, to be consistent with the
choice of Cui et al. [2008]. In section 5, we allow a vari-
able exobase height from flyby to flyby, and calculations
there validate our assumption of a common exobase height at
1500 km. It is also worth mentioning that strictly speaking,
the exobase should be understood as an extended transition
region rather than a rigid surface, since H, escapes from Titan
not exactly with the limiting flux [Strobel, 2009]. However,
the main conclusions of this paper are not sensitive to the
assumption of a sharp transition at the exobase.

2.1.

[10] At any given altitude in Titan’s exosphere, we have
tried to search for the variations in H, density with latitude,
longitude, local solar time, and/or solar zenith angle. Varia-
tions with latitude have been identified in Titan’s thermo-
sphere, for both CH4 and H,, characterized by clear depletion
near the equator [Miiller-Wodarg et al., 2008; Cui et al.,
2009]. Variations with longitude, local solar time and solar
zenith angle have not been confirmed in previous investiga-
tions when taking into account possible contamination by
biased sampling and instrumental effects [Cui ef al., 2009].
Despite this, the diurnal variation has been predicted by
Thermospheric Global Circulation Model (TGCM) calcula-
tions [Miiller-Wodarg et al., 2000; Miiller-Wodarg and Yelle,
2002], while the longitudinal variation could be associated
with significant energy deposition through electron/ion pre-
cipitation from Saturn’s magnetosphere [e.g., Sittler et al.,
2010; Bell et al., 2011]. Indeed, it has been proposed that
Saturn’s magnetospheric inputs may provide an appreciable
contribution to the ionization of neutral particles in Titan’s
upper atmosphere, especially at the nightside [e.g., Agren
et al., 2007; Cravens et al., 2008a, 2008b], and the ther-
mospheric response of Titan to its plasma environment has
recently been investigated by Westlake et al. [2011].

[11] As an example, we show in Figure 1 (top and middle)
the H, density as a function of latitude, at 1500 km (the
exobase) and 2500 km, respectively. The figure shows that no
convincing meridional variation can be observed. Investiga-
tions of the zonal and diurnal variations in exospheric H,
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Figure 1. The meridional variation of H, density at (top)
1500 km (the exobase) and (middle) 2500 km, combining
the INMS measurements made during all available Titan
flybys. (bottom) Also shown is the meridional variation of
exobase temperature. Vertical bars in all panels are associated
with counting statistics. No appreciable horizontal trend is
identified in either H, density or exobase temperature.

density give similar results. At the face value, the absence of
any horizontal trend in Titan’s exosphere may not be sur-
prising, since any exospheric region is occupied by particles
from different parts of the exobase following their trajecto-
ries. As a consequence, density in the exosphere tends to
reflect the global average physical conditions at the exobase,
and any possible variation in thermospheric density and
temperature tends to be smoothed out when propagating
upward.

[12] InFigure 1 (bottom), we show the meridional variation
of exobase temperature derived from the INMS N, data. The
information on exobase temperature is required to calculate
Titan’s exospheric H, distribution within the framework of
the traditional Chamberlain model (see section 3). The deri-
vation of exobase temperature requires some reasonable
assumption about the neutral distribution in Titan’s atmo-
sphere [e.g., Westlake et al., 2011]. Here we assume iso-
thermal conditions throughout Titan’s upper thermosphere
and derive a unique temperature based on the INMS mea-
surements of N, made during any single flyby, but treating
inbound and outbound data separately [e.g., De La Haye
et al., 2007a; Cui et al., 2008, 2009; Westlake et al., 2011].

CUI ET AL.: H, VARIABILITY IN TITAN’S EXOSPHERE

A11324

From the figure, we see that no significant meridional trend
can be identified, similar to the observations of H, density.

[13] Despite the lack of any appreciable trend with geo-
physical or solar conditions as shown in Figure 1, we note that
both the H, density and the thermospheric temperature
present considerable variance from flyby to flyby. Such a
variance is significantly larger than that allowed by counting
statistics, especially at low altitudes. For further investigation,
it is interesting to compare the density profiles obtained
during different flybys with similar spacecraft trajectory
geometry. An example is given in Figure 2, which shows the
exospheric H, distribution obtained during the inbound pas-
ses of T18 (the black solid line) and T19 (the gray dotted line).
At the altitudes shown in the figure, both flybys probe high
latitude regions of the northern hemisphere, magnetospheric
wakeside, as well as Titan local time near the morning ter-
minator. However, there is clearly a difference between the
H, density profiles for these two flybys in that the densities
obtained during inbound T18 are systematically higher than
those obtained during inbound T19. Similar conclusions for
other flyby groupings have been reported by Westlake et al.
[2011], with differences in thermospheric temperature being
as large as ~30 K for roughly identical solar and geophysical
conditions.

2.2. Parameterization of Variability

[14] We have shown above that the observed H, density
and exobase temperature do not show clear evidence of
horizontal trend, but significant variability is present from
flyby to flyby. In this section, we investigate further how such
a variability evolves with altitude in Titan’s exosphere. We
will show below that such information could be used to probe
the nature of the density and temperature perturbations in
Titan’s thermosphere.

