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[1] The Ion Neutral Mass Spectrometer (INMS) on board the Cassini spacecraft carried
out in situ measurements of neutral gas composition above 1025 km altitude in Titan’s
atmosphere during its flybys in October 2004 (TA) and April 2005 (T5). Strong
perturbations are present in the N, and CH,4 densities which we interpret as vertically
propagating waves. Typical vertical wavelengths range from 170 to 360 km with density
and pressure amplitudes reaching 4—12% of the background values and temperature
amplitudes of 5—-10 K. Amplitudes over our sampled height range, 1025 (T5) or

1176 (TA) to 1600 km, remain roughly constant, implying that the exponential increase in
wave amplitudes with height due to the decrease of density is offset by damping. This
finding allows us to constrain the wave periods to values in the order of hours. Estimates
of wave-induced acceleration of the background thermosphere suggest that the waves
we observe could deposit considerable momentum in Titan’s thermosphere, thereby
coupling the dynamics of the upper atmosphere with that of the middle atmosphere. In
addition, we infer latitudinal structures in Titan’s thermosphere with a factor of 3—4
increase of mass densities from pole to equator in the northern hemisphere. A preliminary
evaluation of local time variations suggests densities and thermospheric temperatures to
be largest near dusk, contradicting expectations for a thermosphere driven energetically
and dynamically primarily by solar EUV. From the latitudinal density gradients we derived
zonal wind speeds of around 245 + 50 ms ™', implying that Titan’s thermosphere,

like its stratosphere, could be superrotating. Our analyses were based on the TA and TS
flybys only, and future Cassini Titan flybys could either support or invalidate our findings.
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1. Introduction

[2] On 26 October 2004 the Cassini spacecraft carried out
its first targeted close flyby of Titan. The closest approach
altitude was 1174 km, enabling the first in situ measure-
ments of Titan’s upper atmosphere. On 16 April 2005,
another close flyby occurred, this time approaching Titan
to an altitude of 1025 km. During these flybys the Ion-
Neutral Mass Spectrometer (INMS) instrument on board the
spacecraft [Waite et al., 2004] measured altitude profiles of
neutral atmospheric constituents at an unprecedented level
of detail, both in terms of species characteristics and spatial
resolution. These measurements confirmed the three most
abundant species in Titan’s upper atmosphere to be N,
CH,, and H, and revealed a mean atmospheric temperature
in the sampled region of 149 + 3 K [Waite et al., 2005; Yelle
et al., 2006]. This paper will investigate perturbations of the
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densities and derived thermospheric temperatures around
their background values. We will interpret these perturba-
tions as waves, characterize their vertical structures and
discuss possible origins. In addition, we will investigate
horizontal structures of densities and temperature in Titan’s
thermosphere and derive thermospheric wind velocities.

[3] The first indication of waves in Titan’s atmosphere
came from radio occultation observations by the Voyager
spacecraft in 1980, which detected scintillations in Titan’s
lower atmosphere that were interpreted as signatures of
gravity waves [Hinson and Tyler, 1983; Friedson, 1994].
These waves were thought to be generated near the surface
and to propagate meridionally at speeds of up to 2 ms™'; it
was proposed that they could deposit considerable amounts
of momentum in Titan’s atmosphere, possibly contributing
towards the generation of superrotation, which was detected
in Titan’s stratosphere [Hubbard et al., 1993; Flasar et al.,
2005; Sicardy et al., 2006]. Further evidence for waves in
Titan’s atmosphere was provided by ground based observa-
tions of the occultation of 28 SGR by Titan in July 1989.
Analysis of the measured light curves indicated the presence
of waves between 200 and 500 km altitude which had
vertical wavelengths of 5-50 km and horizontal wave-
lengths of 25-250 km [Sicardy et al., 1999]. This was
confirmed by more recent observations during the occulta-
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tions of Tycho stars by Titan in November 2003 [Sicardy et
al., 2006].

[4] The Huygens probe, which successfully landed on
Titan’s surface in January 2005, carried an Atmospheric
Structure Instrument (HASI) which consisted, amongst
other, of an accelerometer experiment, measuring the probe
deceleration as it descended through Titan’s atmosphere.
The HASI measurements provided a continuous vertical
profile of atmospheric densities between the ground and
around 1500 km altitude, from which pressures and temper-
atures have been inferred [Fulchignoni et al., 2005]. Wave-
like perturbations are present in these temperature profiles,
which above 500 km altitude reach amplitudes of around
15 K and vertical wavelengths of around 100 km. This
constitutes strong evidence for waves in Titan’s atmosphere
propagating upward from the lower atmosphere to thermo-
spheric heights.

