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In this paper we present an in-depth study of the distributions of various neutral species in Titan's
upper atmosphere, between 950 and 1500 km for abundant species (N2, CH4, Hz) and between 950 and
1200 km for other minor species. Our analysis is based on a large sample of Cassini/INMS (lon Neutral
Mass Spectrometer) measurements in the CSN (Closed Source Neutral) mode, obtained during 15 close
flybys of Titan. To untangle the overlapping cracking patterns, we adopt Singular Value Decomposition
(SVD) to determine simultaneously the densities of different species. Except for Ny, CHg, Hy and 40Ar
Atmospheres, composition (as well as their isotopes), all species present density enhancements measured during the outbound legs.
Atmospheres, structure This can be interpreted as a result of wall effects, which could be either adsorption/desorption of these
Titan molecules or heterogeneous surface chemistry of the associated radicals on the chamber walls. In this
paper, we provide both direct inbound measurements assuming ram pressure enhancement only and
abundances corrected for wall adsorption/desorption based on a simple model to reproduce the observed
time behavior. Among all minor species of photochemical interest, we have firm detections of CoHy, C;Hy,
CyHg, CH3CH, C4Hy, CgHg, CH3CN, HC3N, C;N; and NH3 in Titan’s upper atmosphere. Upper limits are
given for other minor species.

The globally averaged distributions of N», CH4 and H, are each modeled with the diffusion approximation.
The N, profile suggests an average thermospheric temperature of 151 K. The CH4 and H, profiles
constrain their fluxes to be 2.6 x 10° cm~2s~! and 1.1 x 10'® cm~2 s, referred to Titan’s surface. Both
fluxes are significantly higher than the Jeans escape values. The INMS data also suggest horizontal/diurnal
variations of temperature and neutral gas distribution in Titan's thermosphere. The equatorial region,
the ramside, as well as the nightside hemisphere of Titan appear to be warmer and present some
evidence for the depletion of light species such as CH4. Meridional variations of some heavy species
are also observed, with a trend of depletion toward the north pole. Though some of the above variations
might be interpreted by either the solar-driven models or auroral-driven models, a physical scenario
that reconciles all the observed horizontal/diurnal variations in a consistent way is still missing. With a
careful evaluation of the effect of restricted sampling, some of the features shown in the INMS data are
more likely to be observational biases.

Keywords:

© 2008 Elsevier Inc. All rights reserved.

1. Introduction followed by several percent of CH4 and several tenths of percent

of Hy. Other minor species, including various hydrocarbons and

Titan has a thick and extended atmosphere, which is composed
of at least four distinct regions: troposphere, stratosphere, meso-
sphere and thermosphere (Yelle, 1991). Throughout Titan’s atmo-
sphere below the exobase, the most abundant constituent is N,
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nitrogen-bearing species, are also present on Titan, as products of
the complicated photochemical network initiated by the dissocia-
tion of N, and CH4 by solar UV photons, energetic ions/electrons
from Saturn’s magnetosphere, as well as cosmic ray particles (e.g.,
Yung et al., 1984). This paper focuses on the distributions of var-
ious neutral constituents in Titan’s thermosphere above 950 km,
which coexists with an ionosphere (e.g., Bird et al., 1997; Wahlund
et al., 2005; Kliore et al., 2008).
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During the pre-Cassini epoch, our information on the structure
and composition of Titan’s thermosphere relied exclusively on the
disk-averaged dayglow spectra and solar occultation data obtained
with the Voyager UltraViolet Spectrometer (UVS) (e.g., Broadfoot et
al., 1981; Smith et al., 1982; Strobel and Shemansky, 1982; Strobel
et al., 1992; Vervack et al., 2004). These earlier results have been
used extensively to develop models of Titan’s upper atmosphere in
various aspects, including photochemistry (e.g., Yung et al., 1984;
Toublanc et al.,, 1995; Lara et al., 1996; Banaszkiewicz et al., 2000;
Wilson and Atreya, 2004), ionospheric structure (e.g., Ip, 1990;
Gan et al., 1992; Keller et al., 1992; Fox and Yelle, 1997), thermal
structure (e.g., Lellouch et al.,, 1990; Yelle, 1991), non-thermal es-
cape (e.g., Lammer and Bauer, 1993; Cravens et al., 1997; Lammer
et al., 1998; Shematovich et al., 2001, 2003; Michael et al., 2005;
Michael and Johnson, 2005), as well as dynamics (e.g., Rishbeth
et al., 2000; Miiller-Wodarg et al., 2000, 2003, Miiller-Wodarg and
Yelle, 2002).

The first in situ measurements of the concentrations of various
species in Titan’s thermosphere have been made by the Ion Neutral
Mass Spectrometer (INMS) on the Cassini orbiter during its close
Titan flybys (Waite et al., 2005). The INMS results, combined with
observations made by other instruments onboard Cassini/Huygens,
provide extensive information on the composition and structure of
Titan’s atmosphere, and will certainly initiate many new modeling
efforts. Results of investigation based on INMS have already been
presented in Waite et al. (2005, 2007), Cravens et al. (2006), Yelle
et al. (2006, 2008), De La Haye et al. (2007a, 2007b), Lavvas et al.
(2008a, 2008b), Vuitton et al. (2006, 2007, 2008), Cui et al. (2008),
Miiller-Wodarg et al. (2006, 2008) and Hoérst et al. (2008). Primary
scientific goals of the INMS investigation include (1) to understand
the detailed photochemistry leading to the formation of various
hydrocarbons, nitrogen-bearing species and oxygen compounds on
Titan; (2) to examine Titan's atmospheric response to solar and
magnetospheric energy inputs; and (3) to constrain the dynamics
and escaping processes in Titan’s upper atmosphere (Waite et al.,
2004).

The INMS instrument consists of separate ion sources for sam-
pling neutrals (in the Closed Source Neutral mode, hereafter CSN)
and ions (in the Open Source Ion mode, hereafter OSI) in the cou-
pled thermosphere and ionosphere of Titan (Waite et al., 2004).
The INMS data obtained in the OSI mode have been presented re-
cently by Cravens et al. (2006), Vuitton et al. (2007) and Waite
et al. (2007) revealing that the composition of Titan’s ionosphere
is very complex, with ~50 ion species detected by the INMS.
Starting from the measured ion abundances and based on an ion-
neutral chemistry model, Vuitton et al. (2007) calculated the den-
sities of various neutral species in Titan’s upper atmosphere. These
predicted results can be compared with direct INMS measure-
ments in the CSN mode, which helps to constrain more tightly the
ion/neutral formation mechanisms in Titan’s upper atmosphere.

In this paper, we present our analysis of a large sample of
INMS measurements in the CSN mode, aimed at providing an ex-
tensive information on the abundances of various neutral species,
both globally averaged and horizontally/diurnally varied in Titan’s
thermosphere, between 950 and 1500 km for abundant species
(N2, CHg4, Hy) and between 950 and 1200 km for other minor
species. This study serves as an extension of the work by Waite
et al. (2005) based on the INMS data from the TA flyby, and is also
complementary to the work by Vuitton et al. (2007) based on the
INMS T5 data in the OSI mode. Basic information on the instru-
mentation and observation is detailed in Section 2. We describe
in Section 3 the basic algorithm to derive abundances of different
neutral species, as well as an assessment of the primary source of
errors. Results are given in Section 4, including a discussion of pos-
sible wall effects (Section 4.1), the globally averaged distributions
of various neutral species (Section 4.2), as well as their possible

horizontal/diurnal variations (Section 4.3). Finally, we summarize
and conclude in Section 5. For reference, we present our detailed
procedures of calibrating the raw INMS data in Appendix A.

2. Instrumentation and observation

The spectral analysis presented in this paper relies exclusively
on the measurements made in the CSN mode, which is specifically
designed to optimize interpretation of the sampled neutral species
(Waite et al.,, 2004). In this mode, the inflowing gas particles enter
the orifice of a spherical antechamber, and thermally accommo-
date to the wall temperature through collisions. These particles
then enter the ionization region where they get ionized by a col-
limated electron beam emitted from hot-filament electron guns.
A quadrupole switching lens and other electrostatic lenses focus
these ions into a dual radio frequency quadrupole mass analyzer,
which filters the incoming ion fluxes according to their mass-to-
charge ratios (hereafter M/Z, Waite et al., 2004). A schematic draw-
ing of the INMS instrument can be found in Waite et al. (2004)
(see their Fig. 2.5).

Within the four years’ length of the prime Cassini mission,
there have been over 40 encounters with Titan. Our work is based
on the INMS data acquired during 15 of them, known in project
parlance as T5, T16, T18, T19, T21, T23, T25, T26, T27, T28, T29,
T30, T32, T36 and T37. Part of this sample has been used in
our previous investigations of Ny, CH4, Hp and 4CAr on Titan
(Miiller-Wodarg et al., 2008; Yelle et al., 2008; Cui et al., 2008).
In this study, for abundant species such as N, CH4 and Hj, we
investigate their distributions below the exobase at ~1500 km,
while for other minor constituents including various hydrocarbons,
nitrogen-bearing species, and oxygen compounds, our analysis is
constrained to altitudes below 1200 km. The INMS data from other
low altitude flybys are excluded for various reasons: (1) The INMS
operated only in the OSI mode during the T4 flyby; (2) The TA, T9,
T13, T17 and T34 flybys primarily cover regions of Titan’s upper at-
mosphere above the altitude range of our interest; (3) A software
error occurred during the T7 flyby; (4) For all other flybys (includ-
ing TB, T3, T6, T8, T10, T11, T12, T14, T15, T20, T22, T24, T31, T33
and T35), the spacecraft orientation was not appropriate for INMS
measurements, with the ram angle at closest approach (hereafter
C/A) greater than 60° (see Section A.2).

The main characteristics of all flybys at C/A are detailed in Ta-
ble 1, including the date of observation, altitude, local solar time,
latitude, longitude and F10.7 cm solar flux at 1 AU (i.e., the 10.7 cm

Table 1

Summary of the trajectory geometry at C/A for all Titan flybys used in this study.
Altitudes (ALT) are given in km; local solar times (LST) are given in h; latitudes
(LAT) and longitudes (LON) are given in degrees, with latitudes defined as posi-
tive north and the longitude values of 270° and 90° representing ideal magneto-
spheric ram and wake directions. The F10.7 cm solar fluxes are given in units of
10722 WHz 'm~2 at 1 AU.

Flyby Date ALT LST LAT LON F10.7
(km) (h) (deg) (deg)
T5 4/16/05 1027 23.28 74 271 83
T16 7/22/06 950 17.35 85 315 74
T18 9/23/06 960 14.42 71 357 70
T19 10/9/06 980 14.34 61 357 75
T21 12/12/06 1000 20.33 43 265 102
T23 1/13/07 1000 14.02 31 358 81
T25 2/22/07 1000 0.58 30 16 76
T26 3/10/07 981 1.76 32 358 71
T27 3/26/07 1010 1.72 41 358 74
T28 4/10/07 991 1.67 50 358 69
T29 4/26/07 981 1.60 59 358 81
T30 5/12/07 960 1.53 69 359 71
T32 6/13/07 965 1.31 85 1.2 7
T36 10/2/07 973 16.13 —60 109 66
T37 11/19/07 999 15.47 -21 117 70
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Fig. 1. The distribution of the INMS sample adopted in this work, with respect to latitude, longitude, local solar time, as well as altitude. The sample is exclusively for
solar minimum conditions, and preferentially selects measurements made over Titan’s northern hemisphere and the facing-Saturn side. The open histograms represent the
sampling of abundant species including N, CH4 and Hj, extending from 950 km to 1500 km. The filled histograms represent the sampling of other minor species (multiplied

by a factor of 5), which is restricted to altitudes below 1200 km.

solar radio flux at 1 AU in WHz~! m~2 multiplied by 1022). Lati-
tude is defined as northward positive. Longitude values of 270°
and 90° correspond to the ideal magnetospheric ram and wake
directions. The data sampling covers more than two and a half
years, between Apr 16, 2005 for T5 and Nov 19, 2007 for T37. The
F10.7 cm solar fluxes are adopted from the daily values reported by
the Dominion Radio Astrophysical Observatory at Penticton, B.C.,
Canada. Table 1 shows that altitudes at C/A range from 950 km for
T16 to 1027 km for T5.

We show in Fig. 1 the distribution of the INMS sample adopted
in this work with respect to latitude, longitude, local solar time
and altitude. The geometric information represented by the open
histograms is extracted from channel 28 of all flybys, between 950
and 1500 km. This represents the sample distributions for abun-
dant species including N», CH4 and Hy analyzed in this work.
The filled histograms represent the sample distributions for minor
species, whose abundances are derived from the best-fit solutions
to individual mass spectra below 1200 km (see Section 3.1 for
details). In Fig. 1, the distributions for minor species have been
multiplied by a factor of 5. Though both inbound and outbound
passes are included in Fig. 1, we will show below that our analysis
of most minor species will primarily rely on the inbound mea-
surements. For all species, the sample is unevenly distributed with
respect to latitude, in the sense that most measurements were
made over Titan’s northern hemisphere. The T36 and T37 data are
unique since they are the only low altitude flybys probing Titan’s
southern hemisphere to date. In spite of this, the INMS sample
coverage in Titan’s southern hemisphere is still too limited to al-
low possible asymmetry between the northern and southern parts
to be identified (see also Section 4.3.1). In terms of the longitude
distribution, the sample preferentially selects measurements made
over Titan’s facing-Saturn side, while the other sides (especially the
magnetospheric wakeside) are poorly sampled. The mean F10.7 cm
flux at 1 AU for our sample ranges from 66 to 102, with a mean
value of 76, therefore the sample exclusively represents solar min-
imum conditions.

The INMS data in the CSN mode consist of a sequence of num-
ber counts in mass channels with mass-to-charge ratios, M/Z in
the range of 1-8 and 12-99 Daltons. For channels that are ex-
pected to show significant count rates (channels 2, 12-17, 27-29),

the INMS measures the ambient atmosphere with a typical sam-
pling time of ~0.92 s, corresponding to a spatial resolution of
~5.5 km along the spacecraft trajectory for a typical flyby ve-
locity of 6 kms~! relative to Titan. These channels are primarily
associated with Ny, CH4 and H; in the ambient atmosphere. A spe-
cial case is channel 28 for the T16 flyby, with a sampling time of
0.034 s, about equal to the INMS mass step dwell time (Waite et
al., 2004). For all other channels, the sampling time is ~9.3 s, in-
dicating that the INMS data have a typical spatial resolution of
~56 km for the distributions of minor neutral species.

3. Singular value decomposition (SVD) of the neutral mass
spectra

The raw INMS data are first corrected for various systematic un-
certainties before they are used to derive the number densities of
the ambient neutrals. In the CSN mode, we take into account cal-
ibration of sensitivities, ram pressure enhancement, saturation in
the high gain counter, thruster firing contaminations, subtraction
of background counts, as well as channel cross-talk. The details of
these calibrations are presented in Appendix A.

3.1. Basic algorithm

The density determination of neutral constituents in Titan’s up-
per atmosphere is complicated by the fact that the counts in a
particular mass channel are likely to be contributed by more than
one species. This is a result of the overlapping cracking patterns
for various species present on Titan. In general, we can write

N
= Zsi,jnj,
Jj=1

where i =1,2,...,M, j=1,2,...,N, with M and N being the
total numbers of the mass channels and neutral species included
in the spectral analysis. In Eq. (1), ¢; is the measured count rate
in channel i, n; is the density of the neutral species j, and S; ;
represents the element of the sensitivity matrix, which is used to
convert the count rates in a given mass channel to the number
densities of the associated neutrals (see Section A.1). These sen-

(1)
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Fig. 2. The INMS mass spectra averaged between 960 and 980 km for the inbound T30 flyby (upper panel), between 1100 and 1200 km for the inbound T28 flyby (middle
panel), and between 1000 and 1050 km for the outbound T30 flyby (lower panel). The solid circles give the measurements with 1o errors due to counting statistics.
Instrumental effects have been properly removed from the raw spectra. The count rates in channel 27 are not shown since they are not included in the spectral fitting due
to crosstalk. The histograms show the model spectra, which are calculated with calibrated sensitivity values, appropriate ram enhancement factors, and best-fit densities

obtained from the SVD algorithm.

sitivity values have also been multiplied by the appropriate ram
enhancement factors, which characterize the instrument response
to the magnitude and orientation of the spacecraft velocity relative
to Titan (see Section A.2). From Eq. (1), the problem of deriving
neutral densities from count rates is essentially one of solving the
linear algebraic equations for nj’s. In this problem, the number of
equations (M) is larger than the number of unknowns (N), which
implies that we have to solve for n;’s in a minimum X2 sense.
Here we adopt specifically the method of Singular Value Decom-
position (SVD) to obtain the most probable densities, n;’s for all
species. With the SVD decomposition applied to the sensitivity
matrix and inserted back into Eq. (1), the solution to nj’s can be
written as

AR Uik Ci
e ZZ( Wi )vjk’ @)

k=1 i=1

where u;’s and v;j’s are the elements of the M x N column-
orthogonal matrix U and the N x N orthogonal matrix V, w;’s are
the non-zero diagonal elements of the N x N orthogonal matrix W.
These matrices satisfy the condition of $=U x W x VT, where S is
the sensitivity matrix in Eq. (1) (Press et al., 1992). The associated
density errors can be calculated by

M N 2
0j= Z(Z""") 7. 3)

w
im1 \k=1 K

where o is the density error of species j and &; is the error of
the count rate recorded in channel i. These density errors are as-
sociated with counting statistics only.