[15] The simplest way to parameterize the H, density vari-
ability is to calculate the standard deviation of all measurements
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Figure 2. The H, density profiles in Titan’s exosphere
obtained during the inbound T18 and T19 flybys. These
two flybys have similar trajectory geometry but present sig-
nificant density variance.
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Figure 3. The altitude dependence of the observed variabil-
ity, Ongps (the solid circles), and the variability due to counting
statistics (the shadowed region) in exospheric H, density. The
observed variability is appreciably larger than that allowed by
counting statistics below ~2500 km. The open circles give the
physical variability, énppnys, as a function of altitude, con-
structed by assuming lognormal distribution and deconvol-
ving the observed variability with a Gaussian kernel
function representing statistical degradation (see section 2.2
for details).

made at any given altitude. However, there is a complexity
in such a procedure since the standard deviation directly
obtained from the data reflects the convolution of the phys-
ical variability with a kernel function (to be detailed later)
representing data degradation due to counting statistics. To
illustrate this, we show with the solid circles in Figure 3
the altitude dependence of the observed variability in H,
density, 6ngps, above Titan’s exobase, defined as the standard
deviation of H, density measurements at any given alti-
tude extracted from all available flybys in our sample. For
comparison, the observed variability is overplotted on the
variability associated with statistical degradation. This cor-
responds to the shadowed region encompassed by two solid
lines calculated from the mean of all density errors at any
given altitude plus/minus the standard deviation of the den-
sity error. From Figure 3, counting statistics makes a sig-
nificant contribution to, but cannot fully account for, the
observed variability. Therefore as the first step, it is necessary
to remove the variance associated with statistical degradation.

[16] To recover the physical variability, énppys, from the
raw data, we make some reasonable assumption on the
functional form of the probability distribution of H, density at
any given altitude. We show in Figure 4 the H, probability
distribution at the exobase. We see that the density distribu-
tion is not symmetric about the maximum, characterized by a
high density tail above ~1.5 x 10 cm . Similar features are
observed at higher altitudes, indicating that symmetric func-
tional forms such as Gaussian are not appropriate. Instead, we
find that the convolution of a lognormal probability distri-
bution with the kernel function (associated with statistical
degradation) is a reasonable representation of the INMS
observations. Here the kernel function is assumed to be
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Gaussian with the width taken from the mean 1 o uncertainty
of individual measurements. The lognormal distribution,
used to characterize the physical probability distribution of
H, density, can be expressed as

1 Cnn—p

n) = e 27, 1
) noy2mw )

where n is the H, density, p and o are two parameters
that determine all statistical quantities such as the mean value
(¢"""?) and standard deviation (Ve” — 1¢/""7?). In Figure 4,
the best-fit exobase H, distribution is given by the dashed line,
corresponding to the convolution of the true (lognormal)
distribution (given by the solid line) with the Gaussian kernel
representing counting statistics. Both curves have been scaled
to match the total number of density measurements at that
particular altitude.

[17] The physical variability in exospheric H, density,
Onphys, defined here as the standard deviation of the lognor-
mal distribution, is shown by the open circles in Figure 3 as
a function of altitude. This variability is dominant over
the variability due to counting statistics at relatively low
altitudes, suggesting propagation of exobase perturbations
well into Titan’s exosphere. However, the physical variability
decreases appreciably with increasing altitude, and eventu-
ally falls below the noise level above ~2000 km.

[18] The physical variability in H, density derived from the
data will be compared with simple kinetic model calculations
in section 3. Such calculations also rely on the choice of the
neutral temperature variability at the exobase. This is mod-
eled with a Gaussian distribution with a mean of 141 K and a
standard deviation of 20 K. The above mean exobase tem-
perature is lower than the value of ~150 K reported by pre-
vious INMS works [e.g., Yelle et al., 2006; Cui et al., 2008;
Miiller-Wodarg et al., 2008], but consistent with the more
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Figure 4. The probability distribution of H, density at
Titan’s exobase. The solid histogram shows the observed dis-
tribution, and the solid curve gives the physical distribution,
recovered by assuming lognormal. For comparison, we show
with the dashed line the convolution of the physical (lognor-
mal) distribution with a Gaussian kernel characterizing data
degradation due to counting statistics.
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Figure 5. Random realizations of the exobase density for an
angular resolution of (top) 2° and (bottom) 10°. These corre-
spond to a horizontal spatial scale of ~140 km and ~700 km at
the exobase. For simplicity, only the contour with H, density
20% higher than the mean exobase value is drawn.

recent value of 140.4 K from Westlake et al. [2011]. This is
primarily a result of significantly more INMS data included in
the present work (and that of Westlake et al. [2011]). At the
exobase, the relative uncertainty (due to counting statistics) in
neutral temperature (~5%) is significantly smaller than that in
H, density (~15%). As a consequence, data degradation by
counting statistics causes only a slight increase (by less than
1 K) in the observed variability of exobase temperature, as
compared with the true physical variability. Such a minor
effect is ignored in this study.

[19] Finally, we emphasize that here the variations of
exobase density and temperature are sampled independently,
despite a possible anti-correlation between the two quantities
(see section 5 for details). However, we have run test models
to ensure that such an effect does not influence the main
results of this paper significantly.

3. Propagation of Spatial Exobase Perturbations
Into the Exosphere From the Chamberlain
Approach

[20] In this section, we evaluate the density variability in
Titan’s H, exosphere in the framework of the collisionless
Chamberlain approach. We assume that the physical condi-
tions near or above the exobase are static, which means that
the observed variability is a spatial feature without any tem-
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poral effect (however, see section 4.2 for an alternative
approach).

[21] Calculations of exospheric H, densities on Titan rely
on the choice of the density and temperature distributions at
the exobase. Due to the lack of any appreciable horizontal
trend as discussed in section 2.1, the exobase density and
temperature distributions are modeled with random realiza-
tions of the physical variability of these quantities (normal for
temperature and lognormal for density, see section 2.2). The
random samplings of exobase density and temperature rely on
the detailed choice of the horizontal spatial scale of the per-
turbations. On the one hand, consecutive measurements made
during any single flyby always present smooth profiles. This
indicates that the scale of the perturbations should be sig-
nificantly larger than the distance traveled by the space-
craft over the time interval of one full INMS mass scan, i.e.,
~5.5 km [Cui et al., 2009]. On the other hand, the horizontal
scale crossed by two different flybys with similar spacecraft
trajectories but significant density variance (such as the
inbound T18 and T19, see section 2.1) is typically ~800 km at
the exobase. Therefore in principle, the scale of the exobase
density and temperature perturbations allowed by the data
could have a large range from ~10 km to ~10° km, depending
on the mechanism that drives these perturbations.