[5] The observations of waves in Titan’s atmosphere raise
the question of whether an understanding of global winds
and temperatures on Titan may require knowledge of waves
as important sources of momentum and energy. A compu-
tational study by Tokano and Neubauer [2002], using a
General Circulation Model of Titan’s lower atmosphere,
investigated the propagation of waves in Titan’s strato-
sphere which are generated by Saturn’s gravitational field
and the ellipticity of Titan’s orbit. These calculations
suggested the presence of a global scale eastward propagat-
ing wave of longitudinal wave number 2 and diurnal
frequency which deposited important amounts of momen-
tum into the background atmosphere, possibly contributing
towards Titan’s superrotation. In a more recent computa-
tional study by Strobel [2006], the problem was investigated
for the entire height range from the ground to the thermo-
sphere, using a one-dimensional (1-D) perturbation model.
These calculations suggested that waves forced by Saturn’s
gravitational field reach saturation amplitudes near 500 km
altitude, where vertical wavelengths become 100—150 km.
Their dissipation according to these calculations deposits
thermal energy at a rate of 10" erg cm s~ ' between 500
and 900 km altitude, which is of similar magnitude as solar
heating rates in the region [Miiller-Wodarg et al., 2000].
Many uncertainties govern these theoretical calculations, in
particular the exact nature of the background winds in
Titan’s atmosphere, which can severely affect the vertical
propagation.

[6] In the following, we will report on the in situ
detection of waves in Titan’s thermosphere above 1025 km
altitude by the Cassini Ion-Neutral Mass Spectrometer
(INMS). In section 2 we will describe the observations
and characterize the waves in composition and temperature,
section 3 will investigate wave periods and discuss the
possible wave effects on the background atmosphere in
terms of momentum and energy deposition. In section 4 we
will infer horizontal structures in Titan’s thermosphere and
estimate zonal wind speeds. Section 5 will discuss our
results and present concluding thoughts.

2. Observations and Modeling
2.1. INMS Instrument

[7] The Ion Neutral Mass Spectrometer (INMS) instru-
ment on board the Cassini spacecraft directly samples
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neutral and ionized molecules in Titan’s upper atmosphere,
allowing us to identify species within a mass-to-charge
range of 1-99 Daltons and measure their densities [Waite
et al., 2004]. The INMS instrument can operate in three
modes which are sensitive to ions, reactive neutrals and
nonreactive neutrals, but in this study we only use data
taken in the Closed Source Neutral (CSN) mode which is
sensitive to nonreactive neutrals such as N,, CH,, and H,.
The data reduction technique for converting raw instrument
counts and mass spectra into particle densities is discussed
by Yelle et al. [2006].

2.2. Titan Flyby Trajectories

[8] The observations discussed here were acquired by the
INMS instrument during two of Cassini’s close flybys of
Titan on 24 October 2004 and 16 April 2005, which in the
following we will refer to as “TA” and “T5,” respectively.
In this study we consider only data taken below 1600 km
altitude, over a window of roughly +5 min around closest
approach. In the following we will briefly describe the
geometry of these flybys with respect to Titan.

[9] The latitude and local time coverage during TA and
T5 are illustrated in Figure 1. Inbound legs are shown as
blue (black) lines (solid), outbound are red/gray (dashed).
During TA the spacecraft trajectory below 1600 km passed
from 28°N (inbound) to 41°N (outbound) and Titan local
times of 15 to 19 hours solar local time (SLT), with the
closest approach (1174 km) occurring near 38.5°N at 1645
hours SLT. During T35, the trajectory below 1600 km passed
from 62.3°N at 1717 hours to 48.8°N at 0214 hours
SLT with closest approach (1026.5 km) at 74.0°N and
2315 hours SLT. So, closest approach to Titan during TA
occurred in the northern midlatitude dusk sector and during
T5 at northern (winter) polar latitudes near midnight.

[10] It is of interest to note that the range of longitudes
(local times) sampled during T5 is larger than during TA.
While the ground track distances covered at both flybys
relative to Titan’s surface are very similar, longitudinal grid
points are spaced closer together at polar latitudes, hence
giving a larger range of longitudes (local times) sampled
within the same ground track distance. This geometric effect
can also be seen in Figure 1. At both flybys, trajectories
were such that the longitude ranges were larger than latitude
ranges. During TA the ratio of sampled longitude to latitude
ranges below 1600 km is around 4.3, at T5 it is around 5.0.
Assuming an average spacecraft velocity of 6 km s™', the
horizontal distance traveled within our observation window
along the trajectory is around 3600 km, while vertical
distance (altitude) covered relative to Titan’s surface is less
than 600 km, a factor of 6 smaller.