Three examples of the INMS spectral fits based on the SVD al-
gorithm are given in Fig. 2, for the inbound T30 data between 960
and 980 km (upper panel), the inbound T28 data between 1100
and 1200 km (middle panel), and the outbound T30 data between
1000 and 1050 km (lower panel), respectively. The solid circles
show the INMS measurements, averaged over the specified altitude
range for a given flyby. Instrumental effects have been properly
removed following the procedures described in Appendix A. The
signals in channel 27 are not shown since this channel is not in-
cluded in the SVD fit due to channel crosstalk (see Section A.6).
Also shown in Fig. 2 are 10 uncertainties due to counting statis-
tics. The solid histograms in Fig. 2 show the model spectra, that are
calculated with calibrated sensitivity values (see Section A.1), ap-
propriate ram enhancement factors (see Section A.2), and best-fit
densities obtained from the SVD fit.

At both high and low altitudes, the model spectra reasonably
describe the data. The major features near channels 2, 16, 28, 40,
50 and 78 in the observed spectra are well reproduced by the
model. These features are mainly associated with Hjy, CHg, N,
40Ar/CH3CH, C4Ha/HC3N and CgHg, as detailed in Fig. 3. CgHg
produces a minor feature near channel 63, which is also consis-
tent with the model prediction (not shown in Fig. 3). Significant
deviations occur at channel 42, especially for spectral analysis at
relatively low altitudes (see the lower left panel of Fig. 3). This
might be a signature of C3Hg on Titan. Sensitivity calibration has
not been made for this species, and thus it is not included in our
spectral analysis (see also Section 3.3).

Comparing the three panels of Fig. 2 immediately shows an in-
teresting feature. Although the densities of any species in general
decrease with increasing altitudes, some species show stronger sig-
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Fig. 3. The INMS mass spectra averaged between 960 and 980 km for the inbound T30 flyby, near mass channels 16 (upper left), 28 (upper right), 40 (lower left) and 50
(lower right). The solid circles give the measurements with 1o errors due to counting statistics. The histograms with different colors show the model spectra contributed
by different neutral components of Titan’s upper atmosphere, with the black ones representing the summation. The deviation between model and observation at channel 42

might be a signature of C3Hg on Titan.

nals in the outbound spectra, irrespective of altitude. An example
is C7Hg, which is not detected at 3o significance level from the
inbound data, even at the lowest altitudes. However, the spectrum
averaged between 1000 and 1050 km for the outbound T30 flyby
(the lower panel of Fig. 2) clearly shows a peak near channel 90
which is produced by C7Hg molecules. Such a feature can be rea-
sonably explained by the wall effects (Vuitton et al., 2008), and
this is found to be the primary source of uncertainty in the deter-
mination of minor neutral abundances (see Section 4.1).

3.2. Major neutral species and their isotopes

3.2.1. Nitrogen

The most abundant neutral species in Titan’s upper atmosphere
is Ny. Its presence was predicted by Hunten (1972) and observa-
tionally confirmed with the Voyager UVS instrument (Broadfoot
et al., 1981). The cracking patterns of N as well as its isotopes
4N5N and PNI3N peak at channels 28, 29 and 30, respectively.
However, other neutral species in Titan’s atmosphere also con-
tribute to counts in these channels, e.g., C;H4, C;Hg and C3Hs. This
raises a difficulty in the SVD spectral analysis, in which any small
fractional change in the derived densities of Ny, ¥*N°N or °N>N
causes a large variation in the densities of other neutral species.
To avoid this, we directly determine the abundances of N, and
4NN from counts in channels 14, 28 and 29, with all necessary
calibrations taken into proper account. The detailed procedure for
deriving N, densities is described in Miiller-Wodarg et al. (2008),
which is based on counts in the low gain counter (hereafter C))
of channel 28 at low altitudes, counts in the high gain counter
(hereafter C() of the same channel at high altitudes, and CV
counts in channel 14 between (see also Section A.3). The determi-
nation of ¥N>N densities is based on counts in channel 29 only.
An estimate of the nitrogen isotope ratio, yn = n(**N)/n(!>N) on
Titan can thus be determined, from which we can further obtain
the ratio of the >N'°N density to N density from 1/[1 + y(N)]?.
With the known densities of N, as well as its isotopes (¥N°N
and PNN), we calculate from their cracking patterns the contri-
butions of these species to channels 14, 15, 28, 29, and 30. These

contributions are subtracted from the original mass spectra, and
the SVD analysis can then be performed without the difficulty in-
duced by the N, density errors. An independent determination of
the NN densities is important, since the abundances of both
I5N>N and CyHg are mainly constrained by counts in the same
channel (30), and thus the coupling between these two species in
the SVD analysis needs to be untangled.

3.2.2. Methane

The second major species in Titan’s thermosphere is CHy,
of which the abundances can be derived accurately from the
INMS measurements based on counts in channel 16, except below
~1100 km where the CV) counts of this channel become saturated
and the CH4 densities are alternatively determined from counts in
channels 12 and 13 (see Miiller-Wodarg et al., 2008 for details).
However, the density determination of its isotope, '3CHy4 suffers
from the contamination of NHs, since the densities of both species
are mainly constrained by counts in channel 17.

To untangle the coupling between 3CH4 and NH3, we apply
an ad-hoc carbon isotope ratio for a given mass spectrum. This is
then used to estimate the '3CH,4 density from the CH4 measure-
ment, independent of the actual count rate in channel 17. Here we
need to incorporate the vertical variation of the isotope ratio, as
a result of diffusive separation since 3*CHy is slightly heavier than
CH4 (Lunine et al., 1999). The most recent determination of the
carbon isotope ratio on Titan gives y(CHa) = n(CHa)/n(*3CHy) =
82.3 £ 0.1, based on the Huygens GCMS measurements made be-
tween 6 and 18 km (Niemann et al., 2005). Approximating this
value as the carbon isotope ratio at the homopause, which we
place at an altitude of 850 km (Yelle et al., 2008), it is easy to show
that y(CHg) = n(CHg)/n(3CH4) = 97.1 at an altitude of 1150 km,
where we have ignored eddy mixing above the homopause as well
as CHy4 escape.

The carbon isotope ratio above the homopause can also be es-
timated directly from the INMS measurements. The upper panel of
Fig. 4 shows the mean CH4 (solid lines) and 3CH4 (dashed lines)
densities as a function of altitude. The inbound and outbound pro-
files are given separately by the thin and thick lines, respectively.
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the T5 and T16 flybys in our SVD analysis, with their variations along the spacecraft
trajectories purely due to diffusive separation.

The 3CH, densities in Fig. 4 are calculated from counts in chan-
nel 17, ignoring contribution from NH3 for the moment. The densi-
ties shown in the figure are obtained by averaging over all flybys,
which should effectively remove possible horizontal and diurnal
variations. The CH4 distribution is symmetric about C/A, indicating
that wall effects are not important for this species. The same fea-
ture should in principle be observed for 3CH, as well, since both
species have similar chemical properties. The asymmetric distribu-
tion of 13CHy4 therefore implies that the counts in channel 17 are
actually contributed by both ¥CH4 and NHs, of which the latter
is subject to wall effects and the former has a symmetric distri-
bution about C/A similar to the observations of CH4. The lower
panel of Fig. 4 further shows the observed '2C/13C ratio, ignoring
the contributions from NH3 to counts in channel 17. Two extreme
cases are given, one for the T5 flyby with the maximum C/A al-
titude of 1031 km in our sample, and the other one for the T16
flyby with the minimum C/A altitude of 950 km. The 2C/13C ra-
tio does tend to the same constant level above ~1100 km for
the inbound data of both flybys, implying that the contributions
from NH3 are probably negligible for these high altitude inbound
measurements. The very low '2C/13C ratios obtained from the out-
bound data, especially for the T16 flyby, suggest that a significant
fraction of the channel 17 counts are from NH3 molecules dur-
ing the outbound legs. The apparent asymmetry of the NH3 counts
about C/A is a signature of wall effect for this species. The issue
of wall effect will be presented in Section 4.1 in a more general
context.

Based on the above discussions, we estimate the carbon iso-
tope ratio in Titan’s thermosphere by averaging all observed
n(CHy)/n(*3CHy) values between 1100 and 1200 km during the
inbound legs of all flybys. This gives n(12C)/n(13C) =95.2 + 0.1 at
a mean altitude of 1150 km, which is consistent with the value
of 97.1 inferred from the GCMS measurements when corrected for
diffusive separation. Throughout our SVD analysis, we evaluate the
12¢/13C ratio in Titan's thermosphere by taking into account diffu-
sive separation, with a boundary condition of n(2C)/n(13C) = 95.2
at 1150 km. The calculated '2C/13C ratios are shown in the lower
panel of Fig. 4 for the T5 (solid line) and T16 (dashed line) fly-
bys.

Finally, we emphasize that in this study, the presence of NHs
in the observed mass spectra is implied from the distribution of
channel 17 counts with respect to time from C/A in the context
of wall effects. The detection of NH3 on Titan will be revisited in
Section 4.2.2.

3.3. Identification of neutral constituents

One of the key problems in the spectral analysis is to de-
cide what neutral species should be included in the SVD fit de-
scribed in Section 3.1. The candidate neutrals include N, CHyg,
Hy, CoHa, CoHa, CoHg, C3Ha, C3Hs, C4Ha, CaHg, CsHg, C7Hs, NH3,
HCN, CH3CN, HC3N, CH3CN, CaH5CN, CNy, Hy0, CO; and 40Ar.
The isotopes of Nj, CH4, Hy and “CAr are also considered, in-
cluding NN, NN, 3CH,, HD and 36Ar. The choice of the
above species list is based on (1) results from recent nadir ob-
servations made with the Cassini Composite Infrared Spectrometer
(CIRS) (Coustenis et al., 2007); (2) predictions from existing photo-
chemical models of Titan’s neutral upper atmosphere (e.g., Wilson
and Atreya, 2004; Lavvas et al., 2008b); and (3) available sensitiv-
ity calibrations (therefore we exclude C3Hg though its presence is
suggested by the counts in channel 42, see Section 3.1). For a his-
torical description of the identification of various neutral species
on Titan, see Waite et al. (2004). It should also be pointed out that
the CIRS spectra characterize regions in Titan's stratosphere, well
below the altitude range probed by the INMS. Therefore observa-
tional evidence for a given species in the CIRS spectra does not
necessarily indicate the presence of the same species in the INMS
spectra.

In the above list, several neutral species are excluded in our
SVD analysis for various reasons, which are detailed as follows.
(1) C3Hyg can be either CH3C;H (methylacetylene, with an en-
thalpy of formation of 185.4 K] mol™") or CH,C2H; (allene with
an enthalpy of formation of 199.6 kJmol™'). The cracking pat-
terns of both species are similar for the main channels (39 and
40) from which their abundances can be constrained. Therefore,
these two species cannot be distinguished reliably based on the
INMS data alone. However, recent Cassini/CIRS nadir observations
show evidence for the CH3C,H vg emission band, whereas signa-
tures for the vy and vy; bands of CH,CyH, appear to be absent
(Coustenis et al., 2007). Theoretically, CH3C,H is more stable than
CH,C,Hj;, and can be formed indirectly through collisional isomer-
ization of CH,CoH, (Wilson and Atreya, 2004). Considering these,
we ignore CHyCoHy in our spectral analysis, though strictly speak-
ing, the derived abundances of CH3C,H should refer to the sum of
CH3CH and CHyCyH, due to the similarity in their cracking pat-
terns. (2) No direct detection of C;H5CN has been reported to date,
though it has been predicted from the INMS OSI spectra (Vuitton et
al., 2007). More important, the cracking pattern of C;H5CN peaks
at channel 28, which is dominated by counts from Nj. This im-
plies that the C;H5CN densities, even if this species is present in
Titan’s upper atmosphere, are difficult to be constrained directly
with the INMS data. (3) The presence of HCN has been confirmed
by Cassini/CIRS observations through its 713 cm~! emission band
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(Coustenis et al., 2007). In the context of INMS measurements, the
abundances of HCN are mainly constrained by counts in channel
27. However, this channel is ignored in this study since there is no
solid way to correct for crosstalk near channel 28 (see Section A.6).
For the reasons above, CH,CoH;, HCN and C;HsCN are excluded
from our spectral analysis.

CyH;, and CyH4 present an additional difficulty in the SVD anal-
ysis. Their cracking patterns suggest that in principle, their abun-
dances can be constrained from counts in channels 24-26. The
signals in channels 12-14 cannot be reliably used because these
channels are dominated by CHy4. For channels 24-26, the branching
ratios of C;H, are approximately a factor of 3 higher than those of
CyHy, i.e,, their relative signals in these channels remain nearly the
same. This indicates that in practice, the counts in channels 24-26
can only be used to constrain the linear combination of C;H; and
CyHy4 densities in the form of 3n(CyHy) + n(CaHy), where we have
ignored the small difference in their ram enhancement factors. In
the following spectral analysis, rather than treating the two species
separately, we investigate an imaginary species with densities set
equal to %n(Csz) + %n(CzH4) on Titan. It is easily seen that the
sensitivities of this species should be set as four times the C;Hy
values.

Throughout our analysis, those species with relatively high
abundances on Titan are always incorporated, including N, CHg,
H,, C;Hy, CoHyg and their isotopes. Notice that the contributions
from N, NN and NN are determined independently and
subtracted from the raw data before the SVD fit is applied, the CHy4
to 13CH, density ratio is fixed with an ad-hoc value which takes
into account diffusive separation, and the inclusion of C;Hy and
CyHy is through the linear combination of %n(Csz) + %n(C2H4).
The remaining minor species are more difficult to detect at high
altitudes. For each of these species, whether it is included in the
spectral fit depends on the signal-to-noise ratio of the count rate in
its main channel. In more detail, we adopt the following scheme:
(1) if c18 > 3071g, then HyO is included; (2) if c3¢9 > 3030 (with the
contribution from NN subtracted), then C;Hg is included; (3) if
c36 > 3036, then 38Ar is included; (4) if c3g > 3039, then CH3C,H is
included; (5) if c40 > 3040, then 4°Ar is included; (6) if c41 > 3041,
then CH3CN is included; (7) if c43 > 3043, then C3Hg is included;
(8) if ca4 > 3044, then CO; is included; (9) if c59 > 3030, then C4Hy
is included; (10) if ¢s5; > 3051, then HC3N is included; (11) if c5p >
3057, then C3N; is included; (12) if ¢53 > 3053, then C;H3CN is in-
cluded; (13) if c54 > 3034, then C4Hg is included; (14) if ¢7g > 307g,
then CgHg is included; (15) if c9; > 3091, then C7Hg is included. In
all the above expressions, ¢; and o; represent the count rate in
channel i and its uncertainty. Such a scheme is aimed at mini-
mizing the coupling between the cracking patterns of all species.
In general, the above inequalities imply that a particular species is
considered to be present and included in the spectral analysis, only
when it is detected at more than 3o significance level based on its
signal in one of its main channels. On the other hand, if a species
is below the detection limit, we estimate an upper limit density
based on the 30 uncertainty of count rate in the same channel.

We notice that the cracking pattern of C3Hg peaks at both chan-
nels 43 and 44. Therefore in principle, CO, does not need to be
included in the spectral analysis, if we assign most of the chan-
nel 44 counts to C3Hg. However, in a typical mass spectrum, the
ratio of the channel 44 count to channel 43 count is much higher
than the corresponding ratio in the C3Hg cracking pattern. This im-
plies the presence of CO in the INMS mass spectra, and thus we
include both C3Hg and CO; in the SVD fits. Similarly, the ratio of
the channel 40 count to channel 39 count is much higher than the
corresponding ratio in the CH3C,H cracking pattern, and therefore
40Ar has to be included in the spectral analysis.

The situation for NH3 is more complicated, since there is no
single channel of which the count rate is mainly contributed by

this species. Note that '3CH, contributes to a significant fraction
of the channel 17 counts in all cases. Here we adopt a scheme in
which the SVD fit is applied to a given spectrum with NH3 always
included. However, in many cases the derived NH3 density is too
low to justify the presence of NH3 at more than 3o significance
level. In such cases, we simply replace the derived NH3 density
with an upper limit evaluated from the density error tripled.

3.4. Error analysis

The density determination based on the SVD analysis described
above relies on the most probable sensitivity values either directly
taken from the flight unit (FU) measurements or scaled from the
refurbished engineering unit (REU) measurements (see Section A.1
for details). Therefore the errors given directly by the SVD fits are
associated with counting statistics only. Here we use a Monte-Carlo
technique to estimate the extra uncertainties related to sensitivity
calibration (see Section A.1). By comparing with uncertainties due
to counting statistics, we are then able to identify the dominant
source of errors in the derived abundances of all species.