[22] In the following, we describe how the exobase struc-
tures are sampled. The general idea is to divide Titan’s exo-
base into cells, with density and temperature distributions
defined by physical values derived from the INMS data and
placed in random spatial locations. The exobase perturba-
tions are then used to evaluate their propagation into the
exosphere within the framework of the Chamberlain approach.
More specifically, we denote the angular resolution of the
exobase perturbations with e (as viewed from Titan’s center)
throughout this paper. For a glven value of €, we throw
a total number of N = 4n/[n(¢/2)*] uniformly distributed
random positions across Titan’s exobase, where € is in units of
radian. This is accomplished by sampling azimuthal angles,
«, with a = m(2R; — 1) and meridional angles, 6, with § =
cosfl(ZRz — 1), where R; and R, are two independent random
numbers uniformly distributed between 0 and 1. We attribute
values of H, density and neutral temperature to these random
points, and values at intermediate positions are obtained by
natural neighbor interpolation. We require that the resulting
density distribution be consistent with the true physical dis-
tribution of exobase density as constructed from lognormal-
based deconvolution. Random sampling of the temperature
field on Titan’s exobase is accomplished in a similar manner,
but based on the assumption of normal distribution.

[23] Since the random realization of exobase conditions is
an important part of our model calculations, several points
need to be clarified. (1) The angular resolution of the exobase
perturbations, e, is treated as a free parameter in this study,
and the choice of this value is an essential element of the
random sampling since it determines how fast the density
variability is damped when propagating into the exosphere
(see below for details). (2) The physical values (density and
temperature) attributed to the randomly selected N positions
are constrained by the observations and are independent of e.
(3) Density and temperature values at intermediate positions
are required for performing numerical integration, especially
when e is large. These values are obtained from numerical
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Figure 6. The altitude dependence of H, density variability
in Titan’s exosphere, overplotted on the INMS observations
(with contribution from statistical degradation removed).
For comparison, the variability due to statistical degradation
is also given with the drawing conventions of Figure 3.
Several different model cases are shown, corresponding to
different horizontal scales of the density and temperature
perturbations on Titan’s exobase.

interpolation instead of direct random sampling, since the
latter effectively reduces the scale of the perturbations.

[24] Two examples of the random realization of the exo-
base density are shown in Figure 5 as the ellipsoidal projec-
tion of two-dimensional contours. The H, density field given
in Figure 5 (top) has an angular resolution of € ~ 2° (corre-
sponding to a horizontal spatial scale of ~140 km at the
exobase) and that in Figure 5 (bottom) has € ~ 10° (corre-
sponding to a horizontal spatial scale of ~700 km at the
exobase). To improve visibility, only the contour with H,
density 20% higher than the mean exobase value is drawn. It
is evident from the figure that a smaller angular resolution for
the random sampling is reflected by more complicated den-
sity structures.

[25] To calculate the exospheric density structure from the
exobase conditions, it is convenient to define two dimen-
sionless quantities, y = rexo/r and V = v/veg., Where 7 is the
radial distance, v is the particle velocity, 7., is the exobase
radius, and v, is the escape velocity at Titan’s exobase. We
calculate the exospheric H, densities as a function of altitude
(or equivalently, dimensionless parameter y), meridional
angle (6) and azimuthal angle («), by evaluating the following
integrals numerically using 20 points Gaussian quadrature,

Ve 7 27
Np(y, e, 8) = m*v3, / vidv / sinfdf [ fixodd
27
/ sin 6d6 Jexod

P 27
/ sin 6d6 ,féxod¢7 (2)
0

Ni(y, i, 8) = m*v?

v
[
TS

2m
/ sinfdf | fuodd,  (3)
0
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where fexo(V, 6, @) is the H, VDF at Titan’s exobase assumed
to be Maxwellian, m is the mass of H, molecules, 6 and ¢ are
meridional and azimuthal angles in the velocity space [ Vidal-
Madjar and Bertaux, 1972]. Equations (2) and (3) give the
exospheric densities of ballistic and hyperbolic particles,
respectively. Satellite particles are ignored in this study, since
in any collisionless model there is no mechanism to establish
a steady population of these particles [Cui et al., 2008].
According to Vidal-Madjar and Bertaux [1972], the integral
limits in equations (2) and (3) can be written as V;, =y/y/1 +
and sin 0,, = (y1/V?% + 1 — »)/V. Finally, for any given par-
ticle trajectory (represented by the six trajectory parameters:
v, 0, , V, 0, @), fexo should be evaluated with the meridional
and azimuthal angles corresponding to where the trajectory
intersects the exobase. The dependence of their values on
trajectory parameters can be established based on geometrical
and dynamical considerations [Vidal-Madjar and Bertaux,
1972, equations 13 and 14] and are not detailed here.

[26] The model calculations of the H, density variability in
Titan’s exosphere, calculated from equations (2) and (3)
above, are shown in Figure 6 as a function of altitude and
overplotted on the INMS observations (the solid circles with
error bars). The contribution from statistical degradation has
been removed from the data. Different line styles represent
calculations made with different assumptions about the
scale of the exobase perturbations, from as small as 140 km to
as large as 1400 km (corresponding to different e values).
A total number of 10,000 random samplings are calculated
for each case. For comparison, we also show in Figure 6
the variability due to counting statistics alone, with the draw-
ing conventions of Figure 3. To better simulate the sampl-
ing of the INMS data, the model variability is determined
by extracting model densities at exactly the same altitude,
meridional angle and azimuthal angle as those from the
data. The random nature of the sampling implies that using
longitude or local solar time to represent the azimuthal angle
makes negligible difference to the simulated results.