2.3. Density Observations and Modeling

[11] Figure 2 shows profiles of observed N, and CHy4
densities during TA and T5 plotted versus spacecraft alti-
tude. Blue (black) and red (gray) symbols denote inbound
and outbound densities, respectively. A detailed discussion
of the TA profiles was presented by Yelle et al. [2006]. The
figure shows that there are significant differences in the
densities measured on inbound and outbound legs for both
N, and CH,4 as well as an overall difference between TA and
T5, with TS densities at a given altitude being systemati-
cally smaller by roughly a factor of 2. This difference
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Figure 1. Trajectories of the Cassini TA and TS flybys on

Oct 26, 2004 and Apr 16, 2005, respectively, shown in
terms of geographic latitude and local solar time on Titan.
Only the paths of Cassini below 1600 km altitude are
shown. Solid (blue/black) lines denote the inbound path,
dashed (red/gray) are outbound legs. The point of closest
approach to Titan is marked with a cross.

between TA and T5 densities will be discussed in detail in
section 4.

[12] Similar to the study by Yelle et al. [2006], we use a
one-dimensional diffusive equilibrium model to obtain
theoretical best fits to the observed density profiles. These
are shown as green (black) lines in Figure 2. The three-
dimensional implementation of this model was described by
Miiller-Wodarg and Yelle [2002], but here we set the wind
advection terms to zero and furthermore do not calculate the
thermal structure self-consistently. We solve the vertical
continuity equation by explicit time integration, calculating
self-consistently the molecular and eddy diffusion velocities
for both N, and CH,4. Chemical reactions are not consid-
ered. At the top boundary (near 1600 km) we assume
diffusive equilibrium and include no escape processes.
The model reaches steady state after typically one third of
a Titan rotation (around 5 hours). The molecular diffusion
coefficients for N, and CH, are obtained from Mason and
Marrero [1970].

[13] The free parameters in our calculations are temper-
atures, the eddy diffusion coefficient and lower boundary
densities. To first order, we adjust temperatures to fit the
measured N, profiles and the eddy coefficient to fit CHy
densities. Our assumed lower boundary mass densities are
p=16.60 x 10~'* g cm > at 1150 km altitude for TA and
p=1.69 x 107" g cm ™ at 1029 km altitude for T5. Mole
fractions of CHy at the lower boundary are set to 2.6% for
both flybys.

[14] We obtain best fits to the CH,4 densities b;/ assuming
eddy diffusion coefficients of K = 3.5 x 10° cm”s™' for TA
and K = 4.0 x 10° cm?s~! for T5, both of which are
assumed constant with altitude. These values are larger than
those derived by Smith et al. [1982] and Strobel et al.
[1992] from Voyager 2 measurements of (0.4-2.6) X
10° cm?s™" and up to 2 orders of magnitude larger than
eddy coefficients on other planets. As pointed out by Yelle et
al. [2006], these values may not represent atmospheric
mixing alone, but could include a contribution from CH,
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escape. If CH,4 escape does occur on Titan, it will reduce the
eddy coefficient that is needed to fit observed CH, densities.
This ambiguity, however, does not affect the current study.

[15] Best fits to the observed N, densities over the entire
altitude range are obtained by assuming isothermal con-
ditions with temperatures of 77, = 149 K and 775 = 155 K at
TA and TS, respectively; however, T5 measurements extend
150 km deeper into the atmosphere. In order to examine the
sensitivity of temperatures to the altitude range of the fits,
we also ran our model to fit TS observations only in the
altitude range overlapping with that of TA observations,
1174—1600 km. For the reduced altitude range we derived
an isothermal temperature at TS of T'7s = 153 K. This
suggests the possibility of slightly higher temperatures
below 1175 km, but further constraints are necessary to
support this. Thus differences in upper atmosphere temper-
atures between the two flybys, if real, appear relatively
small. The inferred exospheric temperatures are in reason-
able agreement with those derived from the reanalyzed
Voyager 1 UVS occultation measurements of 153 K
(158 K) at ingress (egress) [Vervack et al., 2004].