We start from the relative uncertainties of peak sensitivities
listed in Table 8, and we further include uncertainties due to cal-
ibration of cracking patterns, as detailed in Section A.1.2. For an
individual flyby, either inbound or outbound, we perform 1000
SVD fits to the mean mass spectrum obtained by averaging over
a given altitude bin. Random choices of the sensitivity values are
adopted in these SVD fits, following a Gaussian distribution with
the standard deviation taken from the combined uncertainty of
peak sensitivity and cracking pattern. For any given spectrum, the
densities obtained from these random samples are used to eval-
uate the uncertainties due to sensitivity calibration for all neutral
species. We detail in Table 2 the relative uncertainties of mixing
ratios obtained for two representative mass spectra, one for the
inbound T16 spectrum between 980 and 1000 km, and the other
one for the inbound T36 spectrum between 1050 and 1100 km.
Uncertainties due to sensitivity calibration and counting statistics
are given separately for comparison.

For relatively abundant constituents in Titan’s upper atmo-
sphere, such as CH4, Hy and CyHy/CyH4, uncertainties due to
counting statistics are usually smaller than those due to sensi-

Table 2

Relative uncertainties due to counting statistics and sensitivity calibration, for two
representative mass spectra (both inbound). In cases where the upper limits are
obtained for the mixing ratios of some neutral species, we only give the relative
uncertainties due to sensitivity calibration, calculated as the standard deviations of
upper limits from 1000 random realizations.

Species T16 (980-1000 km) T36 (1050-1100 km)
Counting Sensitivity Counting Sensitivity
N, 3.6 x 107 6.5x 1074 6.1 x 107 21x1073
CHy 1.9 %103 2.9 x 1072 2.4 %1073 4.5 x 1072
H, 1.1 x 1072 2.7 x 1072 1.8 x 1072 4.8 x 1072
CHy/CoHy 9.4 x 1073 2.9 x 1072 1.6 x 1072 5.7 x 10~2
CyHs 1.0 x 107! 1.4x 107! 1.8 x 107! 1.8 x 107!
CH3CH 2.5 x 107! 4.6 x 102 2.5x 107! 7.8 x 1072
C3Hg = 4.1 x 1072 = 8.0 x 1072
C4H, 1.9 x 107! 4.2 x 1072 2.6 x 107! 9.2 x 1072
C4Hs = 7.1 x 1072 = 1.3 x 107!
CgHs 1.2 x 107! 5.7 x 1072 - 1.1 x 107!
C7Hg = 6.4 x 1072 = 1.4x 107!
NH3 1.2 x 107! 1.5 x 107! - 5.1 x 1072
HC3N 3.6 x 107" 9.2 x 1072 = 8.7 x 1072
CH3CN - 7.1 x 1072 - 8.1 x 1072
CH3CN = 6.1 x 1072 = 6.1 x 1072
CoN, 4.3 x 107! 1.2 x 107! - 1.0 x 107!
H,0 = 6.8 x 1072 = 3.8 x 1072
€O, 3.1x 107! 5.9 x 1072 = 4.5 % 1072
4071 7.8 x 1072 3.1x1072 1.4x 1071 9.6 x 1072




588 J. Cui et al. / Icarus 200 (2009) 581-615

tivity calibration. This is expected as a result of the high signal-
to-noise ratios of counts in their main channels. On the contrary,
for many minor constituents, the counting statistics is the dom-
inant source of error in their derived mixing ratios. As the most
abundant species, the uncertainties of the N, mixing ratios are not
strongly affected by sensitivity calibration. This is because the to-
tal density varies in response to the N, density, leading to a small
change of the N, mixing ratio. However, the uncertainties of the N;
number density are still on ~5% level due to sensitivity calibration.
For most species, the relative uncertainties due to sensitivity cali-
bration are typically ~3-15% at different altitudes, while those due
to counting statistics span a considerably large range from smaller
than 1% to over 40%, and may vary significantly with altitude.

4. Results

For a given flyby, the fully calibrated count rates in any mass
channel are interpolated to the grid of time from C/A defined
by channel 26. These interpolated count rates are then divided
into several altitude bins, with typical widths of 20-25 km be-
low 1000 km and 50-100 km above. Throughout our analysis,
the inbound and outbound data are treated separately. For mi-
nor species, only measurements made below 1200 km are con-
sidered, and their densities (or 30 upper limits) are obtained
following the SVD algorithm described in the previous section.
To retain the full spatial resolution of the INMS data, we adopt
the density profiles of N, CH4 and Hy directly determined from
counts in the main channels (e.g., Miiller-Wodarg et al., 2008;
Cui et al.,, 2008), and we extend the analysis of these species to
Titan’s exobase at ~1500 km. The distribution of these abundant
species in Titan’s exosphere have been presented in De La Haye
et al. (2007a) and Cui et al. (2008), and will not be discussed
here. All errors quoted in this section reflect uncertainties asso-
ciated with both counting statistics and sensitivity calibration (see
Section 3.4). A total number of 133 individual spectra are analyzed.
Among all the density measurements, 1033 are upper limits. Most
of the upper limits are obtained for minor species at relatively high
altitudes for inbound measurements. Especially, for C3Hg, C4Hg,
C7Hg, CoH3CN, CO, and H;0, the SVD fits to most of the observed
spectra give 30 upper limits only.

Each of the density measurements is associated with definite
values of altitude, latitude, longitude, local solar time and time
from C/A. The combination of all the densities and upper lim-
its provides information on the vertical distribution and horizon-
tal/diurnal variations of all neutral constituents in Titan’s upper
atmosphere above 950 km. The variations of neutral species with
time from C/A do not necessarily provide information on the am-
bient atmosphere, but reflect whether wall effects are important.
An investigation of possible wall effects is necessary for justify-
ing that the derived densities are associated with the ambient
atmosphere rather than processes within the instrument. In this
section, we start with a discussion of the wall effects in Sec-
tion 4.1. We present in Section 4.2 the globally averaged vertical
profiles of various species in Titan’s upper atmosphere, followed
by a discussion of possible horizontal and/or diurnal variations in
Section 4.3.

4.1. Wall effect

The INMS chamber walls have a certain probability to adsorb
molecules entering the instrument orifice. On one hand, the ad-
sorption of incoming molecules on the chamber walls reduces
the actual signals, leading to an underestimate of the atmospheric
abundances. On the other hand, these molecules are desorbed from
the chamber walls at a later time, leading to overestimated values.
The latter effect is enhanced by heterogeneous surface chemistry,
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Fig. 5. The density profiles of Ny, CHs, Ho and %CAr, averaged over all flybys. The
inbound (solid) and outbound (dashed) profiles are nearly identical, indicating that
the wall effects are negligible for these species.

such as the recombination of H and CgHs radicals to form CgHg
molecules on the chamber walls (Vuitton et al., 2008). The re-
combination of radicals on the chamber walls has been realized
in previous analysis of mass spectrometer data, such as been used
to derive the densities of atomic N in the Venusian upper atmo-
sphere (Kasprzak et al., 1980).

A simple way to examine whether the wall effect is important
for a given species is to check the differences between the aver-
age inbound and outbound density profiles, as done by Cui et al.
(2008). Since other effects such as horizontal and/or diurnal varia-
tions tend to be removed by averaging, the appearance of a density
enhancement for the average outbound profile is considered as an
indication of the wall effects. Alternatively, we may also investi-
gate the density distribution of a given species as a function of
time from C/A (also averaged over all flybys), in which wall effects
are illustrated as an asymmetric distribution about C/A with a pos-
itive time shift.

Fig. 5 shows the density profiles of Ny, CHs, Hy and “°Ar mea-
sured by INMS, with the solid and dashed lines representing in-
bound and outbound measurements, respectively. The CH4 profiles
are the same as those shown in the upper panel of Fig. 4. The 4°Ar
profiles are obtained by averaging densities derived from SVD fits,
while the Ny, CHs and H, densities are directly calculated from
counts in their main channels. The inbound and outbound profiles
are nearly identical for these species as well as their isotopes (not
shown in the figure), indicating that the wall effects are negligible,
at least below 1500 km. For Ny, CH4 and Hj, their densities in the
ambient atmosphere are much higher than those involved in wall
effects. On the other hand, the wall effect is unlikely to be relevant
for 49Ar, which is an inert species. However, it should be pointed
out that the outbound densities of N, and Hy may still be affected
by wall effects well above the exobase (e.g., Cui et al., 2008), prob-
ably as a result of the recombination of H and N atoms on the
chamber walls.

In Fig. 6, we show the average density distribution for sev-
eral minor species, including C;Hy/CoHy, C4Hy, CgHg, CoN3, HC3N
and CyH3CN. Solid and dashed lines are for inbound and outbound
profiles, respectively. Notice that the C;H,/CyH, profiles represent
densities of the imaginary species described in Section 3.3. Some
minor species are not detected at more than 3o significance level,
and thus only 30 upper limits can be put on their densities. Here
we use the Kaplan-Meier product-limit estimator to evaluate the
mean densities as well as the uncertainties in each altitude bin, us-
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Fig. 6. The density profiles of C;H/CaHg, C4Ha, CgHg, C2N2, HC3N and CoH3CN, obtained by averaging over all flybys and treating inbound (solid) and outbound (dashed)
measurements separately. Leftward arrows indicate upper limit densities. All species show some signature of density enhancement over the outbound legs, indicating
that wall effects are important. The dotted lines in the figure show the average N, distribution on an arbitrary scale. The scale heights of minor heavy species implied
from the outbound measurements are comparable with or even greater than the N scale height, and such an unrealistic feature could be interpreted as a result of wall

effects.

ing both exact measurements and upper limits (Feigelson and Nel-
son, 1985). All species in the figure show clear signatures of wall
effects, represented by density enhancement observed on the out-
bound legs. Especially, we notice that significant C;H3CN molecules
are detected in the outbound spectra but only upper limits can be
put for the inbound measurements. The dotted lines in Fig. 6 give
the average N, density distribution on an arbitrary scale. For all
heavy species shown in the figure, their average outbound profiles
show scale heights that are comparable with or even greater than
the N; scale height. These unrealistic features could be reasonably
interpreted as a result of the wall effects.

In Fig. 7, the density profiles of several species are shown as a
function of time from C/A, calculated by averaging over all flybys
with the Kaplan-Meier product-limit estimator. Downward arrows
indicate 30 upper limits. No scaling has been applied to correct for
the vertical variations. The solid line, corresponding to “°Ar, shows
a roughly symmetric distribution about C/A and represents a typ-
ical case for which the wall effects are not a concern. All other
species, including CH3C,H, CH3CN and NH3, show enhanced den-
sities measured on the outbound legs, and all their profiles peak
at a positive time from C/A.

With sufficient information on the details of the adsorption/
desorption and surface chemical processes that take place on the
INMS chamber walls, it is possible to correct for the wall effects
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Fig. 7. Density profiles of “°Ar, CH3CH, CH3CN and NH3 as a function of time from
C/A, obtained by averaging over all flybys. Downward arrows are for upper limit
densities. The 4°Ar profile serves as a reference which is symmetric about C/A. All
other species show density enhancements over the outbound legs, indicating that
wall effects are important.
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for various species and obtain their true atmospheric densities.
Based on photochemical considerations, Vuitton et al. (2008) have
shown that the majority of the CgHg molecules recorded by the
INMS detector are those formed on the chamber walls through the
recombination of CgHs with H. While this study does emphasize
the importance of heterogeneous surface chemistry, such a feature
cannot be naively generalized to all species since it depends criti-
cally on the abundances of the associated radicals in the ambient
atmosphere as well as the relevant time constant for the detailed
wall chemistry. The example for CgHg may simply be an exception,
due to the relatively high CgHs abundances in Titan’s upper atmo-
sphere as a result of the large CgHg photolysis rate (Vuitton et al.,
2008).

If, for most heavy species, the simple processes of adsorption
and desorption are dominant, we expect that the way the mea-
sured counts are affected by wall effects depends on the fraction
of molecules that are adsorbed to the walls (hereafter adsorption
probability, denoted as pa.qs) and the characteristic time constant
for the molecules to spend on the walls before desorption (here-
after desorption time constant, denoted as tges). In the absence
of heterogeneous wall chemistry, the atmospheric densities, nagm,
chamber densities, n¢, and surface densities, o on the walls of a
given species are related through

0 =namVscAx — 1ncthhAx - Sd—a, (4)
4 dt

do 1 o

a = chhvthpads - Tde; (5)

where S = 11 cm? is the surface area of the chamber walls,

Ay =0.22 cm? is the size of the entrance aperture, vec =6 kms~!

is the spacecraft velocity, v, = 4/ Sﬁ—BmT is the thermal velocity of

the given species corresponding to a constant wall temperature of
300 K (Waite et al., 2004). Here we adopt a zero ram angle and
assume a steady state for the gas in the chamber, but we allow
for the accumulation/depletion of gas on the chamber walls with
time, i.e.,, non-zero do /dt. Clearly, in the limit of negligible wall
effects (i.e., pags = 0 and tqes = 00), the above equations reduce to
the ideal case of ram pressure enhancement (see Section A.2).

In Egs. (4) and (5), pads is assumed to be constant for any given
species throughout the mission, and t4es is taken to be inversely
proportional to the Ny density in the chamber. This choice of tqes
is based on the consideration that desorption is likely to be initi-
ated by the bombardment of N, molecules on the chamber walls.
Model calculations based on Egs. (4) and (5) show that adopting a
constant tqes (independent of the N chamber density) produces
too many counts on the outbound legs in all realistic cases to
match the observations, thus the scheme with a constant tqes will
not be further discussed in this paper. Since the N, densities in
the chamber are directly determined from the measurements, we
only need to specify the value of tqes for a reference N, den-
sity, chosen as a chamber density of 1 x 10! cm~3 throughout
our model calculations (corresponding to an ambient N, density
of ~2 x 10° cm~3). For any heavy species, the value of tge for this
reference N, density is assumed to be constant for all flybys. This

parameter is denoted as téreesf) in the rest of the paper, and clearly

we have tges = téreesﬂ[m“/nch(Nz)] where ne(N3) is the chamber
density of Ny in units of cm~3,

We solve Eqgs. (4) and (5) for the chamber density, nc, and wall
surface density, o for a given species and given flyby, with any
combination of p,4s and tf;:sﬁ. An initial condition of zero wall sur-
face density at —500 s from C/A is adopted. The density profile of
the given species in the ambient atmosphere has also to be speci-
fied a priori. Here we assume that the atmospheric density profile

of any heavy species follows diffusive equilibrium, i.e., decreases

exponentially with its own scale height (with a constant tempera-
ture of 151 K in the ambient atmosphere, see Section 4.2.1 below).
The remaining free parameter of the atmospheric density at any
reference altitude is then constrained by requiring that the peak
model profile of n., matches the observed peak chamber den-
sity. Such a procedure is justified by the self-similarity of Eqs. (4)
and (5).

In principle, we can compare the model chamber density pro-
files directly to the INMS observations, and search for the most
probable values of p,qs and tér:sf) in a minimum x?2 sense. Here we
adopt a simplified scheme, in which both the observed and calcu-
lated chamber densities are parametrized in the same way, and the

most probable values of p,qs and téreesl) are identified by compar-
ing the values of the selected parameters. In more detail, we find
that for a given species, the variation of the chamber density with
time from C/A can be reasonably fit with a shifted Gaussian dis-
tribution, ng, o exp[—(t — tg)2/At?], where the time shift, to and
time width, At are two free parameters in the fitting. Similarly,
we use the same empirical form to fit the model chamber density
profile. For any combination of p,gs and tér:sﬂ, the model cham-
ber density profiles are calculated separately for different flybys

and then averaged over the whole sample. We search for regions

in the pads—téléﬂ parameter space where to and At values roughly
overlap between the model and the observations.

An example is given in Fig. 8 for C4H,, representing a case
for which the values of p,4s and "D can be reasonably con-

des
strained by the data. The upper and lower panels of Fig. 8 show

the distribution of ty and At with respect to p,qs and t((jfsn, as
calculated from the adsorption/desorption model. Their values are
estimated from the INMS data as 42 +£5 s and 100 & 8 s, respec-
tively, where the uncertainties quoted above represent standard
deviations among different flybys. The dashed lines in Fig. 8 give
the region for consistent values of both tg and At between the
model and the observations (within 10 standard deviation). This
region constrains reasonable values of the adsorption probability
roughly as p,4s > 0.15 and the desorption time constant roughly
as 50 < t((jreesf) < 180 s, where t((jreesf) is for a reference N, chamber
density of 10" cm™3.