[27] Figure 6 shows that there is a remarkable difference
between the 140 km model and the data. The INMS obser-
vations suggest that the perturbations at the exobase propa-
gate well into Titan’s exosphere. In contrast, the model results
show sharp decrease of the density variability within a narrow
region of width ~50 km above the exobase. Except very close
to the exobase, the model variability in H, density falls below
the statistical noise. With a larger scale of 350 km for the
exobase perturbations, the density variability decreases more
slowly with increasing altitude, as shown in Figure 6. This is
because the H, density and temperature over the same region
of Titan’s exobase tend to be more structured when the scale
of perturbations is smaller, thus the exobase perturbations are
more easily damped when propagating into the exosphere. As
the scale of the exobase perturbations increases further to
~1400 km, the agreement between the data and the model
becomes better. Despite this, the model profile still appears to
be under-estimated as compared to the INMS data. We note
that perturbations on a scale of 350 km are probably associ-
ated with gravity waves in Titan’s upper atmosphere [Miiller-
Wodarg et al., 2006], whereas perturbations on a scale of
2000 km are likely to be induced by tidal waves in response to
Saturn’s gravity [e.g., Tokano and Neubauer, 2002; Strobel,
2006]. Therefore the INMS observations imply that the
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density and temperature perturbations at Titan’s exobase are
not very likely to be caused by these effects.

[28] We show further with the solid line in Figure 6 the
extreme case for which thermospheric perturbations propa-
gate into the exosphere without damping. Mathematically,
this corresponds to infinite size of exobase perturbations.
However, this does not necessarily mean that the density and
temperature fields on Titan’s exobase tend to uniformity.
Instead, it only represents the case in which a same level of
variability (as the other models in the same figure) occurs on a
very large spatial scale. Practically, the profile of H, density
variability for such an extreme case can be obtained by
(1) extracting random realizations of exobase conditions from
the physical variations of H, density and N, temperature
derived in section 2.2, (2) calculating the one-dimensional
Chamberlain model with each pair of exobase H, density and
exobase temperature from the random realization, and
(3) determining the variance of different Chamberlain pro-
files at any given altitude. Reducing the two-dimensional
problem to one-dimensional artificially ignores the effect of
mixing as perturbations from different parts of the exobase
propagate into the same exospheric region. Figure 6 shows
that the model without damping is in reasonable agreement
with the data. With the scale of exobase perturbations on
Titan being constrained by the size of the satellite, this fact
implies that the INMS observations of Titan’s exospheric H,
distribution cannot be interpreted by the traditional Cham-
berlain model assuming spatial perturbations. We investigate
the validity of such a model in the following section, where
we also provide a preferred interpretation of the INMS data.

4. Validity of the Approach

[29] In section 3, we use a three-dimensional collisionless
model to estimate the H, density variability in Titan’s exo-
sphere. A comparison with the INMS data suggests that the
exobase perturbations propagate well into the exosphere
without damping. In addition to the Maxwellian VDF for H,
at the exobase, two further assumptions are inherent in the
model described in the previous section: (1) The H, mole-
cules are collisionless above the exobase; (2) The observed
variability is a spatial phenomenon. In this section, we
examine the validity of these assumptions based on timescale
considerations.

4.1. Collisional Effect

[30] The mean exobase temperature of ~141 K (see
section 2.2) corresponds to a thermal velocity of ~1 kms ' for
H, molecules. Adopting an H, scale height of ~1000 km in
Titan’s exosphere based on the INMS data [Cui et al., 2008],
this gives a dynamical timescale of ~10* s. In cases when the
timescale for particle interaction involving H, is shorter than
~10° s, the effect of collision cannot be ignored in modeling
Titan’s exosphere. Some of the collisional effects have been
estimated by Cui et al. [2008], including photoionization,
photodissociation, electron impact ionization, as well as
charge transfer with protons and/or O" ions. These processes,
serving as external loss mechanisms of H,, are tygpically
characterized by timescales in the range of 10°-10° s, far
exceeding the dynamical scale of ~10° s for H, molecules.
Collisions with other major exospheric neutral species (N,
and CH,) and the chemical production/loss of H, are not
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expected to be important either, due to the very low densities
of the relevant species above Titan’s exobase. As an example,
the chemical loss time constant of H, at ~1400 km has been
estimated to be ~107 s [Lawvas et al., 2008]. Therefore we
conclude that various collisional effects are not very likely to
be responsible for the apparent disagreement between the
model variability and observed variability in Titan’s exo-
spheric H, distribution (with the contribution from counting
statistics removed), as shown in section 3.

[31] Itis worth emphasizing that the collisional effect, even
if non-negligible, does not necessarily counteract the damp-
ing of exobase perturbations as propagating into the exo-
sphere. Due to the random nature of the distributions of H,
density and neutral temperature at Titan’s exobase (see
section 2.1), the net effect of exospheric collisions could be
either decreasing or enhancing the exospheric density vari-
ability, as compared to the ideal collisionless case.

4.2. The Effect of Temporal Perturbations

[32] In section 3, we describe the propagation of exobase
perturbations into Titan’s exosphere based on the assumption
of spatial variability. In that case, the atmospheric structure is
assumed to be roughly stationary during the time when the
INMS data were acquired. In contrast, the density variability
may also be interpreted in the temporal domain. In this case,
the physical conditions over the exobase are assumed to be
uniform at any given time. However, these conditions are not
stationary and the observed variability in the exosphere is
associated with the evolution of exobase density and tem-
perature with time.

[33] The propagation of exobase perturbations into the
exosphere is not instantaneous, but with a time delay deter-
mined by the dynamical timescale of particles following their
Kepler trajectories above the exobase. The damping of exo-
base perturbations when propagating into the exosphere is
induced by the difference in the particle travel time. Such a
time delay effect was first proposed by Paul and Fahr [1979],
in the context of atomic H distribution in the terrestrial exo-
sphere. For Titan, the dynamical timescale of exospheric H,
molecules is ~10° s (see section 4.1). Similar to the case
assuming spatial perturbation, the determining factor in the
framework of temporal variability is the timescale over which
the exobase conditions vary. Exobase perturbations on
timescales shorter than ~10° s are effectively damped in
Titan’s exosphere, while exobase perturbations on longer
timescales are more easily preserved when propagating into
the exosphere.