2.4. Density Perturbations

[16] In the following, we will discuss perturbations in the
density measurements. In order to separate the perturbations
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Figure 2. Nitrogen and methane densities in Titan’s
thermosphere, as observed by the INMS instrument during
Cassini’s TA and T5 flybys on Oct 26, 2004 and Apr 16,
2005, respectively. Blue (black) symbols denote densities
along the inbound trajectory, red (gray) symbols are
outbound. Green (black) solid lines are isothermal diffusive
equilibrium distributions, as calculated by a one-dimen-
sional model, as described in Section 2.3.
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Figure 3. Normalized N, and CH, density perturbations
for TA and TS flybys on Oct 26, 2004 and Apr 16, 2005,
respectively. Values are plotted versus time from closest
approach to Titan (in seconds). The perturbations are
calculated as ¢; = (n; — m;)/n;, n; being the measured
densities and 7; the diffusive equilibrium distribution. Solid
lines are polynomial fits to the measurements. They may
represent background trends in the atmosphere.

from background densities we subtracted measured gas
density values n; from the modeled diffusive equilibrium
distribution densities 7; (green/black curves in Figure 2,
see section 2.3). Figure 3 shows normalized density
perturbations ¢; = (n; — n;)/n; for N, and CH, at TA
and T5 flybys versus time from closest approach. The
triangles denote N, perturbations and dots denote those of
CH4. We see in Figure 3 the presence of numerous
periodic perturbations both in N, and CHy. These have
amplitudes in the order of 10% at TA and slightly larger
at TS. Interestingly, the perturbations of both gases at any
given flyby are not always in phase, particularly during
the TA inbound pass (left half of the upper panel in
Figure 3).

[17] In addition, general trends are present in the per-
turbations with spatial scales larger than the perturbations.
To extract these trends, we fitted fifth degree polynomials
to the data, shown in Figure 3 as solid lines. These trends
are different for N, and CHy, and furthermore they are
larger during TS5 than TA. During the flybys the spacecraft
sampled not only different altitudes, but also moved
horizontally (see section 2.2), whereas we assumed a
uniform vertical background density profile at all times
during each flyby. Therefore the trends identified in
Figure 3 may represent horizontal structures in Titan’s
atmosphere (see also section 4). The polynomials could
also represent larger-scale vertical waves, but from the
observations this distinction cannot be made. Some uncer-
tainty remains in separating the perturbations from back-
ground trends in the atmosphere since the vertical
wavelengths we observe are comparable in magnitude to
the sampled height range. This uncertainty would primar-
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ily affect the amplitudes, while vertical wavelengths would
vary by a few kilometers only.

2.4.1. Distinguishing Horizontal From Vertical
Perturbations

[18] Atmospheric waves have three-dimensional struc-
tures with both horizontal (latitudinal/longitudinal) and
vertical wave numbers. In our observations we sample a
horizontally and vertically constrained region only, and
within that region we may compare horizontal and vertical
amplitudes and wavelengths of perturbations. When vertical
wavelengths are smaller than the sampled height range and
vertical amplitudes exceed horizontal variations, we may
denote the wave as a “vertical wave.” Most global-scale
atmospheric wave fit into this category. On the other hand,
waves with large horizontal amplitudes and wavelengths
that fit within the horizontal sampled range can be denoted
as ‘“horizontal waves.” One key question is whether to
interpret the perturbations in Figure 3 as horizontal or
vertical perturbations in the atmosphere. Since the space-
craft moved both horizontally and vertically through Titan’s
atmosphere, either option is possible or we may be observ-
ing a combination of both. To assess this question, we will
discuss the locations of observed perturbations in Titan’s
atmosphere.

[19] Figure 4 shows normalized perturbations of mass
density, Ap/p, during TA. Large scale trends (such as those
seen in Figure 3) are extracted. The upper panel shows
values versus distance traveled by the spacecraft along its
trajectory (relative to the point of closest approach), while in

-2000  -1000 0 1000 2000

1600 F : - ;
. 1500 /g
£ 3
= £ E
= 1400 3
o F E
3 E
£ 1300 3
<C

1200

-1000 0 1000 2000

Distance from closest approach (km)

—-2000

Figure 4. Normalized perturbations of mass density
(Ap/p) in Titan’s atmosphere, as measured by the INMS
instrument on board Cassini during the TA flyby on October
26, 2004. Large scale trends have been removed from the
data. The upper panel shows values versus distance from
closest approach along the trajectory. In the lower panel,
this curve is warped along the trajectory curve (solid line),
shown versus altitude in the atmosphere and horizontal
distance from closest approach. Black markers indicate the
locations of extrema in the perturbation curve, mapped onto
the horizontal and vertical axes. Inbound values are blue
(black), outbound values are in red (gray).
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