We show in Fig. 9 the model calculations for the wall effects of
C4H; observed during the T29 flyby. The solid lines show the C4H;
density profiles in the chamber, calculated from Egs. (4) and (5).
The thick solid line is calculated with an adsorption probability
of pags = 0.8 and a desorption time constant of t™” = 150 s,

des
within the region of the pads—téreesﬁ parameter space where the

model reasonably matches the observed C4H, chamber density
profile (indicated by the solid circles). The thin solid line is cal-
culated with p,qs = 0.05 and the same desorption time constant,
which does not fit the observations very well. The thick and thin
dotted lines give the corresponding C4H, density profiles in the
ambient atmosphere, which are symmetric about C/A and follow
diffusive equilibrium. Clearly, the true atmospheric abundances of
C4H; in both cases are significantly higher than the values derived
by considering the ram pressure enhancement only (indicated by
the open triangles in the figure). This example illustrates the im-
portance of correcting for wall effects, in order to obtain the true
atmospheric abundances of some species. On one hand, for the
inbound measurements, the true atmospheric densities of C4H;
seem to be underestimated by more or less the same factor as
compared with the values obtained by assuming ram pressure en-
hancement only. This indicates that the actual scale height of the
given species is more reasonably represented by inbound measure-
ments. On the other hand, Fig. 9 shows that the outbound densities
obtained by assuming ram pressure enhancement only are close
to the true atmospheric abundances, especially near a time shift
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Fig. 8. The distribution of ty and At in the parameter space of adsorption proba-
bility (paqs) and desorption time constant (tér::), referred to an N» chamber density
of 10" cm~3), where ty and At represent the time shift and width of the shifted
Gaussian function used to characterize both the observed and model chamber den-
sity profiles of C4H,. The dashed lines mark the region where the combination of

Pads and tfjr:sﬂ provides reasonable fit to the observed C4H, chamber densities, fol-

lowing the simple adsorption/desorption model proposed in the paper.

of about +200 s which is comparable with the desorption time
constant adopted in the model calculations. In spite of this, the
outbound density profile obtained by assuming ram pressure en-
hancement does not reflect the true scale height of C4H, in the
ambient atmosphere.

The simple adsorption/desorption model presented above rea-
sonably describes the time behavior of several minor species,
including C2H2/C2H4, CH3C2H, C4H2, C6H6, HC3N and NH3. We
show in Fig. 10 the regions of the pads—tér:sﬂ parameter space for
CyHy/CoHy, CH3CGH, C4Hy and HC3N where the calculated cham-
ber density profiles reasonably match the observations in terms
of the parametrization with a shifted Gaussian, as outlined above.
CgHg and NHs are not shown in the figure, since heterogeneous
surface chemistry on the chamber walls might be of more impor-
tance, which will be addressed further below. The values for the
adsorption probability and desorption time constant are not well
constrained for C;Hy/CoHg and CH3CyH, with a wide range of pags
and tg:? values reasonably reproducing the observations. For most
other minor species, the simple adsorption/desorption model for
wall effects will not be directly applied to the data, since most of
the inbound spectra give upper limit densities for these species,
and model fits to constrain p,qs and té;esﬂ are unreliable.

In spite of the difficulty in applying the simple adsorp-
tion/desorption model directly to other heavy species, it is inter-
esting to investigate how the realistic instrument response for a
given species varies with time from C/A, for various choices of
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Fig. 9. The simple adsorption/desorption model fitting to the C4H; densities ob-
tained during the T29 flyby, as a function of time from C/A. The solid circles
represent the observed C4H, densities in the chamber, and the open triangles the
corresponding atmospheric densities calculated with the ram enhancement factor.
The solid and dotted lines represent the model density profiles in the INMS cham-
ber and in the ambient atmosphere, respectively. The thick lines are calculated with
Pads = 0.8 and tges = 150 s (referred to an N chamber density of 10'" cm—3) and
the thin ones with p,4s = 0.05 and the same desorption time constant.
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Fig. 10. The regions in the parameter space of adsorption probability and desorption
time constant (referred to an N, chamber density of 10" cm~3), where the com-
binations of these two parameters provide reasonable fits to the observed chamber
densities, following the simple adsorption/desorption model proposed in the paper.
Four species are shown, and for other species, the values of these parameters are
not well constrained by the INMS data.

the adsorption probability and desorption time constant. Owing to
the self-similarity of Eqs. (4) and (5), such an investigation can
be easily performed for all species independent of their actual
measurements. An example is shown in Fig. 11 for C;HsCN, for
which most of the individual INMS spectra give upper limit den-
sities due to the low signal-to-noise ratios of counts in channel
53 (see also Section 3.3). The realistic instrument response func-
tions for all flybys are given as a function of altitude, normalized
by the ram pressure enhancement factor assuming zero ram an-
gle. The solid line portion and dotted line portion of each curve
in the figure stand for inbound and outbound passes, respectively.

The values of p.gqs and tgeesﬂ adopted for the calculations are also
indicated in the figure. Clearly, the true atmospheric abundances
are underestimated for normalized instrument response smaller
than unity. Comparisons between different panels of Fig. 11 and

the same calculations for other species immediately reveal that
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Fig. 12. The instrument response as a function of adsorption probability, for several choices of the desorption time constant (all referred to an N, chamber density of
10" cm~3), and averaged over all flybys in the sample. In each panel, the solid and dashed lines represent the instrument response for species with molecular masses of 30
and 80, respectively. This represents the reasonable mass range for all heavy species included in our spectral analysis.

the instrument response for the inbound measurements tends to
a fairly constant level above ~1050 km for all flybys. This feature
suggests that the easiest way to obtain the true atmospheric abun-
dances of the heavy species in question is to correct for the wall
adsorption/desorption effects based on the inbound measurements
obtained not too close to C/A. In such a scheme, the adopted cor-
rection factor is expected to be independent of the detailed flyby
geometry as indicated in Fig. 11.

We show in Fig. 12 the instrument response as a function of
adsorption probability, normalized by the ’ideal’ ram enhancement
factor and averaged between 1050 and 1200 km over the inbound
portions of all flybys. Different panels represent different choices
of the desorption time constant, tg:’sﬂ (referred to the Ny cham-
ber density of 10" cm~3, see above). In each panel, the solid and
dashed lines correspond to species with molecular masses of 30
and 80, respectively. This reasonably represents the mass range

for most heavy species included in our spectral analysis. From
Fig. 12, at the limit of no adsorption (p,gs = 0), the normalized
instrument response is close to unity, i.e., identical to the ram en-
hancement factor, which is expected since no correction for wall
effects is required. At the limit of complete adsorption (pags = 1),
the instrument response tends to a constant value which is not
sensitive to the molecular mass and the desorption time con-
stant, at least for t((jr;ﬂ > 100 s. We notice that for any individual
flyby, the spacecraft travels through Titan’s upper atmosphere from
an altitude of 1200 km to C/A with a typical time of ~200 s.
Therefore, with a desorption time constant comparable with or
greater than this value, the desorption term in Eq. (5) is not im-
portant, and thus the chamber densities are largely controlled by
the adsorption probability alone. On the other hand, with a small
desorption time constant, incoming molecules adsorbed on the
chamber walls get desorbed nearly locally and the instrument re-
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sponse depends on both the adsorption probability and desorption
time constant.

Fig. 12 presents a scheme to correct for the wall adsorp-
tion/desorption effects for typical heavy species detected by the
INMS. The (multiplicative) correction factor can be adopted as the
inverse of the normalized instrument response shown in the figure.
In the case of complete adsorption (p,gs = 1) and large desorption
time constant (tges > 100 s), the normalized instrument response
tends to a constant value of ~0.03 roughly independent of molec-
ular mass. This is to say that the densities obtained from the INMS
measurements adopting the ram enhancement factor should be di-
vided by the same factor, or equivalent, multiplied by a factor of
~30, in order to get the true atmospheric abundances. We em-
phasize that the normalized instrument response shown in Fig. 12
should only be applied to inbound measurements away from C/A.
At lower altitudes or for outbound measurements, correction for
wall adsorption/desorption is more difficult, since Fig. 11 shows
that the calculated instrument response function presents a sig-
nificant scattering from flyby to flyby and is sensitive to both the
adsorption probability and desorption time constant.

An inherent assumption in our simple wall effect model pre-
sented here is that no heterogeneous surface chemistry is involved.
Therefore, even though the adsorption/desorption model is able to
provide reasonable fits to the observed chamber density profiles
of CgHg as mentioned above, the interpretation of this result de-
serves some caution, since Vuitton et al. (2008) have shown that
a significant fraction of the observed CgHg molecules are those
formed through the recombination of CgHs radicals on the cham-
ber walls. This additional chemical source term is not included in
the model presented above. The similar process for C;Hg has also
been discussed in Vuitton et al. (2008). Another species likely to be
influenced by wall surface chemistry is NHs, due to the relatively
high abundances of N and H radicals in the ambient atmosphere.
In fact, the NH3 mixing ratios directly obtained from the INMS
data in the CSN mode are much higher than those predicted from
the measurements of the associated ion species in the OSI mode
(Vuitton et al., 2007), even without a correction for wall adsorp-
tion/desorption. To reconcile with the OSI results, we suspect that
a significant fraction of the NH3 molecules in the INMS cham-
ber are formed from N and H radicals through surface chemistry.
Fortunately, such an effect of surface chemistry may not be im-
portant for other minor species, due to the very low abundances
of the associated radicals in the ambient atmosphere, as revealed
by photochemical model calculations (e.g., Lavvas et al., 2008b).
For these species, the simple adsorption/desorption processes are
likely to be the dominant aspect of the wall effects, and with a
knowledge of their adsorption probability as well as desorption
time constant, their true atmospheric abundances can be reason-
ably obtained with the realistic instrument response as shown in
Figs. 11 and 12. We will revisit this issue in Section 4.2.2, in which
we present the atmospheric abundances of various minor species
with possible effects of wall adsorption/desorption corrected.

To summarize, in the following sections, we will analyze both
the inbound and outbound measurements. While the densities
derived for Ny, CH4, Hy and “°Ar (as well as their isotopes) re-
flect true values in the ambient atmosphere, the interpretation
of the abundances of other minor species deserves caution, since
wall effects have been shown as important. How the measured
counts reflect the abundances of the local atmosphere relies on
the details of the wall effects, which could be either simple ad-
sorption/desorption processes or more complicated heterogeneous
surface chemistry on the chamber walls. Due to the peculiar scale
heights as shown in Fig. 6, we suggest that the outbound mea-
surements of heavy minor species are not representative of the
ambient atmosphere. We choose two schemes for the analysis of
heavy species, either based on direct SVD fits to the inbound mass
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Fig. 13. The globally averaged density profiles of N, CH4 and Hj, below 1500 km.
The solid line overplotted on the N observations is the best-fit hydrostatic equilib-
rium model, with a thermospheric temperature of 151 K. Also shown are the best-fit
isothermal diffusion models for CH4 and H,, with a most probable escape flux of
2.6 x 10° cm~2s~! (for CH4) and 1.1 x 10'© ecm™2s~! (for Hy), referred to Titan's
surface.

spectra or based on the simple model proposed above to correct
for wall adsorption/desorption. The model requires a knowledge of
the adsorption probability and desorption time constant, the latter
of which is assumed to be inversely proportional to the N, den-
sity in the chamber. The possible values for these two parameters
are obtained for several species in this section (see Fig. 10), which
will be treated as a guide to the analysis of other species in Sec-
tion 4.2.2.

4.2. Globally averaged vertical distribution

4.2.1. Nitrogen, methane and hydrogen

The globally averaged density profiles of N, CH4 and H, have
been presented in some recent papers, based on a smaller INMS
sample (Yelle et al., 2006, 2008; Cui et al., 2008). The mix-
ing ratios of these species and their errors are detailed in Ta-
ble 3 at four representative altitudes, based on the INMS sample
adopted in this study. These errors correspond to uncertainties
due to counting statistics and sensitivity calibration, not neces-
sarily associated with horizontal and/or diurnal variations. Fig. 13
shows with the solid circles the globally averaged density pro-
files of these species as a function of altitude, between 950 and
1500 km. These profiles are based on the densities directly de-
termined from their main channels (Miiller-Wodarg et al., 2008;
Cui et al., 2008). Both inbound and outbound data are included
for these species, since the wall effects are negligible as shown in
Fig. 5.

As the most abundant atmospheric species on Titan, the density
distribution of N, directly provides information on the thermo-
spheric temperature, assuming hydrostatic equilibrium. The most
recent determination is given by Cui et al. (2008) as 152.5 K, which
is also consistent with earlier results from Voyager UVS measure-
ments (Vervack et al., 2004). Based on the N, distribution between
950 and 1500 km obtained in this work, we derive a similar aver-
age thermospheric temperature of 151.0 & 1.5 K, and the corre-
sponding hydrostatic equilibrium model is overplotted on the data
in Fig. 13. The small change in the temperature value, as compared
with that from Cui et al. (2008), is primarily associated with the
additional data (T36 and T37) included in this work, as well as an
improvement in the calibration of the C?-C(" conversion ratios
for channel 28 (see Section A.3).
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Table 3
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Globally averaged total densities and mixing ratios of neutral constituents in Titan’s upper atmosphere, obtained directly from the inbound measurements, assuming ram
pressure enhancement only. Errors include uncertainties due to both counting statistics and sensitivity calibration.

Altitude

981 km

1025 km

1077 km

1151 km

Density (cm—>) (1.0340.01) x 10'°

(4.8440.01) x 10°

(2.27 £0.01) x 10°

(8.47 £0.01) x 108

Ny (98.4+0.1)% (97.8£0.2)% (97.4+0.5)% (96.6 £ 0.1)%
CHy (1.31£0.01)% (1.78 £0.01)% (2.20 £0.01)% (3.00 £0.01)%
H, (3.3040.01) x 103 (3.7240.01) x 103 (3.9040.01) x 103 (4.28 £0.01)%
40Ar (1.4240.03) x 10— (1.25+0.02) x 10— (1.1040.03) x 10— (7.56+0.32) x 10~
CHy/CoHy (1.1640.01) x 104 (1.26+0.01) x 104 (1.1640.01) x 104 (9.58+0.10) x 10
C,Hs (5.33+0.16) x 10 (4.05+0.19) x 107 (2.68+0.19) x 10 <221 x 107>
CH3CoH (9.93+0.31) x 1076 (9.02+0.22) x 1076 (6.314+0.24) x 1076 <3.62 x 1076
C3Hg <2.68 x 1076 <1.84 x 1076 <2.16 x 106 <1.90 x 1076
C4H, (6.98+0.16) x 10~ (4.92+0.10) x 1076 (2.46+0.10) x 1076 <1.58 x 1076
C4Hg <3.10 x 1077 <2.63x 1077 <3.66 x 1077 <6.99 x 1077
CeHs (4.39+0.09) x 10~ (2.42+0.05) x 10~ (8.95+0.44) x 10~ <412 x 1077
C7Hg <1.13 x 1077 <8.73 x 10~8 <1.32 x 1077 <2.23 x 1077
HC3N (1.96+0.08) x 106 (1.434+0.06) x 10~ <8.27 x 1077 <8.46 x 10~
CH3CN (1.424+0.09) x 10~ (1.5140.08) x 10~ <1.48 x 1076 <1.36 x 1076
CyH3CN <3.97 x 107 <4.00 x 107 <5.71 x 10~/ <6.77 x 1077
N, (1.5140.08) x 10~ (1.7040.07) x 1076 (1.45+0.09) x 106 <1.16 x 10~
NH3 (4.22+0.18) x 107 (3.48+0.19) x 107 (2.9940.22) x 107 <3.38 x 107
H,0 <8.24 x 1076 <2.79 x 1076 <3.42 x 1076 <3.92 x 1076
CO, <9.91 x 1077 <5.44 x 1077 <8.49 x 1077 <1.36 x 1076
The vertical distribution of CH4 and H, can each be described L ' ' ' ' ]
by the diffusion model, 1400 — Eddy mixing n
L 7 J
c N D; K 6 Lo ng L
i (Di + K) dr + T dr H; + H, ni, (6) 1200 [ 4 /,’.‘.s ]
where n; and F; are the number density and flux of species i, D; is — 1000 [ . /., ]
the molecular diffusion coefficient taken from Mason and Marrero § F S 1
(1970) and K the eddy diffusion coefficient, H; = (kgT)/(m;g) is — [ = ]
the scale height with T = 151 K being the thermospheric tempera- 3 800f ]
ture (assuming isothermal), kg the Boltzmann constant, g the local 3 - 1
gravity, and m; the molecular mass of species i, H; = (kgT)/(m,g) = 600 L ]
is the scale height of the ambient atmosphere, with m, represent- < r ]
ing the mean molecular mass. The mean molecular mass is eval- 3 1
uated from the observed densities of all major species (including 400 ]
N, CH4 and Hy) at any given altitude, which decreases monotoni- [ - ]
cally from ~28 amu at 950 km to ~25 amu at 1500 km. We adopt 200 p 7. .
an eddy profile given by Eq. (4) in Yelle et al. (2008). The asymp- C . . . L . 1
totic eddy diffusion coefficient, Ko, is taken as 3 x 107 cm?s~ 1, 102 10* 108 108 10'°

based on both INMS and GCMS observations of “°Ar (Yelle et al.,
2008). The eddy mixing profile adopted in this work, along with
the molecular diffusion coefficients for Hy and CH4 are shown in
Fig. 14. The figure shows that diffusive separation becomes impor-
tant above a homopause level at ~800—850 km.

The isothermal diffusion model given by Eq. (6) is applied to
the globally averaged density profiles of CH4 and H, between 950
and 1500 km. The boundary conditions are adopted from the INMS
data as 1.35 x 105 cm~3 for CH4 and 4.70 x 10° cm—3 for H,
at 1500 km. Since we assume isothermal conditions the thermal
diffusion term is neglected in Eq. (6). Though the condition of en-
ergy continuity may imply modest temperature decrement near
the exobase for these two species, such a thermal effect does not
have an appreciate influence on the solution to the diffusion equa-
tion (Cui et al., 2008).