[34] We will not attempt a detailed numerical evaluation of
the time delay effect in this paper, mainly due to two reasons.
First, Figure 6 suggests that the INMS observations of the
exospheric H; variability can be reasonably reproduced with
the limiting case without damping. The calculation of such a
limiting case does not rely on the assumption that the
observed variability is spatial, thus the model assuming
temporal variability gives essentially the same limiting case
as well. With the typical dynamical timescale of ~10° s (see
section 4.1), we can infer immediately that the INMS
observations of H, variability in Titan’s exosphere can be
interpreted as a result of upward propagation of exobase
perturbations on timescales longer than ~10° s. Second, for
the altitude range considered here, the change in the profiles
of exospheric density variability is not sensitive to the
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detailed choice of the time constant for exobase perturbations,
as long as this time constant is comparable with or longer than
10% s. This means that an accurate numerical calculation of
the time delay effect does not help to constrain the exact
timescale during which the physical conditions over Titan’s
exobase vary. However, the time interval between two con-
secutive flybys, with similar solar and geophysical conditions
but significantly different density variations (see section 2.1),
is typically ~1 Titan day, i.e., ~1.4 x 10° s, which could be
regarded as an upper limit to the timescale of thermospheric
density and temperature perturbations on Titan. Based on the
above reasonings, we suggest that the observed variability in
Titan’s H, exosphere reflects the time-varying structures in
Titan’s upper atmosphere and lower exosphere, with a pos-
sible timescale in the range of ~10°~10° s. It is interesting to
note that the above value is consistent with the thermal
response time of ~10 Earth days predicted by the simulation
of Bell et al. [2011] for Titan’s upper atmosphere.

5. The Implications of Titan’s Variable H,
Exosphere

[35] In the framework of a collisionless model, we have
considered two ideal cases for the propagation of exobase
perturbations into Titan’s exosphere, assuming that the
observed variability is either spatial or temporal. In this sense,
the degree that the exobase perturbations are damped in the
exosphere is a diagnostic of either the spatial scale or tem-
poral scale of atmospheric perturbations near Titan’s exo-
base. In section 3, we show that the kinetic model of the
spatial variability of H, in Titan’s exosphere predicts con-
siderably more damping than implied by the INMS data. This
effectively rules out the possibility that the associated per-
turbations in Titan’s upper atmosphere are induced by
mechanisms such as gravity waves or tidal waves. Including
rare collisions above Titan’s exobase does not solve the
problem (see section 4.1). In section 4.2, we further show
that the INMS observations may be interpreted with the
assumption of temporal variability. Along the above line of
reasoning, we postulate the following scenario in inter-
preting the INMS observations: the physical conditions near
or above Titan’s exobase remain approximately uniform at
any given time, but these conditions vary with time, char-
acterized by a time constant in the range of ~10°~10° s.

[36] We emphasize that the above conclusion does not
necessarily contradict our previous works [Miiller-Wodarg
et al., 2008; Cui et al., 2009], which implicitly assume that
the observed density/temperature variations in Titan’s upper
atmosphere reflect horizontally varying trends, as expected
by TGCM model calculations. This is because (1) these
two previous works are largely concentrated on thermo-
spheric regions below the altitude levels considered here,
and (2) Miiller-Wodarg et al. [2008] have shown that the
observed variations of INMS density and temperature tend
to diminish toward Titan’s exobase. The latter fact, along
with the theoretical prediction that large ballistic flows in the
exosphere tend to drive the density structure near or above
the exobase toward uniformity [e.g., Fahr, 1970], support
our postulation of a uniform exosphere on Titan.

[37] It is more likely that the actual variations in Titan’s
upper atmosphere and exosphere are a combination of both
spatial and temporal effects, with the former possibly driven
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by mechanisms such as atmospheric dynamics, and the latter
possibly driven by mechanisms such as globally varying solar
or magnetospheric inputs. Since at sufficiently high altitudes,
spatial variability tends to be smoothed out by horizontal
flows, we expect that temporal variability becomes dominant,
as reflected in the INMS data of H, in Titan’s exosphere. This
is essentially associated with the fact that the spatial size of
exobase perturbations is limited by the size of Titan, whereas
no obvious restriction exists for the duration of temporal
perturbations.

[38] Within the framework of any collisionless model, the
temporal variability in Titan’s exosphere is controlled by the
time-varying density and temperature structures over the
exobase, reflecting a variable upper atmosphere of the satel-
lite. To explore whether this is driven by the varying amount
of solar EUV/UV radiation or the varying level of magneto-
spheric particle precipitation into Titan’s atmosphere, here we
estimate a few relevant parameters, detailed as follows.

[39] 1. Exobase height: For each flyby in our sample, we
estimate the exobase height, z.,, with the definition of
identical H, scale height and H, mean free path. The scale
height, as a function of altitude, is obtained directly from the
INMS H, density profile by taking the gradient of logarithmic
H, density, and the calculation of the mean free path takes
into account H,-N, collision only, assuming hard sphere
approximation. The values of z., are detailed in Table 1, with
amean of 1500 km and a variance of ~5%. This validates our
choice of the common exobase height in previous sections.