We solve Eq. (6) with a 4th-order Runge-Kutta algorithm, tak-
ing into account the variation of gravity with altitude. The CH4 and
H, fluxes referred to Titan’s surface are treated as free parameters
in the fitting. The most probable flux values are found to be (2.6 £
0.1) x 10° em~2s~! for CH4 and (1.12 £ 0.01) x 10'© cm 25!
for Hy. These flux values are in general consistent with the values
given by Yelle et al. (2008) and Cui et al. (2008), with the small
differences due to the inclusion of more INMS data and improve-
ment in data calibration. Notice that eddy diffusion is not included
in the analysis of H, distribution by Cui et al. (2008), which causes

Diffusion coefficient [cm?s™']

Fig. 14. Diffusion coefficients adopted in this study as a function of altitude below
1500 km. The eddy mixing profile, adopted from Yelle et al. (2008), is given by the
solid line. The molecular diffusion coefficients are given by the dotted line (for Hy)
and dashed line (for CHy).

some further deviations, but not significant since molecular diffu-
sion dominates at these altitudes well above the homopause. The
errors of the best-fit fluxes given above are related to uncertainties
in the eddy profile, with a reasonable range of K, values between
2 x 107 cm?s~! and 5 x 107 cm?s~! (Yelle et al., 2008). The dif-
fusion models for CH4 and H,, calculated with the best-fit fluxes,
are shown by the solid lines in Fig. 13.

The Hy escape flux on Titan derived above is higher than the
Jeans value of 4.3 x 10° cm~2s~! (referred to the surface) by a
factor of ~2.7, where the Jeans flux is calculated with a temper-
ature of 151 K and an exobase height of 1500 km. This has been
interpreted as thermal evaporation enhanced primarily by an up-
ward conductive heat flux (Cui et al., 2008).

The CH4 escape flux is more sensitive to the choice of the
eddy profile, due to the relatively low molecular diffusion coeffi-
cient (see Fig. 14). Yelle et al. (2006) have shown that the CH4
distribution on Titan observed with INMS can be understood in
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terms of either a significant escape flux or an eddy diffusion coef-
ficient much higher than the typical values for other planetary sys-
tems. However, the eddy profile constrained independently from
the INMS/GCMS observations of “°Ar unambiguously shows that
interpreting the observed CH4 distribution on Titan requires a sig-
nificant escape flux (Yelle et al., 2008). Since the Jeans flux of CHy
is tiny due to the relatively large CH4 molecular mass and the
low exobase temperature on Titan, non-thermal processes are re-
quired to account for the observed CH4 escape. Further supports
on the non-thermal escape of CH4 come from the exospheric dis-
tribution of this species on Titan, which suggests the presence of a
suprathermal CH4 corona (De La Haye et al., 2007a).

4.2.2. Minor species

In this section, we present our analysis of the abundances of
heavy species in Titan’s upper atmosphere. For these species, the
dominant uncertainties are due to the wall effects, which could be
either simple adsorption/desorption processes or more complicated
heterogeneous surface chemistry on the chamber walls (see Sec-
tion 4.1). First, we will concentrate on the inbound measurements
only, since the density profiles extracted from the outbound data
show peculiar scale heights (i.e.,, comparable with or greater than
the N, scale height, see Fig. 6), implying serious contamination by
the wall effects during the outbound legs. Next, including both the
inbound and outbound data, we adopt a simple model to correct
for contamination by adsorption/desorption, assuming that no sur-
face chemistry is involved. Such a model has been presented in
Section 4.1, and in this section we will emphasize the results. The
alternative scheme of wall effects through heterogeneous surface
chemistry will not be considered here, since a correction for wall
chemistry requires detailed information of the chemical reactions
involved as well as an estimate of the abundances of the associ-
ated radicals in the ambient atmosphere (Vuitton et al., 2008).

4.2.2.1. Inbound measurements We show in Fig. 15 the globally av-
eraged mixing ratios of various minor species observed in Titan’s
upper atmosphere, obtained from the inbound measurements with
the ‘ideal’ ram enhancement factor. No attempt has been made
to correct for possible wall effects. The upper and lower panels
present the distribution of various hydrocarbons and nitrogen-
bearing species, respectively, as a function of altitude between
950 and 1200 km. Leftward arrows in the figure indicate 30 up-
per limits. Notice that upper limit mixing ratios obtained for the
globally averaged distribution of a given minor species do not nec-
essarily mean that all measurements from individual mass spec-
tra are upper limits. In our analysis, upper limits are assigned
to all cases in which more than half of the data points are up-
per limits, since in the statistical sense, the calculated mean value
tends to be overestimated for such a sample (Feigelson and Nel-
son, 1985). The values of the mixing ratios for all minor species
included in our spectral analysis are detailed in Table 3, at four
representative altitudes. A detailed comparison of the abundances
of minor species between this study and previous works will be
presented in Section 4.2.3. Here we notice that the typical mix-
ing ratios for trace species given in Table 3 are ~10~6-1075. These
values approximately correspond to a signal of 10 count per IP or
~300 countss~! for an individual measurement. Adopting a typ-
ical sensitivity of 5 x 10~* counts (cm3s)~! and a typical ram
enhancement factor of 70 for heavy species, we get 300/(5 x
10~4)/70 ~ 8 x 10> cm~3 for their typical densities, which cor-
respond to a mixing ratio of ~1076-10~> depending on altitude.
Typical upper limits of mixing ratio can be as low as 10~7, since
integrating over several individual full mass scan helps to reduce
the uncertainties caused by counting statistics.

The detection of several species in Titan’s thermosphere, includ-
ing C;H,, CoHyg, HCN and HC3N, has been reported by Vervack et
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Fig. 15. The globally averaged mixing ratios of various hydrocarbons and nitrogen-
bearing species observed in Titan’s upper atmosphere, as a function of altitude
between 950 and 1200 km. These mixing ratios are obtained by averaging over all
inbound measurements, assuming ram pressure enhancement only. Leftward arrows
indicate 3o upper limits.

al. (2004) based on the Voyager UVS solar occultation results. We
have firm detections for three of them, except that the crosstalk
near channel 28 prevents a reliable measurement of the HCN
abundances (see Section A.6).

Most of the minor species presented here have also been de-
tected in Titan’s stratosphere based on the recent Cassini/CIRS
mid-infrared observations, including C;H,, CoHy4, CyHg, CH3CoH,
C3Hg, C4Hy, CgHg, HC3N, (3N and CO, (Coustenis et al., 2007,
Teanby et al,, 2007a, 2007b). Based on the INMS data, we have
firm detections for most of them at much higher altitudes in Ti-
tan’s thermosphere, except for C3Hg and CO, on which we are only
able to put upper limits. However, as we have emphasized above,
upper limit mixing ratios do not necessarily mean that all indi-
vidual measurements are upper limits. Among all the 69 inbound
mass spectra considered in this work, 5 of them show firm detec-
tions of CO, with a mean mixing ratio of ~1 x 1078, For C3Hg, no
firm detection is obtained for any individual spectrum, due to the
low signal-to-noise ratio of counts in channel 43.

The detection of CH3CN has been reported in the stratosphere
from heterodyne ground-based spectroscopy (Bézard et al., 1995),
but not revealed by the Cassini/CIRS data (Coustenis et al., 2007).
The presence of C;H3CN on Titan has not been reported in any pre-
vious work, and only upper limit has been put (Marten et al., 2002;
Coustenis et al., 2007). Based on the INMS data, CH3CN is firmly
detected below ~1050 km, with a mixing ratio of ~(1.4-1.5) x
1076, CH3CN is not firmly detected in the thermosphere on a
global average sense, indicated by upper limits at all altitudes.
However, 6 individual inbound spectra give firm detections of
CyH3CN, and the mean mixing ratio for these firm detections is
6 x 10~7 with a variation of ~60%.

No direct observation of NH3 on Titan has been reported in
previously works (in both the thermosphere and stratosphere),
though this species was observed in laboratory experiments sim-
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ulating the condition on this satellite (e.g., Bernard et al., 2003).
Although NHs is likely to be a component of the spacecraft ef-
fluent, the thruster firing contamination may not be important
here, since large excursions of signals in channel 17 are not
seen, as opposed to what we observe for channel 2 (see Sec-
tion A.4). Firm detection of NHs in a global average sense ap-
pears below 1100 km, with a mixing ratio of ~(3-4) x 1075,
These measurements are much higher than the values predicted
in existing photochemical models (e.g., Wilson and Atreya, 2004;
Lavvas et al., 2008b). This may indicate missing chemical pathways
in previous works. As pointed out by Vuitton et al. (2007), hetero-
geneous chemistry on the surfaces of aerosol particles might be
a solution. However, such an interpretation deserves some caution,
since Fig. 7 shows that the distribution of NH3 along the spacecraft
trajectory presents a large time offset, implying significant wall
effects for this species. Though we find that the simple adsorp-
tion/desorption model presented in Section 4.1 is able to reproduce
the observed time behavior of NH3, we suspect that a full inves-
tigation of the NH3 wall effects requires that surface chemistry be
included, due to the relatively high abundances of N and H radicals
in Titan’s upper atmosphere. This is also motivated by measure-
ments of the associated ion species in the OSI mode (Vuitton et
al., 2007).

Finally, for the remaining three species, including C4Hg, C7Hg
and H,O, no firm detection can be made at any given altitude
between 950 and 1200 km. Especially, C4Hg and C;Hg is not de-
tected at 3o significance level in any individual inbound spectrum,
though they are observed in some of the outbound spectra (how-
ever, see Vuitton et al., 2008, for a discussion of the wall effects of
C7Hg). For H,0, 7 individual inbound spectra show firm detections.
The H0 mixing ratios for these firm detections are in the range
of ~(0.4-3.4) x 10>, with a mean value of 1.2 x 10~>. For com-
parison, Coustenis et al. (2003) reported an H,O mixing ratio of
8 x 10~ in Titan's stratosphere (near 400 km), based on observa-
tions with the Short Wavelength Spectrometer (SWS) onboard the
Infrared Space Observatory (ISO). HO and CO, are the only two
oxygen compounds that are included in our spectral analysis. The
prediction of these species in photochemical model calculations re-
quires either micrometeorite influx or surficial processes such as
volcanic outgassing, and more recently, precipitation of O ions
motivated by Cassini Plasma Spectrometer (CAPS) measurements
(Horst et al., 2008, and references therein).

The globally averaged (inbound) density distribution of each of
the heavy minor constituents detected in Titan’s upper atmosphere
can be reasonably described by a power law. Some of these power
laws are shown in Fig. 16, which will be used in Section 4.3 to
investigate the horizontal/diurnal variations of these species in Ti-
tan’s thermosphere. The scale heights implied by these power law
fittings are sometimes different from the values inferred from dif-
fusive equilibrium. This might be associated with possible wall
effects, since the realistic instrument response varies along the
spacecraft trajectory. Though Fig. 11 has revealed that the variation
of the instrument response is most prominent over the outbound
legs, it may still be at a troubling level for inbound measurements,
especially those made near C/A.

4.2.2.2. Abundances corrected for adsorption and desorption on the
INMS chamber walls In this section, we present the abundances
of various minor species in Titan’s upper atmosphere, that are
corrected for the effects of wall adsorption/desorption. The cor-
rection is based on the simple model presented in Section 4.1,
which assumes a constant adsorption probability for any given
species and a desorption time constant inversely proportional to
the N, density in the INMS chamber. The correction for CgHg,
C7Hg and NH3 will not be included here since heterogeneous sur-
face chemistry on the chamber walls is suspected to be of more

1200 ]
1150 F .
3 i ]
X, 1100t n
s E S :
3 1050} G
= : S ]
<C L ]
1000 f .

i )\ ]

[ "? ]

950 . . ) C
10° 10* 10° 108

Number density [cm™3]

Fig. 16. The power law fitting to the density distribution of various species in Titan’s
upper atmosphere, obtained by averaging over all inbound measurements and as-
suming ram pressure enhancement only. These profiles are used to remove vertical
dependence of these species before investigating possible horizontal/diurnal varia-
tions (see Section 4.3 for details).

Table 4

Globally averaged mixing ratios of various minor species, both directly obtained
from the inbound measurements assuming ram pressure enhancement and with
possible effects of wall adsorption/desorption corrected. The correction is based on
the possible values of adsorption probability and desorption time constant that rea-
sonably reproduce the time behavior of observed chamber densities. All mixing
ratios are referred to an altitude of 1077 km or 1025 km, and the values at other
altitudes can be obtained with the assumption of diffusive equilibrium.

Species z (km) Uncorrected Corrected Comment

CyH/CH, 1077 12x107* (3.1+£1.1)x10~* Fig. 10

CyHs 1077 2.7x107° (7.3£2.6)x10~> Assuming C;H;/C2H4 values
CH3CoH 1077 6.3x107% (1.4£0.9)x10~* Fig. 10

C3Hg 1077 <22x1075 <4.8x10~ Assuming CH3C,H values
C4H, 1077  25x107% (6.4£2.7)x10~> Fig. 10

C4Hs 1077 <3.7x10~7 <9.5x 106 Assuming C4H, values
CH3CN 1025 15x107% (3.14£0.7) x 107 Assuming HCsN values
CyH3CN 1077 <5.7x1077 <1.8x 10~ Assuming HC3N values
HG3N 1025 1.4%x107® (3.2+0.7)x 10~ Fig. 10

N, 1077 15x107% (4.840.8) x 10~ Assuming HC3N values

importance for these species (Vuitton et al., 2008, see also Sec-
tion 4.1).

The possible range of adsorption probability and desorption
time constant (referred to an N chamber density of 101" ¢cm~3)
is shown in Fig. 10 for several species, from which we calculate
their true atmospheric abundances with the realistic instrument
response function. In practice, we throw random values of p,qs
and téreesﬂ that covers the region drawn in Fig. 10 for the given
species. We then calculate the corresponding instrument response
functions for different flybys and take averages. We have shown in
Section 4.1 that the instrument response function for the inbound
measurements not too close to C/A presents the smallest scattering
for different flybys and different species (see Fig. 11). Therefore we
use the realistic instrument response at 1077 km, averaged over all
flybys, to correct for the corresponding inbound measurements at
the same altitude listed in Table 3. The corrected mixing ratios are
given in Table 4, where the uncertainties represent the standard
deviations of all corrected values calculated for different combi-
nations of p,qs and téreesﬁ (within the corresponding region shown
in Fig. 10), as well as different flybys. For other species listed in

Table 4, we assume that their possible values of p.qs and tg:sﬂ
resemble those of a similar species for which these two param-
eters are reasonably well constrained by the data. In more detail,
we adopt the CoHy/CoHy values for CoHg, the CH3CoH values for

C3Hg, the C4H; values for C4Hg, and the HC3N values for all other
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Fig. 17. The globally averaged distribution of CH3C;H (upper panel) and HC3N (lower
panel) in Titan’s upper atmosphere. The dashed and dotted lines show the mixing
ratio profiles averaged over all inbound and outbound measurements (assuming ram
pressure enhancement only). The solid lines represent the profiles corrected for ad-
sorption/desorption and satisfying the condition of diffusive equilibrium.

nitrogen-bearing species. For HC3N and CH3CN, the corrected mix-
ing ratios are given for an altitude of 1025 km, where an exact
determination (rather than an upper limit) is available. Though the
instrument response shows a large scattering at this lower altitude,
as shown in Fig. 11, the adsorption probability and desorption time
constant of nitrogen-bearing species are tightly constrained by the
INMS data (see Fig. 10), and as a consequence, the uncertainties of
the corrected mixing ratios tend to be small. The wall effect cor-
rection for C;H,/CoHy is not as prominent as the other species.
This is expected as a result of their relatively high abundances on
Titan, and the C;H;/CoH4 molecules in the ambient atmosphere
may contribute to a significant fraction of the chamber densities
of these species. Finally, since our simple adsorption/desorption
model assumes that the atmospheric distribution for any species
follows diffusive equilibrium, the mixing ratios for all species listed
in Table 4 at other altitudes can be easily obtained from their scale
heights.

As two examples, we show in Fig. 17 the distribution of CH3CoH
and HG3N in Titan’s upper atmosphere, between 950 and 1200 km.
The dashed and dotted lines give the inbound and outbound pro-
files, respectively. The solid lines are calculated from the cor-
rected mixing ratios given in Table 4, assuming diffusive equi-
librium. Fig. 17 shows that the true atmospheric abundances are
significantly underestimated by both inbound and outbound mea-
surements, when taking into account ram pressure enhancement
only. Typically, the inbound values underestimate the atmospheric
abundances by a factor of ~20-30. However, above some alti-
tude level, the outbound counts could be well representative of
the atmospheric abundances for some species, as a consequence

of the desorption of molecules accumulated on the chamber walls
throughout the inbound legs. The behavior of the outbound pro-
file depends critically on the desorption time constant, which may
vary significantly for different species.

The above results on the true atmospheric abundances of var-
ious minor species in Titan’s upper atmosphere are based on a
simple model to describe the adsorption/desorption processes on
the chamber walls. Such a model might be over-simplified for
some species, e.g., CgHg, C7Hg and NHs, for which wall surface
chemistry is suspected to be of more importance (see Section 4.1).
On the other hand, even in cases when the simple model does
work, the possible values of the adsorption probability and des-
orption time constant may not be well constrained by the data
(especially CH3C,H, see Fig. 10), leading to considerable uncertain-
ties associated with the correction for wall adsorption/desorption.
Lab experiments performed with the REU are probably required to
figure out the details of the wall effects unambiguously.