[40] 2. Escape flux: The H; escape flux referred to Titan’s
surface, F, is obtained by a diffusion model fitting for regions
of Titan’s upper atmosphere below the exobase (and down to
the closest approach altitude of a given flyby), following the
procedures of Cui et al. [2008]. More specifically, we solve
for the H, diffusion equation with the escape flux treated as a
free parameter to be constrained by comparing to the INMS
density measurements of H,. The values of F derived this
way are listed in Table 1, characterized by a flyby-to-flyby
variance of ~10% around a mean value of ~1.1 x 101 cm™2s7!,
The variability in H, flux is small, as compared to the vari-
ability in either the exobase density/temperature or the total
energy content within the H, exosphere (see below). In the
case of pure Jeans escape, the exobase density should be
anti-correlated with the exobase temperature to maintain a
stable escape rate. Such an anti-correlation is indeed
revealed by the data, as shown in Figure 7. The dashed line
in the figure corresponds to a Jeans escape flux taken to be
1.1 x 10" em 2 57! referred to Titan’s surface. The figure
shows that the combination of n., and T.,, values for
different flybys is in general consistent with the picture of
thermal evaporation. However, it is worth mentioning that
among 16 out of 24 flybys, for the measured value of the
exobase density, the corresponding exobase temperature is
considerably lower than the value required to sustain the
Jeans flux, implying enhanced escape of H, on Titan. Such
an enhancement has been interpreted by Cui et al. [2008]
and Strobel [2009] as associated with an upward heat flow
that modifies the Maxwellian VDF of H,.

[41] 3. Total number of particles within the exosphere: For
each flyby in our sample, we estimate the total number of H,
molecules contained within the exosphere, N, by integrat-
ing the INMS H, densities from the exobase up to 3500 km
where the density value drops to a numerically insignificant

8 of 12



A11324 CUI ET AL.: H, VARIABILITY IN TITAN’S EXOSPHERE A11324

Table 1. Exobase Height (z.x,), Exobase Density (#¢y,) and Temperature (7 .o, Derived From Isothermal Fitting), H, Escape Flux
Referred to Titan’s Surface (£), Total Number of Particles (Vo) and Total Energy Content (£, of Titan’s H, Exosphere, Bulk Velocity
of H, at the Exobase (ucyo), and Effective Size (L) and Mean Particle Energy (£) of the H, Exosphere Estimated for Each Flyby in Our

INMS Sample®

Flyby Zexo (km) nexu (Cm{‘) Texo (K) F? (Cm72 sil) Ntot Etot (erg) uexo (Cm sil) L (km) E (eV)
T5 1650 7.5 % 10° 160 1.1 x 10'° 2.6 x 10°? -2.2 x 10" 5.4 % 10° 1560 -5.1 x 1072
T18 1450 1.5 x 10° 128 1.1 x 10" 42 x 103 -1.0 x 10" 2.9 x 10° 1360 -1.5 x 1072
T21 1630 8.6 x 10° 162 1.3 x 10'° 25%x102 —29x 10" 5.8 x 10° 1330 -72 %107
T23 1480 9.6 x 10° 148 1.1 x 10'° 1.9 x 10%? -1.6 x 10'® 4.6 % 10° 970 -53 %107
T25 1690 6.5 x 10° 178 1.1 x 10'° 1.8 x 1032 -6.2 x 10" 6.5 x 10° 1170 -22x%x107°
T26 1500 1.1 x 10° 149 0.9 x 10'° 2.9 x 10*? -1.8 x 10'8 3.4 % 10° 1330 -3.8x 107
T28 1470 1.0 x 10° 144 1.0 x 10'° 2.3 x 10%? -3.1 x 10'8 3.8 x 10° 1070 -8.7x 107
T29 1550 9.4 x 10° 162 1.2 x 10'° 2.3 x 1032 -22x 10" 5.0 x 10° 1140 -6.0 x 1072
T30 1520 8.3 x 10° 157 1.2 x 10'° 2.1 x 10*? -2.4 x 10" 5.8 x 10* 1180 -72 %107
T32 1470 1.8 x 10° 131 1.2 x 10'° 4.7 x 103 -94 x 10" 2.8 x 10° 1330 -12 x 1072
T36 1550 7.5 x10° 188 1.3 x 10'° 1.8x 102  -12x10'® 6.5 x 10° 1150 —42 %107
T39 1400 1.2 x 10° 120 0.9 x 10'° 2.3 x 10%? -39 x 10" 3.1 % 10° 920 —-1.1 x 1072
T40 1460 1.3 x 10° 137 1.0 x 10'° 3.1 x 1032 -3.6 x 10'® 3.1 x 10° 1160 -72 %107
T42 1530 1.0 x 10° 161 1.3 x 10'° 29 %102 -3.1x10" 5.4 x10° 1390 —-6.6 x 107
T43 1380 1.4 x 10° 113 0.8 x 10'° 2.6 x 10°? -39 x 10" 2.6 x 10° 950 -9.1 x 107
T48 1500 1.6 x 10° 151 1.2 x 10'° 3.6 x 102 -1.2 x 10" 3.0 x 10° 1070 -22 %1072
T50 1460 2.0 x 10° 135 1.1 x 10'° 5.2 x 10% -9.4 % 10'8 23 x10° 1260 -1.1 x 1072
T56 1420 1.2 x 10° 132 1.1 x 10'° 3.1 x 10* -55x 108 3.8 x 10° 1300 ~-1.1 x 1072
T57 1520 1.0 x 10° 150 1.4 x 10'° 2.9 x 1032 4.4 x 10" 5.4 % 10° 1390 -93 x 107
T58 1420 9.9 x 10° 143 1.1 x 10'° 2.6 x 10°2 -1.6 x 10'® 5.0 x 10° 1320 -3.8x 107
T59 1470 1.5 x 10° 140 1.0 x 10'° 42 x 10%? -5.7 x 10'8 2.7 x 10° 1360 -85 x 107
T61 1380 1.5 x 10° 115 1.0 x 10'° 3.1 x 1032 -5.5x 10" 2.9 x 10° 1070 —-1.1 x 1072
T65 1520 1.5 x 10° 154 1.0 x 10'° 3.9 x 10% -52x 10" 2.8 x 10° 1310 -8.0 x 107
T71 1470 1.4 x 10° 141 1.0 x 10'° 3.4 x 1032 -4.7 % 10" 2.7 x 10° 1190 -85 x 107
Mean 1500 1.2 x 10° 146 1.1 x 10'° 3.1 x 10% -52 % 10" 42 x 10° 1220 -1.0 x 1072
Variance 5.3% 29% 13% 13% 30% 88% 34% 13% 92%

“Note that those flybys with data gaps near the exobase have been ignored (see section 2.1). The last two rows give the mean and the variation of each
quantity over different flybys, where the variation is defined as the ratio of the standard deviation to the mean.

level. These values are also given in Table 1, indicating a
variability of ~30% and a mean value of ~3.1 x 10°*? particles.
Accordingly, the total mass content is ~1000 tons on average.
[42] 4. Total energy content within the exosphere: A direct
estimate of the total energy content of Titan’s H, exosphere,
E., is more difficult as the exact form of the exospheric H,
VDF is model dependent [e.g., Cui et al., 2008]. Here for
simplicity, we assume that the H, energy density scales
exponentially with altitude above Titan’s exobase, thus

GM 1 (F\*
Ey = 4’ Hmn |:Can -t (—) }
r 2\n

)

)
exobase

where H and F are the H, scale height and flux, ¢, = 1.03 x
10% ergs K ' ¢! is the H, specific heat, G is the gravitational

in H, is driven by solar inputs only since the observations
were made primarily under solar minimum conditions, with
~10% variance in solar activities based on either the F10.7 cm
or 121.6 nm solar irradiance, reported by the space weather
prediction center of the National Oceanic and Atmospheric
Administration (NOAA). We state here, but do not show
explicitly, that there is no obvious correlation between the
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Exobase temperature (K)

constant, M is Titan’s mass, and the other quantities have C 1] ]
been defined above. All values are referred to Titan’s exo- 140 - e =T —
base. Equation (4) combines the contributions from internal L - % i B ST ]
energy, gravitational energy and bulk kinetic energy of H, in r S
Titan’s exosphere. The values of FE, estimated from 1201~ :‘: P S ]
equation (4) are detailed in Table 1, with their negative signs r §
ensuring that the H, exosphere of Titan is gravitationally ool v v 0 N N I
confined. The mean energy content is ~—5.2 x 10'® ergs, with 0.5 1.0 1.5 2.0 2.5

a variance as large as ~90%.

[43] Table 1 shows a considerable variability in Titan’s
H, exosphere from flyby to flyby, especially in terms of
the total energy content. The energy required to power Titan’s
H, exosphere ultimately comes from solar UV/EUV heating
and/or magnetospheric energy deposition into the upper
atmosphere. It is not very likely that the observed variability

Exobase H, density (10° cm®)

Figure 7. Exobase temperature as a function of exobase H,
density. An anti-correlation between the two quantities is
clearly present, which helps to maintain a relatively stable
H; escape flux on Titan. The dashed line corresponds to
the case of perfect Jeans escape with a fixed flux of 1.1 x
10" cm 2 s ! referred to Titan’s surface.
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Table 2. Mean Values of the Exobase Height (z..,), Exobase
Temperature (7x,), H> Bulk Velocity at the Exobase (u.y,), Effective
Size (L), and Mean Particle Energy (E£) Within the H, Exosphere,
for Different Categories of Plasma Environment Near Titan

Category  Zexo (km) Texo (K) texo (cms ') L (km) £ (eV)
Lobe-like 1400 122 8.0x10° 1170 -1.2x 1072
Plasma sheet 1500 151 12x10* 1230 -13x 1072
Magnetosheath 1500 146 1.0 x 10* 1360 -9.9 x 1073

solar index (e.g., the F10.7cm solar irradiance) and any of the
parameters calculated above. Based on the above considera-
tions, and also motivated by existing results (especially those
of Westlake et al. [2011]), we postulate that the observed H,
variability is driven by the varying magnetospheric inputs
into Titan’s upper atmosphere.

[44] A highly variable plasma environment for Titan has
recently been reported by Rymer et al. [2009], Garnier et al.
[2010], and Bertucci et al. [2009], based on the in-situ data
from the CAssini Plasma Spectrometer (CAPS), the Mag-
netosphere IMaging Instrument (MIMI), as well as the Cas-
sini MAgnetometer (MAG). Distinct categories have been
identified in terms of either the electron/proton energy spec-
trum or the magnetic field configuration. In a later work,
Westlake et al. [2011] presented a preliminary analysis of the
response of Titan’s thermosphere to its varying plasma
environment. Rough correlations have been found between
different data sets. Especially, both the neutral temperature
and the exobase height appear to be correlated with the level
of electron precipitation from Titan’s ambient plasma
[Westlake et al., 2011].

[45] To illustrate further the role of Titan’s plasma envi-
ronment on the H, exosphere, we investigate in particular
those flybys with the plasma classification of PS (Plasma
Sheet), L (Lobe-like) and MS (MagnetoSheath) according to
Table 2 of Rymer et al. [2009] and Table 1 of Westlake et al.
[2011]. Typical CAPS electron spectra indicate a signifi-
cantly lower suprathermal electron intensity for the L cate-
gory as compared to the other two [Rymer et al., 2009],
implying less electron precipitation and energy deposition for
the former case. A detailed comparison is provided in Table 2.
For the 4 flybys classified as L (T18, T43, T56 and T61), the
mean exobase height is zex, = 1400 km and the mean exobase
temperature is T e, = 122 K. For the 8 flybys classified as PS
(TS5, T23,T29, T36, T39, T57, T58 and T59), zexo = 1500 km
and Ty, = 151 K, whereas for the remaining 2 flybys clas-
sified as MS (T32 and T42), zexo = 1500 km and 7', = 146 K.
These variations for different plasma environments are
essentially those found in the work of Westlake et al. [2011]
based on a similar analysis method but a slightly different
INMS sample [see also Bell et al., 2011]. The trend in tem-
perature indicates the additional heating from magneto-
spheric energy inputs in response to an enhanced level of
electron precipitation into Titan’s upper atmosphere. The
variation of exobase height with the plasma environment
implies a slight expansion of Titan’s atmosphere associated
with the extra heating.