4.2.3. Comparison with previous results

In this section, we compare the densities and/or mixing ratios
of various neutral species based on our analysis to those given in
previous works, including (1) the INMS results given by Waite et
al. (2005) based on the TA data; (2) the early results based on
the Voyager UVS solar occultation data (Vervack et al., 2004); and
(3) the densities of several neutral species predicted from the INMS
T5 observations in the OSI mode, based on an ion-neutral chem-
istry model (Vuitton et al., 2007).

First, we compare our results obtained directly from the in-
bound measurements (with no correction for possible wall effects)
with those of Waite et al. (2005). Based on the INMS data ac-
quired during the first Titan flyby (TA), Waite et al. (2005) esti-
mated the mixing ratios of several minor species with relatively
high abundances. The C;H, and C;H4 mixing ratios from Waite et
al. (2005) are 1.9 x 10~* and (2.6-5.3) x 1074, at an altitude of
~1200 km. This corresponds to a mixing ratio of (2.1-2.7) x 10~
for the imaginary species of %n(Csz) + %n(C2H4), about a factor
of 2 higher than our value of 1 x 10~% at a slightly lower alti-
tude of 1150 km averaged over all flybys. Their CH3C;H mixing
ratio of 3.9 x 1076 is comparable with our value of 3.6 x 1076,
which is an upper limit. The differences between these mea-
surements could be accounted for by horizontal and/or diurnal
variations (see Section 4.3). Especially, we will present in Sec-
tion 4.3.1 that meridional variations are tentatively identified in
the sense that relatively heavy species such as CH3C;H show en-
hanced mixing ratios at Titan's equatorial region. This is qualita-
tively consistent with the differences between the two works, since
the TA trajectory covers low latitude regions near Titan’s equator,
while our results represent globally averaged measurements. The
C,Hg mixing ratio given by Waite et al. (2005) is 1.2 x 10~ at
~1200 km, while our SVD analysis puts an upper limit of 2 x 10>
at ~1150 km. Such a considerable difference is likely due to the
neglect of NN in the early analysis of the INMS data. For all
the other minor species, Waite et al. (2005) declares upper limit
mixing ratios of 5 ppm, consistent with our determinations. There-
fore, both analyses, though based on completely different methods,
reach consistent results on the abundances of most minor species
detected in Titan's upper atmosphere. It should also be mentioned
that the above comparison is based on densities uncorrected for
any possible wall effect. In the case when processes such as ad-
sorption/desorption are important, both results may significantly
underestimate the true atmospheric abundances of some heavy
species.

Previous results about the abundances of various neutral
species in Titan’s thermosphere have also been obtained from the
Voyager UVS solar occultation observations (Smith et al., 1982;
Vervack et al., 2004). The early analysis of Smith et al. (1982) only
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Fig. 18. Comparison between Cassini/INMS and Voyager/UVS results of the distribution of neutral species in Titan's thermosphere. The open squares represent globally
averaged mixing ratios from this work, combining data from 15 Titan flybys. These values are obtained by assuming ram pressure enhancement only. The mixing ratio
profiles for C;H,/Co;H4 and HC3N which are corrected for wall adsorption/desorption are shown by the dotted lines. The UVS results from Vervack et al. (2004) are given by
the solid circles with large horizontal error bars. Photochemical model calculations from Lavvas et al. (2008b) are shown with the dashed lines.

included N3, CH4 and C3Hj, and their results were unable to match
the UVS observations of Titan’s dayglow emission (Strobel and She-
mansky, 1982). More accurate re-analysis has been performed by
Vervack et al. (2004), including density determination of N, CHy,
CyHy, CoHg, HCN, and HC3N. The INMS data are complementary
to the early Voyager UVS observations: (1) The INMS samples a
relatively higher altitude range in Titan's thermosphere; (2) The
UVS and INMS data characterize conditions with high and low so-
lar activities, respectively; (3) These data have different sources of
uncertainty, in the sense that the interpretation of the UVS data
is subject to blending between different atmospheric constituents
in UV absorption, whereas the interpretation of the INMS data re-
quires separation of the overlapping patterns in electron impact
dissociative ionization.

Here we compare the INMS abundances of these species with
the ingress results of Vervack et al. (2004), except for HCN which
is not constrained by the INMS data due to crosstalk near channel
28 (see Section A.6). The egress results of Vervack et al. (2004) are
less reliable, due to the uncertainties in the solar reference spec-
tra as well as a larger altitude range subtended by the projection
of the Sun (Vervack et al., 2004). The UVS density profiles for Ny,
CH4, CoHy/CoHg and HC3N are shown in Fig. 18, represented by
the solid circles with large horizontal error bars. The INMS pro-
files are given by the open squares, obtained by averaging over
all flybys and including inbound data only (assuming ram pres-
sure enhancement). The leftward arrows indicate upper limits. For
CyHy/CoHg and HC3N, we also show with the dotted lines their
profiles corrected for wall adsorption/desorption. The dashed lines
in Fig. 18 are adopted from the photochemical model calculations
of Lavvas et al. (2008b), where we have scaled their total densities
by a constant factor of 0.67 to match the INMS values. The UVS
N, densities are about a factor of 2 higher than the INMS values,
for overlapping altitude regions. Such a difference can be either
due to uncertainties in absolute calibration or due to the long-
term variations in Titan’s upper atmosphere since the two missions
cover a time span of over 20 years. The Ny scale heights from both
works are nearly identical, therefore giving similar values of ther-

mospheric temperature (see Section 4.2.1). The CH4 mixing ratios
obtained from the UVS data are about 25% higher than the INMS
values. Such a deviation cannot be due to different solar condi-
tions, since the low solar activities appropriate for our INMS sam-
ple should lead to higher CH4 mixing ratios as a result of smaller
CH4 photolysis rate. The difference in the C;H,/CyH4 mixing ratios
is considerably larger. Compared with the direct inbound measure-
ments (uncorrected for wall effects), the UVS values are higher by
a factor of 20 and 13 at 980 km and 1025 km, respectively. Qual-
itatively, variations in solar activities may partly account for these
differences, since a large CH4 photolysis rate results in more effi-
cient production of hydrocarbon molecules. Wall effects seem not
strong enough to produce such a large difference, as indicated by
the dotted line in the figure. Finally, no direct comparison can be
made for HC3N, since the altitude range probed by both instru-
ments do not overlap. It is also worth mentioning that the UVS
densities of this species were obtained with the contribution from
HCN ignored, therefore the UVS profile of HCsN represents the lim-
iting case with largest densities allowed by the data (Vervack et al.,
2004).

Based on the INMS T5 data obtained in the OSI mode, Vuitton
et al. (2007) derived the densities of various ion species in Titan’s
upper atmosphere, from which they were able to estimate the den-
sities of the related neutral species. These results, which rely on
the details of the presumed ion-neutral chemistry model, can be
compared with direct INMS measurements in the CSN mode. Such
a comparison is detailed in Table 5, giving the INMS CSN densities
obtained from direct SVD fits to both the inbound and outbound T5
spectra. The mixing ratios corrected for wall adsorption/desorption
are based on the realistic instrument response function calculated
specifically for T5. All mixing ratios listed in the table are for
~1100 km, and most of the inbound CSN values are upper lim-
its. We notice that the neutral abundances predicted by Vuitton et
al. (2007) are systematically higher than direct inbound measure-
ments in the CSN mode, by one order of magnitude (for C4Hy) or
two orders of magnitude (for HC3N and C;H3CN). For most species,
the mixing ratios obtained from the outbound measurements are



Analysis of Titan's neutral upper atmosphere from Cassini lon Neutral Mass Spectrometer measurements 599

Table 5

Comparisons between the INMS mixing ratios obtained directly from the CSN mode
and the values predicted from the ion abundances measured in the OSI mode. The
OSI values are adopted from Vuitton et al. (2007) based on the INMS T5 measure-
ments. The CSN values for both the inbound and outbound T5 measurements are
given, along with the values corrected for wall adsorption/desorption. All mixing
ratios are given for a reference altitude of ~1100 km.

Species CSN OsI
Inbound Outbound Corrected

C4H; <81x10~7 (454+05)x1078 (2.7£1.4)x10> 1x107°

CH3CN <13x107® (41+06)x107% (2.8+0.5)x10™> 3x10°°

CH3CN <44x1077 (15+04)x10% (85+15)x10% 1x10~°

HC3N <47x1077 (1.7£0.4)x107%  (1.0+£0.2)x10™> 4 x 107

still lower by a significant amount. However, when corrected for
possible effects of adsorption/desorption, the results from both
works are consistent. The only exception is CH3CN, and such a de-
viation between CNS and OSI results is probably related to missing
reactions in the ion-neutral chemistry model adopted by Vuitton
et al. (2007), for this particular species. Alternatively, it may also
imply that processes other than simple adsorption/desorption are
important. In spite of this, Table 5 does show a general agreement
between neutral abundances predicted from OSI measurements
and those corrected for wall effects in the CSN mode. The above
discussion also suggests the possibility of correcting for wall effects
based on a comparison between the INMS data obtained in the
CSN and OSI modes. The INMS measurements in the OSI mode are
not contaminated by wall effects, and the associated ion-neutral
chemistry network is better understood compared with either the
adsorption/desorption or the heterogeneous surface chemistry on
the chamber walls.

4.3. Horizontal and diurnal variations

In this section, we investigate the neutral gas distribution with
latitude, longitude and local solar time, aimed at identifying pos-
sible horizontal and/or diurnal variations in Titan’s upper atmo-
sphere.

Calculations based on the solar-driven Thermospheric Global
Circulation Model (TGCM) have already inferred meridional and
zonal winds in Titan’s thermosphere, with speeds of ~20-50 ms~!
(Miiller-Wodarg et al, 2000, 2003; Miiller-Wodarg and Yelle,
2002). Such a wind field is accompanied with both horizontal
and diurnal variations of the atmospheric composition on Titan
(Miiller-Wodarg et al., 2003). Especially, the predicted accumula-
tion of light species such as CH4 near Titan's polar regions gets
observational support from the INMS data (Miiller-Wodarg et al.,
2008). The thermospheric dynamics on Titan may also be driven by
its interactions with Saturn’s magnetosphere (termed as auroral-
driven throughout this paper), which could deposit significant
energy in Titan’s upper atmosphere through electron/ion precip-
itation with a pattern that depends primarily on longitude rather
than local solar time. In analogy to the solar-driven TGCM model,
the interactions with the Saturn’s magnetosphere may cause extra
heating over limited ranges of longitude, drive large scale hori-
zontal wind field, and induce redistribution of neutral gas in the
thermosphere. The detailed picture of the interactions between
Titan’s atmosphere and Saturn’s magnetosphere is still not well
understood at this stage. The realistic configuration of the mag-
netic field in the vicinity of Titan may cause the energy deposit
from precipitating electrons to deviate significantly from the ideal
ramside (e.g., Backes et al., 2005). For ions such as O*, NT and
CHZ{, this is further complicated by the fact that their trajectories
may not follow along the magnetic field lines as a result of the fi-
nite gyroradius effect (e.g., Luhmann, 1996; Ledvina et al., 2000;
Brecht et al., 2000).
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Fig. 19. The barometric model fitting of the N, density distribution in Titan's upper
atmosphere. Panel (a) shows the model fitting for the equatorial region and north
polar region; panel (b) presents the Ny distribution for the ideal magnetospheric
ramside and wakeside; and panel (c) shows the average N density profiles for the
dayside and nightside. The figure implies that the equatorial region, ideal magneto-
spheric ramside, and nightside hemisphere of Titan are relatively warmer.

As the dominant atmospheric constituent, the N; distribution
provides information on the thermal structure in Titan’s upper at-
mosphere, as described in Section 4.2.1. Early studies based on the
Voyager UVS data have tentatively suggested that the morning ter-
minator of Titan is slightly warmer than the evening terminator,
though this result is not statistically significant due to the large
uncertainties in temperature (Smith et al., 1982). More recently,
horizontal/diurnal variations in temperature identified from the
INMS data were presented in De La Haye et al. (2007a) and Miiller-
Wodarg et al. (2008). In this work, we investigate this problem
further by dividing all density measurements of N into several
bins with different values of latitude, longitude as well as local
solar time, and adopt the simple barometric model to estimate
the corresponding temperature in each bin. Some of the N, model
profiles are shown in Fig. 19. The details will be covered in the fol-
lowing sections. As a summary, we list all the derived temperature
values in Table 6.

To investigate the horizontal/diurnal variations of neutral gas
distribution on Titan, the simplest scheme is to divide all measure-
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Table 6

Thermospheric temperatures of Titan. ¢, 6 and t stand for latitude, longitude and
local solar time, respectively. All temperatures are determined from the barometric
fitting of the observed N, profiles averaged over the selected ranges of latitude,
longitude or solar local time.

Bin definition Temperature (K)

Global average 151.0+1.5
Low latitude, 0° < ¢ < 30° 153.4+1.4
Mid latitude, 30° < ¢ < 60° 151.2+1.5
High latitude, 60° < ¢ < 90° 146.4+ 1.5
Facing-Saturn side, 6 < 45° or 6 > 315° 152.8 £1.5
Anti-Saturn side, 135° < 6 < 225° 1375+ 1.4
Magnetospheric ramside, 225° < 6 < 315° 154.7+1.4
Magnetospheric wakeside, 45° < 6 < 135° 137.0+ 1.6
Dayside, 6 h<t <18 h 142.1+1.4
Nightside, t <6 hort>18 h 154.8+1.5

ments for a given species into several bins with different ranges of
latitude, longitude or local solar time. Comparisons between the
average density profiles in these bins provide direct information
on the horizontal/diurnal variations of the species under consid-
eration. For CH4 and Hj, such a procedure is easily implemented,
since the sampling of their densities, derived from the counts in
their main channels, covers a large altitude range (from 950 to
1500 km) and a high spatial resolution (~5.5 km) compared with
most of the minor species (see also Fig. 1). This is also true for the
N distribution, used to infer the thermospheric temperature on Ti-
tan as described above. On the other hand, the density determina-
tion of most minor species relies on the SVD fits to the integrated
mass spectra over certain altitude ranges below 1200 km. These
species are sparsely sampled, making it difficult to investigate their
horizontal/diurnal variations with the procedure adopted for CHy4
and H,. Here we use a more complicated procedure in which we
correct for vertical variations by scaling all measurements of minor
species to a common altitude level of 1050 km. Such a scaling is
based on the simple power law fits shown in Fig. 16. The objective
of such a procedure is to include as many individual measurements
as possible, to enhance the statistical significance of our conclu-
sions. However, the disadvantage is that the procedure introduces
additional uncertainties inherent in the adopted model profiles for
scaling.

To investigate the horizontal/diurnal variations of CH4 and Hj,
comparisons should be made between density profiles as a func-
tion of pressure rather than altitude. This is aimed at removing
possible effects of asymmetric atmospheric shape. Observational
evidences for an asymmetric thermosphere on Titan have been re-
ported by Miiller-Wodarg et al. (2008). Based on an INMS sample
similar to the one adopted here, they found a pronounced oblate-
ness in Titan’s thermosphere, with isobaric surfaces being ~45 km
higher over the equator than at the north pole. Throughout this
section, to examine the horizontal/diurnal variations of CH4 and
H,, we calculate pressure values from the ideal gas law with the
measured total densities and a constant thermospheric tempera-
ture of 151 K (see Section 4.2.1). Though Titan’s upper atmosphere
is not strictly isothermal, the temperature variation of order ~5%
(see below and Fig. 19) is too small to have any appreciable in-
fluence. For an investigation of the horizontal/diurnal variations of
heavy species, we will not attempt to correct for possible atmo-
spheric oblateness directly. In stead, we estimate a posteriori how
significant the observed variations can be biased by this effect.

In Section 4.2.1, we use the diffusion model to describe the
density distribution of CH4 and H,. Though this is a valid pro-
cedure in a global average sense, it is not justified to apply the
same model to the CH4 and H; profiles obtained by averaging over
a limited range of latitude, longitude and local solar time. This is
because diffusion is coupled with the global circulation pattern in
Titan's upper atmosphere which presents both horizontal and ver-

tical wind components (Miiller-Wodarg et al., 2008). Such a wind
is probably canceled out in a global average sense, but not over
limited ranges of latitude, longitude and local solar time. On the
other hand, the vertical component of the wind speed may not
be negligible compared with the diffusion velocities of both CH4
and Hj, as inferred from their best-fit fluxes given in Section 4.2.1.
Therefore to investigate quantitatively the horizontal/diurnal vari-
ations of CH4 and H diffusion/escape, the full three-dimensional
kinetic model should be adopted.

In this section, we present our analysis of the variations of
temperature and CH4/H, mixing ratio with latitude (Section 4.3.1),
longitude (Section 4.3.2) and local solar time (Section 4.3.3), fol-
lowed by the horizontal/diurnal variations of heavy species (Sec-
tion 4.3.4). Finally, we conclude with an assessment of the ob-
served variations in Section 4.3.5.