[46] Interms of the escape flux, the total particle number as
well as the total energy content of Titan’s H, exosphere, it is
more instructive to examine their values scaled by density
than to compare directly their absolute values among different
categories. Here we calculate the bulk velocity of H, at the
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exobase, U, the effective size, L, of the H, exosphere
defined as L = Ntot/(47rr§x0nexo) with 7y, being the radius at
the exobase and 7.y, being the exobase H, density, as well as
the mean particle energy, £, within the exosphere defined as
E = Eyt/Nio. These parameters are also detailed in Table 1.
For the category of L, we find their mean values to be uey, =
8.0x10°cms |, L~1170kmand E~~1.2 x 10 > eV, for the
category of PS, ey, ~ 1.2 % 10* cm s_l, L~1230kmand E =
—1.3 x 10 2 eV, whereas for the category of MS, ey, ~ 1.0 x
10*cms !, L=~1360kmand E~—9.9 x 10> ¢V. Therefore in
general, with increasing amount of electron precipitation into
Titan’s atmosphere, the H, molecules in the exosphere gain
more energy, expand further outward, and escape more rap-
idly from the satellite. The last feature does not necessarily
contradicts our previous results presented by Cui et al.
[2008], where we proposed that the H, escape rate on Titan
enhanced over the thermal Jeans value might be a result of
upward heat flow in the upper atmosphere. In fact, the thermal
structure (as well as the heat flow) in Titan’s upper atmo-
sphere may simply be modified by extra energy deposition
from Titan’s plasma environment, which finally leads to a
varying level of H, escape.

[47] It is worth mentioning that Strobel [2010] suggested
the presence of a downward H, flux into Titan’s surface, in
order to interpret simultaneously the INMS measurements of
H, in Titan’s upper atmosphere as well as the Voyager and
Cassini infrared measurements of the same species in Titan’s
troposphere and lower stratosphere. Calculations show that
the integrated downward H, flux is comparable to the inte-
grated upward H, flux escaping out of the atmosphere
[Strobel, 2010]. This implies that the integrated H, produc-
tion rate should be doubled, as compared to the values pre-
dicted by existing photochemical models (in which the
production of H, through CH, photolysis is balanced by the
H, escape flux [e.g., Lebonnois et al., 2003; Lavvas et al.,
2008; Krasnopolsky, 2009]). Strobel [2010] used this fact
to imply an extra source of CH, destruction on Titan in
addition to solar EUV/UV radiation, supposed to be magne-
tospheric particle precipitation. Therefore, we see that the two
works on Titan’s H, structure, though focused on different
aspects, reach essentially a similar conclusion.

6. Concluding Remarks

[48] In this study, we investigate the structure of Titan’s H,
exosphere, based on the INMS neutral data acquired during
32 Cassini flybys with the satellite. No appreciable trend with
solar or geophysical conditions has been identified in the
distribution of H, above Titan’s exobase. Despite this, there
does exist a significant variance in H, density from flyby to
flyby, which cannot be interpreted by counting statistics. The
variability in exospheric H, density is calculated as a function
of altitude, and is compared to predictions of the collisionless
kinetic model, assuming that the variability is spatial. The
degree that the H, variations are damped when propagating
into Titan’s exosphere depends on the spatial scale of the
density and temperature perturbations over the exobase.
However, detailed calculations show that all cases with
realistic choices of this spatial scale cannot reproduce the
data.

[49] An alternative point of view is to assume that Titan’s
exosphere remains roughly uniform globally, but may evolve
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significantly with time, i.e., the observations of the H, vari-
ability should be interpreted as a temporal feature instead of a
spatial one. In this case, the INMS data can be interpreted as a
result of density and temperature perturbations over Titan’s
exobase varying with a timescale of ~10°~10° s. This is in
agreement with the time constant of ~10 Earth days predicted
for the variations of thermal structure in Titan’s upper
atmosphere [Bell et al., 2011].

[s0] Titan’s variable H, exosphere essentially reflects the
varying structure and energy deposition in the upper atmo-
sphere of the satellite, which are ultimately driven by the
variations in either the solar EUV/UV radiation or magne-
tospheric particle precipitation. However, the considerable
variability observed for the exospheric H, density is not very
likely to be associated with the varying solar inputs into
Titan’s atmosphere, since the data were primarily acquired
under solar minimum conditions with a variance in solar
irradiance only at ~10% level. We postulate that such a var-
iability is probably associated with Titan’s varying plasma
environment. The requirement for magnetospheric inputs to
interpret the H, structure on Titan has also been suggested
recently by Strobel [2010], along a different line of reasoning.

[51] We also compare in detail the exospheric H, structure
obtained for several different categories of Titan’s plasma
environment, based on the classification scheme of Rymer
et al. [2009] and Westlake et al. [2011]. Both the exobase
temperature and the exobase height tend to be lower for the
lobe-like case, as compared to the plasma sheet case as well as
the magnetosheath case. These features have recently been
reported by Westlake et al. [2011]. Accordingly, with
increasing level of energetic electron precipitation, Titan’s H,
exosphere appears to be more extended, more energetic, and
H, molecules tend to escape more rapidly from the satellite.
These features illustrate tentatively that the magnetospheric
energy inputs from the ambient plasma may induce a
noticeable effect on the structure of Titan’s neutral upper
atmosphere and lower exosphere.
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