4.3.1. Meridional variations

The meridional variation of the N, distribution can be used to
infer the horizontal thermal structure in Titan's upper atmosphere.
This has been investigated by Miiller-Wodarg et al. (2008) based on
their empirical model of Titan’s thermosphere, constructed from an
INMS sample smaller than the one adopted here. In their work, a
two-dimensional temperature field was derived by integrating the
hydrostatic equation downward at each latitude and then calculat-
ing temperature from the ideal gas law (see also Miiller-Wodarg et
al., 2006). Such a temperature field is characterized by a warmer
equatorial region and a cooler north polar region, consistent with
predictions of solar heating models (Miiller-Wodarg et al., 2008).
Here, we divide the INMS sample into three latitude bins, at 0°-
30° N, 30°-60° N and 60°-90° N, respectively. We use the sim-
ple barometric relation to fit the average N, distribution in each
bin, and the best-fit thermospheric temperature decreases from
153.4+ 1.4 K for the low latitude bin, to 151.2 £ 1.5 K for the mid
latitude bin, and to 146.4 4 1.4 K for the high latitude bin. There-
fore both works, though based on different procedures of deriving
temperature, reach a consistent result that the equatorial region in
Titan’s thermosphere appears to be warmer and the north polar
region is cooler, with a temperature difference between the equa-
tor and north pole of ~10 K. The model profiles of N, for the low
and high latitude bins are shown in Fig. 19a.

Similarly, we investigate the CH4 and H; density profiles av-
eraged over the latitude bins defined above. Differences between
these profiles are clearly seen in Fig. 20. The CH4 distribution
shows accumulation near the north polar region and depletion
near the equatorial region, supporting the possible trend identified
by Miiller-Wodarg et al. (2008). The difference in the observed CHy4
mixing ratios between the equatorial and polar regions is about
25% at a pressure level of ~1.7 x 1077 dynescm™2 (or near Titan’s
exobase). The observed meridional variation of CH4 has been inter-
preted as a result of upwelling motion near the equator and down-
welling motion near the north pole, in response to the horizontal
transport by thermospheric winds (Miiller-Wodarg and Yelle, 2002;
Miiller-Wodarg et al., 2003). Meridional variation is also observed
for Hy, as shown in the lower panel of Fig. 20. However, the
observed H, mixing ratio peaks at mid latitudes, and decreases
toward both the equator and north pole. Near the exobase, the av-
erage Hy mixing ratio for the mid latitude bin is about 20% higher
than the polar value and 60% higher than the equatorial value.
Such a feature is likely to be associated with the rapid thermal
escape and large ballistic flow of H; in Titan’s exosphere, since es-
cape tends to enhance depletion near the equator but counteract
accumulation near the north pole. As mentioned above, a thorough
investigation of this issue requires a three-dimensional modeling
of the global circulation pattern in Titan’s thermosphere that also
includes the effect of escape.
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Fig. 20. The average profiles of CHs and H; mixing ratios in Titan's upper atmo-
sphere for three latitude bins, defined as 0°-30° N for the low latitude bin, 30° N-
60° N for the mid latitude bin and 60° N-90° N for the high latitude bin. The
figure shows depletion of CH4 near the equator and accumulation of CH4 near the
north pole. The meridional variation of H, shows a more complicated pattern, with
enhanced abundances at mid latitudes.

From Fig. 20, the magnitude of meridional variations of both
CHs and H; decreases at low altitudes or high pressure lev-
els. Especially, no variation with latitude appears to be present
for Hy below ~2 x 107% dynescm=2 (at ~1300 km). On the
contrary, the meridional variation of CH4 is observable down to
1 x 1074 dynescm™2 (at ~1030 km).

The meridional variations presented above are obtained from
the neutral gas distribution over Titan’s northern hemisphere,
where the majority of the INMS measurements adopted in this
work were made. Without constraints from measurements in the
southern hemisphere, symmetry is usually assumed about Titan’s
equator (e.g., Miiller-Wodarg et al., 2008). Although our INMS sam-
ple contains two flybys (T36 and T37) that probe Titan’s southern
hemisphere, the sample coverage is still too limited to allow robust
conclusions to be made with regards to the differences between Ti-
tan’s northern and southern hemispheres. A thorough investigation
of this issue can be attempted with the release of the data to be
obtained in the extended Cassini mission.

4.3.2. Zonal variations

We first investigate possible zonal variation of the thermo-
spheric temperature by considering the N, distribution averaged in
different longitude bins. Here, we consider four longitude sectors,
one for 6 < 45° or # > 315° (facing-Saturn side), one for 135° <
6 < 225° (anti-Saturn side), one for 225° < 6 < 315° (ideal mag-
netospheric ramside), and one for 45° < 6 < 135° (ideal magneto-
spheric wakeside). The most probable thermospheric temperatures
obtained from barometric fitting in these bins are 152.8 + 1.5 K
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Fig. 21. The average profiles of CH4 and H, mixing ratios in Titan's upper atmo-
sphere for four longitude sectors, referred to as the magnetospheric ramside and
wakeside, as well as the facing-Saturn side and anti-Saturn side of Titan, each span-
ning a longitude range of 90°. The zonal variation of CH4 suggests depletion at
Titan’s ramside and accumulation at the wakeside. The zonal variation of Hy shows
a more complex pattern.

(for the facing-Saturn side), 137.54+1.4 K (for the anti-Saturn side),
137.0 £ 1.6 K (for the wakeside) and 154.7 + 1.4 K (for the ram-
side), respectively. These values are also listed in Table 6, and
the model fits (for the ideal ramside and wakeside) are shown in
Fig. 19b. The above results imply that the magnetospheric ram-
side and facing-Saturn side of Titan appear to be warmer than the
wakeside and anti-Saturn side. This may imply extra heating of
Titan’s upper atmosphere through precipitation of energetic elec-
trons/ions preferentially over the ramside and facing-Saturn side.
However, Titan’s wakeside is poorly sampled, with measurements
below ~1050 km not available as shown in Fig. 19b. Therefore the
interpretation of a cooler wakeside on Titan deserves some caution
(see also Section 4.3.5 below).

Next we investigate the zonal variations of the CH4 and H»
distribution, using their abundances obtained directly from counts
in the main channels between 950 and 1500 km. Only measure-
ments made over the northern hemisphere are included, to avoid
possible asymmetry about the equator (see above). The CH4 pro-
files averaged over the four longitude sectors defined above are
shown in the upper panel of Fig. 21. From the figure, CH4 ap-
pears to be depleted at the ramside, but accumulated at the wake-
side. Such a trend is clearly seen above 1 x 10~® dynescm~2 (at
~1350 km). Along with the variation of temperature with longi-
tude described above, the observed zonal variation of CH4 distri-
bution can be accommodated with the scenario of auroral-driven
thermospheric dynamics, in which light species always present de-
pletion in warmer regions (ramside) and accumulation in cooler
regions (wakeside).
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As shown in the lower panel of Fig. 21, significant zonal varia-
tion is also observed for Hy, suggesting accumulation at both the
ramside and wakeside. Clearly, the zonal variations of CH4 and Hj
do not show a similar pattern. Analogous to the observed merid-
ional variation of Hy, it is likely that both escape and large bal-
listic flows in the exosphere have significant effects, leading to
more complicated horizontal structures for H, (both meridional
and zonal). All Hp profiles in the lower panel of Fig. 21 appear
to be identical below ~2 x 10~% dynescm~2 (at ~1300 km). The
meridional variation of the same species becomes absent at about
the same level (see Fig. 20).

4.3.3. Diurnal variations

In this section, we investigate possible diurnal variations of
thermal structure and gas distribution in Titan’s upper atmosphere.
Based on the INMS data acquired during the TA, TB and T5 flybys,
De La Haye et al. (2007a) found a thermospheric temperature of
~5 K higher at night than at dusk on Titan, in contrast to the early
UVS results (e.g., Smith et al., 1982). Here we extend the analysis
to a much larger INMS sample. We divide all N, density measure-
ments into two sectors, one for the dayside and the other one for
the nightside. The barometric fitting of the N, density profiles,
averaged over all flybys but constrained within the two selected
sectors, are shown in Fig. 19c. For the dayside N, distribution,
we obtain a best-fit temperature of 142.1 £+ 1.4 K, while for the
nightside, we get 154.8 + 1.5 K. With significantly improved statis-
tics, our analysis confirms the result of De La Haye et al. (2007a)
that Titan’s sunlit side presents a lower thermospheric tempera-
ture. Such a trend is clearly in opposite to the predictions of any
solar-driven model.

We further examine the diurnal variations of CH4 and Hy dis-
tribution in Titan’s upper atmosphere. Solar-driven TGCM models
predict horizontal thermospheric winds of ~20-50 ms~! (Miiller-
Wodarg et al., 2008). Since the associated dynamical time constant
(of order 10° s) is much shorter than the photochemical time con-
stants of CH4 and Hp, the horizontal wind field may produce accu-
mulation of these light species on Titan’s nightside. On the other
hand, if the horizontal winds are primarily driven by the precipi-
tating electrons/ions from Saturn’s magnetosphere, such a feature
may be absent.

The CH4 and H; density profiles averaged over the dayside and
nightside hemispheres are shown in Fig. 22. Clear diurnal varia-
tions are seen, with both species depleted at the nightside and
accumulated at the dayside. Such a feature can be accommodated
with the temperature difference between the dayside and night-
side hemispheres described above, in the sense that the warmer
side is always associated with depletion of light species, and the
cooler side associated with accumulation. However, the diurnal
variations observed for these species are contradictory to the pre-
dictions of solar-driven models. We will return to this issue in
Section 4.3.5.

4.3.4. Horizontal/diurnal variations of heavy species

In Section 4.2.2, we present our analysis of the abundances of
various hydrocarbons, nitrogen-bearing species and oxygen com-
pounds in Titan’s upper atmosphere, both in terms of the direct
inbound measurements adopting the ‘ideal’ ram enhancement fac-
tor and in terms of the corrected values taking into account the
processes of adsorption/desorption on the chamber walls. In this
section, we describe our investigation of the horizontal/diurnal
variations of these minor species, based on the values directly ob-
tained from the inbound measurements. A similar investigation
based on the values corrected for wall effects will not be dis-
cussed here, since the values of the adsorption probability and
desorption time constant are not well constrained in this study
(see Fig. 10), and thus the uncertainties of the corrected abun-
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Fig. 22. The average profiles of CH4 and H, mixing ratios for Titan's dayside and
nightside hemispheres. For both species, depletion over the nightside and accumu-
lation over the dayside are observed.

dances are large. In fact, we find that for some combination of
the adsorption probability and desorption time constant, signif-
icant horizontal/diurnal variations are present for the corrected
abundances of several species, while the same feature becomes ab-
sent for other choices of p,qs and tér:;). In spite of this difficulty,
we will present in Section 4.3.5 a qualitative assessment of the
observed variations of heavy species, taking into account possible
wall effects.

Based on the direct inbound measurements, the meridional
variations of several representative minor species are shown in
Fig. 23, including “°Ar, C;H,/C,Ha, C4Hy, CsHg, HC3N and CH3CyH.
Downward arrows indicate 3o upper limit measurements. Here
the analysis is restricted to the northern hemisphere, due to the
incomplete latitude coverage in the southern hemisphere. All mea-
surements have been scaled to a common altitude of 1050 km
based on the simple power law fitting shown in Fig. 16. These
scaled mixing ratios are shown by the open circles in Fig. 23. For
comparison, direct INMS measurements based on SVD fits between
1025 and 1075 km are overplotted with the solid circles. In general,
the meridional variations of these minor species show some degree
of depletion at high latitudes. Such a trend is most prominent for
CoHy/CoHy, C4Hy and CH3C,H, less evident for HC3N and CgHg, but
becomes absent for “%Ar. Except for C;H;/CoHy, all species shown
in Fig. 23 are heavier than N, and have smaller scale heights.
Therefore, the observed meridional variations are consistent with
the prediction of subsidence near polar regions driven by horizon-
tal wind field in Titan’s thermosphere.

More quantitatively, we calculate the rank order correlation co-
efficients for each heavy species, based on the model independent
Kendall's-7 test (Press et al., 1992). The correlation coefficients be-
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Fig. 23. The meridional variations of several representative minor species in Titan’s
upper atmosphere. All measurements have been scaled to a common altitude of
1050 km. These scaled mixing ratios are given by the open circles. For compari-
son, the solid circles represent the directly measured mixing ratios between 1025
and 1075 km based on SVD fits. Downward arrows indicate 3o upper limit mea-
surements. All species, expect for “°Ar, show some signature of depletion near the
north polar region (at more than 2o significance level, see Table 7). The mixing ra-
tios presented in the figure are obtained by assuming ram pressure enhancement
only.

Table 7

Kendall's-t correlation coefficients. The numbers in the parenthesis are the signif-
icance levels of the Kendall's-t correlation coefficients that deviate from a null
hypothesis. The correlation coefficients are calculated between mixing ratio and
latitude (¢) in the northern hemisphere (meridional), between mixing ratio and
longitude (6) relative to the sub-Saturn direction or the ideal ram direction, and
between mixing ratio and local solar time (t) relative to 12 h (diurnal).

Species Meridional Zonal Diurnal

¢ 16| 16 — 270°] It —12|
CHz/CHs  —0.33 (3.4) —0.15 (1.3) +0.07 (0.2) +0.01 (0.2)
CH3CH —0.36 (3.4) —0.40 (3.3) —0.20 (0.5) —0.04 (0.5)
C4Hy —0.43 (4.0) —0.43 (3.5) +0.33 (0.7) —0.03 (0.4)
CeHs —0.26 (2.1) —0.50 (3.5) +0.00 (0.0) —0.12 (1.2)
HC3N —0.31 (2.5) —0.54 (3.9) +1.00 (1.6) —0.09 (0.8)
CaN2 —0.22 (1.9) —0.42 (3.2) +0.60 (1.5) —0.11 (1.1)
4071 —0.08 (1.2) —0.02 (0.2) +0.12 (0.6) +0.10 (1.7)

tween absolute latitude and mixing ratio are listed in Table 7,
along with the significance levels of their deviations from zero,
representing null hypothesis. Upper limits are not included in eval-
uating the correlation coefficients. From Table 7, except for 4°Ar, all
species show some trend of anti-correlation with latitude, at more
than 20 significance level. For C;H,/CoHy, C4Hy and CH3C,H, the
significance level of the observed anti-correlation is more than 3o.
As mentioned above, such a behavior is consistent with the predic-
tion of subsidence near polar regions by solar-driven TGCM models
(Miller-Wodarg et al., 2008).
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Fig. 24. The zonal variations of several heavy species in Titan’s upper atmosphere.
Drawing conventions are the same as Fig. 23. These species show a trend of accu-
mulation toward the sub-Saturn direction. However, such a feature is likely to be an
observational bias caused by wall effects (see Section 4.3.5 for details).

Next we investigate the zonal variations of heavy species. In
analogy to the observed zonal variations of CH4 distribution (see
Section 4.3.2), the auroral-driven thermospheric dynamics on Ti-
tan may also induce accumulation/depletion of heavy species over
limited ranges of longitude. Two possibilities are explored here,
assuming that energy deposit through precipitating ions/electrons
primarily take place at the facing-Saturn side or magnetospheric
ramside of Titan. These two choices are suggested by the ob-
served zonal variations of thermospheric temperature as well as
CH4 distribution. For the first case, we perform Kendall's-7 tests
between the derived mixing ratios and zonal angles relative to
the sub-Saturn direction. The corresponding correlation coefficients
are listed in the 3rd column of Table 7, which shows that most
heavy species (except for “°Ar and C;H,/C;H,) show some trend
of accumulation near the sub-Saturn direction, at more than 3o
significance level. For the second case, we calculate the correlation
coefficients between mixing ratios and zonal angles relative to the
ideal magnetospheric ram direction. These coefficients are given in
the 4th column of Table 7, suggesting no zonal variation for all
heavy species.

According to the above analysis, significant zonal variations
for the distribution of heavy species are presented in terms of
a trend of accumulation toward the sub-Saturn direction, except
for “9Ar and C,H;/CHa. This feature is shown in Fig. 24 for sev-
eral representative species (restricted to regions with longitudes,
6 < 35°), with all mixing ratios scaled to a common altitude level
of 1050 km. At the face value, accumulation of heavy species to-
ward the sub-Saturn direction can be accommodated with the sce-
nario of auroral-driven dynamics in Titan’s upper atmosphere with
precipitation of energetic electrons/ions primarily on the facing-
Saturn side of Titan. However, such a conclusion deserves some
skepticism, since the observed zonal variations of heavy species
primarily rely on data obtained near the facing-Saturn side, as
shown in Fig. 1. Constraining the analysis to inbound measure-
ments further reduces the sample size, covering mostly the lon-
gitude range between 0° and 35°. For heavy species, very few
measurements are available on either the anti-Saturn side or the
magnetospheric ramside and wakeside, making it difficult to jus-
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tify the observed trend over a larger scale. In fact, what is most
surprising is that the zonal variations of heavy species are present
over such a small longitude range that covers only ~10% of the en-
tire surface of Titan. However, we will show in Section 4.3.5 that
these observed zonal variations are likely to be observational bi-
ases due to wall effects.

Finally, we perform Kendall's-t test for possible diurnal varia-
tions of heavy species. The corresponding correlation coefficients
are given in Table 7, calculated between the mixing ratio and
|t — 12| where t is the local solar time in hour. No significant cor-
relation or anti-correlation is found for any species.

4.3.5. Reliability check of the observed horizontal/diurnal variations

In the previous sections, we discuss possible horizontal and
diurnal variations of the thermal structure and neutral gas distri-
bution in Titan’s upper atmosphere above 950 km. However, the
sample distribution with respect to latitude, longitude and local
solar time may not be independent. This may introduce observa-
tional biases to the analysis of horizontal/diurnal variations, which
have to be examined carefully when interpreting the data. For ex-
ample, in the case when daytime measurements also preferentially
select measurements made over the magnetospheric ramside, then
in principle we cannot distinguish between the solar-driven model
and the auroral-driven model (assuming precipitation of energetic
ions/electrons is primarily on the ramside).

The observed horizontal/diurnal variations of heavy species are
subject to some additional uncertainties. First, in our analysis, we
scale their local densities with the simple power laws (see Fig. 16).
Such a procedure introduces additional uncertainties into the ob-
served variations, associated with the deviation of the true distri-
bution from the power law. Second, strictly speaking, the power-
law scaling to a common altitude of 1050 km rather than a com-
mon pressure level implicitly assumes that Titan’s thermosphere
is spherically symmetric. However, such an assumption may not
be valid (Miiller-Wodarg et al., 2008) and the observed horizontal
variations of heavy species might be contaminated by the actual
atmospheric shape. Finally, as mentioned above, though it is dif-
ficult to investigate the variations of heavy species based on the
abundances corrected for wall adsorption/desorption (since the pa-
rameters, pads and tfjr:?, are usually not well constrained), the
possible contamination of the observed variations by wall effects
has to be assessed at least in a qualitative sense.

4.3.5.1. Variations of heavy species In this section, we investi-
gate whether the observed horizontal/diurnal variations of heavy
species are reliable. These variations can be summarized as de-
pletion near the north polar region and accumulation toward the
sub-Saturn direction, but no apparent correlation with local solar
time. The density determination for these species relies exclusively
on the SVD analysis of inbound data, and only measurements be-
low 1200 km are considered.

In terms of the meridional variations of heavy species, the ef-
fect of thermospheric oblateness (Miiller-Wodarg et al., 2008) is a
major concern. Qualitatively, the isobaric surfaces near the equa-
tor are higher, implying an overestimate of the abundances of
heavy species at low latitudes, since we scale all measurements
to the same altitude rather than a common pressure level when
discussing the horizontal/diurnal variations (see above). Fig. 15
shows that the mixing ratio of the imaginary species, %n(Csz) +
%n(C2H4), remains roughly constant between 950 and 1200 km,
due to the fact that its scale height is close to the N, scale height.
Therefore, the observed C;H,/CoH4 depletion near the north pole
may not be significantly affected by the atmospheric shape. In the
other extreme case, CgHg presents the strongest altitude depen-
dence in Fig. 15. The CgHg scale height is roughly 30 km based
on the power law fitting shown in Fig. 16, and the scale height of

the background atmosphere is ~64 km. These give a difference of
~55% in the CgHg mixing ratio over a vertical extent of 45 km, cor-
responding to the altitude difference along the isobar between the
equator and north pole (Miiller-Wodarg et al., 2008). From Fig. 23,
the CgHg mixing ratio at the north pole also appears to be de-
pleted by ~50%, compared with the measurements made near the
equator. Therefore, the effect of thermospheric oblateness might be
strong enough to offset the observed meridional variation of CgHg.
Similar calculations performed for other species give a mixing ra-
tio difference of 3% for C;H,/CoHy, 21% for CH3CyH, 40% for C4Hy
and 33% for HC3N, over a vertical extent of 45 km. By compar-
ing with Fig. 23, the depletion of these heavy species near Titan’s
north pole may not be strongly affected by the atmospheric shape.
It should be born in mind that the above analysis assumes an
altitude difference of 45 km along the isobar between the equa-
tor and north pole (Miiller-Wodarg et al., 2008). Whether or not
the observed meridional variation can be counteracted by the ef-
fect of atmospheric oblateness is sensitive to the choice of this
value, especially for those species with strong altitude dependence.
Considering this, we have more confidence with the observed de-
pletion of CoH,/CoHy near Titan’s north pole, of which the mixing
ratios do not strongly vary with altitude.

Next, we check for possible biases caused by wall effects. We
find that longitude is correlated with time from C/A at 7.50 sig-
nificance level, estimated from the Kendall’s-t test. This implies
that measurements made near the sub-Saturn direction also con-
centrate near C/A when the contamination by wall effects becomes
more serious. This can be easily seen from Fig. 11, which shows
that along the inbound portion of the spacecraft trajectory, the
realistic instrument response increases toward the ‘ideal’ ram en-
hancement factor near C/A. This also implies that the mixing ratios
obtained from direct SVD fits to the inbound mass spectra near C/A
are closer to the true atmospheric values, compared with those ob-
tained away from C/A. We have shown in Section 4.3.4 that the
mixing ratios of heavy species tend to increase toward the sub-
Saturn direction, which according to the analysis here, might sim-
ply be an observational bias caused by wall adsorption/desorption.
The fact that zonal variations are not observed for the distributions
of 40Ar and C,H,/C,Hy further supports this point, since wall effect
is not involved for the former (see Fig. 5) and not as pronounced as
the other minor species for the latter (see Fig. 6). The same argu-
ment may not hold for the meridional variations of heavy species,
since the spacecraft approaches Titan from a wide range of latitude
covering the whole northern hemisphere and part of the southern
hemisphere, with the sample distribution in latitude independent
of time from C/A.

Finally, the simple power law fitting shown in Fig. 16 con-
tributes to additional uncertainties in the observed horizon-
tal/diurnal variations of heavy species. Based on the scattering
of the globally averaged densities around the best-fit power rela-
tion, we estimate for each heavy species the uncertainty associated
with the simple power law fitting, characterized by a mean frac-
tional variation. The largest uncertainty appears for C4H,, with a
factional variation of 59%. We examine 5000 random realizations,
each adopting a power law profile randomly fluctuated by 59% on
average around the best-fit relation shown in Fig. 16. These ran-
dom power laws are used to scale the observed C4H, mixing ratios
to a common altitude of 1050 km. We then perform Kendall's-t
test on these random samples, to investigate possible meridional
variation of C4H,. We find that the mean significance level of the
5000 random realizations is 2.3 + 0.8, with roughly 67% of the
C4H, random samples showing evidences of meridional variation
at more than 2o level and only 19% at more than 3o level. This in-
dicates that the uncertainty inherent in the adopted power law for
scaling tend to weaken the observed meridional variation of C4H,.
By applying such an analysis to all heavy species, we find that
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our conclusions on the meridional variations of heavy species are
likely to be contaminated significantly by the uncertainties associ-
ated with the simple power law fitting. However, the meridional
variations of most heavy species are still discernible at more than
20 significance level.

To summarize, we suggest that for heavy species, their deple-
tion near the north polar region and accumulation near the equa-
torial region are likely to be realistic features, though not signifi-
cant due to the uncertainties associated with the adopted power
law scaling. Possible atmospheric oblateness seems not strong
enough to offset the observed meridional variations of most heavy
species. On the other hand, realistic zonal and diurnal variations
are not observed for these species, with the apparent accumulation
near the sub-Saturn direction revealed by the INMS data likely to
be an observational bias due to wall effects.

4.3.5.2. Variations of light species and temperature We further check
the reliability of the horizontal/diurnal variations of the distribu-
tion of light species as well as temperature, presented in Sec-
tions 4.3.1-4.3.3. Here the contamination by atmospheric shape
is not a concern for the observed CH4 and Hy variations, since
throughout our analysis, we investigate their profiles as a function
of pressure rather than altitude. Also, no model dependent scal-
ing is applied to these light species, indicating that the additional
uncertainties associated with scatterings from the average verti-
cal profile is not a worry either. Along with the insignificance of
wall effects for these abundant species, the potential source of un-
certainty comes from selective sampling with respect to latitude,
longitude and local solar time. For the variations of light species,
we will concentrate on CH4 only, since we have mentioned above
that the variations of H, present a more complex pattern, proba-
bly due to the rapid thermal escape as well as large ballistic flow
in Titan’s exosphere for this species.

First, we notice that the dayside hemisphere also preferentially
selects high latitude measurements with a distribution peaking at
~75° N, as shown in the upper panel of Fig. 25. This indicates
that the observed diurnal temperature variation, represented by
a warmer nightside on Titan, may simply be a side-effect of the
meridional variation due to biased samplings of the dayside and
nightside hemispheres. Similarly, the observed diurnal variation of
CHy4, as shown in Fig. 22, might be explained by the same argu-
ment, since the dayside hemisphere where enhanced mixing ra-
tios are observed for CHy is coincident with high latitude regions
where accumulation of light species is expected.

We also find that the latitude distribution in different longitude
sectors are not exactly identical, as shown in the lower panel of
Fig. 25. The ideal magnetospheric wakeside of Titan significantly
overlap with high latitude regions. This implies that the lower
thermospheric temperature, as well as CH4 accumulation, obtained
for this region may simply reflect an observational bias due to the
fact that Titan’s polar regions are cooler.

The above analysis is based on an inherent assumption that
the meridional variations of temperature and CHy4 distribution pre-
sented in Section 4.3.1 are real physical features (e.g., Miiller-
Wodarg et al., 2008). In principle, we may also accommodate the
observed variations into an alternative scenario in which Titan’s
wakeside is cooler. With such an assumption, the lower tempera-
ture obtained near the north pole turns out to be an observational
bias due to restricted sampling. A third possibility is that a cooler
dayside in Titan’s thermosphere is a real feature (though may not
be physically motivated), and the observations of both cooler polar
regions and cooler wakeside are observational biases.

The analysis of the horizontal/diurnal variations presented here
is aimed at identifying whether the thermal structure and gas
distribution in Titan’s upper atmosphere is driven by solar EUV
photons or by precipitating ion/electrons from Saturn’s magneto-
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Fig. 25. Upper panel: A comparison between the latitude distributions for Titan’s
dayside and nightside hemispheres. The dayside subsample preferentially selects
measurements made in high latitude regions. Lower panel: A comparison between
the latitude distributions for Titan's ramside and wakeside. The wakeside subsample
is strongly biased toward high latitude regions.

sphere. As we have mentioned above, the former suggests a pat-
tern that varies with both local solar time and latitude, while the
latter suggests a pattern that may vary with longitude. While our
analysis does suggest tentatively that Titan’s ramside appears to be
warmer with some signature of CH4 depletion, a solid assessment
of the importance of auroral-driven energetics and dynamics in Ti-
tan’s upper atmosphere requires a full investigation that reconciles
all the observed horizontal/diurnal variations.

To disentangle the couplings between different models, the key
might be additional information on Titan’s thermosphere obtained
near the equator and simultaneously on the wakeside. Such a
dataset does exist, though in Titan’s southern hemisphere: Below
1500 km, the T37 flyby covers Titan’s low latitude regions near
20° S, over Titan's wakeside, as well as during the daytime. The
barometric fitting of the N, densities obtained from the T37 data
gives a very low temperature of 135.6 &+ 1.4 K, consistent with
auroral-driven models but contradictory to the solar-driven mod-
els. However, as emphasized by Miiller-Wodarg et al. (2008), the
observed density profile from any individual flyby may be signifi-
cantly biased by variations along the spacecraft trajectory. This is
further complicated by the fact that Titan’s thermosphere may not
be symmetric about the equator. At the present time, the restricted
sampling of the available INMS data does not allow a firm conclu-
sion on the realistic horizontal/diurnal variations to be made.
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5. Concluding remarks

In this paper, we present an in-depth study of the neutral gas
distribution in Titan’s thermosphere above 950 km, combining the
INMS data in the CSN mode acquired during 15 Titan flybys. The
sample adopted in this work preferentially selects measurements
made over Titan’s northern hemisphere, toward the facing-Saturn
side, and exclusively at solar minimum conditions.

Determination of the densities of neutral constituents in Titan’s
upper atmosphere is complicated by the fact that the counts in
a particular mass channel are likely to be contributed by more
than one species. In order to untangle these overlapping crack-
ing patterns between different species, we adopt Singular Value
Decomposition (SVD) to constrain the densities of all species si-
multaneously (Press et al., 1992). Various tricks are adopted in the
SVD analysis to minimize the coupling between different species,
the number of free parameters in the fit, as well as uncertainties
of the derived densities. These include (1) calculating the densi-
ties of N; and NN directly from counts in channels 14, 28 and
29, which are then used to fix the densities of NN according
to the observed nitrogen isotope ratios; (2) treating the combi-
nation of C;H, and CyHg as an imaginary species, in the form of
3n(CoH2) + 1n(CoHa); (3) determining the *CHy densities from an
ad-hoc carbon isotope ratio, with diffusive separation taken into
account; and (4) adopting a scheme in which whether a given
species is included in the SVD fit depends on its signal-to-noise
ratio in one of its main channels.

With the procedures described above, we divide the whole
sample into 133 individual mass spectra, obtained by averag-
ing over different altitude bins for any given flyby. Inbound and
outbound measurements are treated separately. Error analysis
shows that for relatively abundant species such as CHg, Hy and
CyHy/CoHy, uncertainties due to sensitivity calibration are the
dominant sources of error, whereas for most minor species, those
due to counting statistics are more important.

For most minor neutral species in Titan’s upper atmosphere,
the density measurements show clear asymmetry about C/A, in
the sense that density enhancement is always observed during the
outbound legs. This can be interpreted as a result of wall effects,
which can be either adsorption/desorption of incoming molecules
or heterogeneous surface chemistry on the chamber walls. The
wall effect has also been used to argue for the detection of NH3
based on the INMS data. We propose a simple model to describe
the processes of adsorption/desorption, assuming a constant ad-
sorption probability and a desorption time constant inversely pro-
portional to the N, density in the INMS chamber. Such a model
reasonably reproduces the observed time behavior of several heavy
species, and suggests that both the inbound and outbound mea-
surements tend to underestimate the true atmospheric abundances
by as large as an order of magnitude, when taking into account
ram pressure enhancement only. However, in most cases, possible
values of the adsorption probability and desorption time constant
are not well constrained, leading to relatively large uncertainties
of the true atmospheric abundances. For several species, including
CgHg, C7Hg and NHs, the simple model of adsorption/desorption
may not be valid since heterogeneous surface chemistry on the
chamber walls might be of more importance, due to the relatively
high abundances of the associated radicals in the ambient atmo-
sphere (Vuitton et al., 2008). For Ny, CHs, Hy and “%Ar, the wall
effects are negligible, since the average inbound and outbound pro-
files are nearly identical. We use both the inbound and outbound
data in our analysis of the distribution of N, CHs4, Ho and “%Ar
(as well as their isotopes) in Titan’s upper atmosphere. For other
minor species, we present both their abundances directly obtained
from the inbound measurements adopting the ‘ideal’ ram enhance-

ment factor (see Table 3), and their abundances corrected for wall
adsorption/desorption (see Table 4).

We perform an analysis of the globally averaged density dis-
tribution of N, CH4 and H; in Titan’s upper atmosphere between
950 and 1500 km. The barometric model fitting of the N, profile
gives a best-fit thermospheric temperature of 151.0 £ 1.5 K, con-
sistent with previous determination (Vervack et al., 2004; Yelle et
al., 2006; Cui et al, 2008). The average CH4 and H, profiles are
each described by the diffusion model, which constrains their most
probable fluxes as 2.6 x 10° cm~2s~! and 1.1 x 101 cm =251, re-
ferred to Titan’s surface. An eddy profile given by Yelle et al. (2008)
is adopted in the diffusion model fitting. The H, flux is higher than
the Jeans value by nearly a factor of 3, which has been interpreted
as enhanced thermal escape primarily driven by an upward con-
ductive heat flux (Cui et al., 2008). However, the interpretation of
the CH4 flux requires non-thermal escape processes (De La Haye et
al., 2007a, 2007b; Yelle et al., 2008).

Among all the minor species included in our spectral analy-
sis, we have firm detections of Cy;Hy, CoHg, CoHg, CH3CoH, C4Ho,
CgHg, CH3CN, HC3N, C3N, and NH3, based on direct inbound mea-
surements. However, the detection of NH3 in Titan’s upper atmo-
sphere deserves some caution, since a significant fraction of the
observed NH3 molecules might be those formed on the chamber
walls from N and H radicals in the ambient atmosphere. Upper
limits are put for C3Hg, C4Hg, C;Hg, C2H3CN, H,0 and COy, in a
global average sense. The abundances of heavy hydrocarbons and
nitrogen-bearing species derived directly from the INMS neutral
data are systematically lower than the values predicted from the
ion-neutral chemistry model with ion densities obtained from the
INMS data in the OSI mode (Vuitton et al., 2007). However, with
reasonable corrections for wall adsorption/desorption, both works
reach consistent results.

Finally, the INMS data also show some signature of horizon-
tal/diurnal variations of temperature and neutral gas distribution
in Titan’s thermosphere, which can be summarized as follows:
(1) The equatorial regions appear to be warmer, and present some
evidences for the depletion of light species such as CHy as well
as accumulation of some heavy species. The meridional variation
of Hy shows a more complex pattern, with enhanced mixing ra-
tios present at mid latitudes. (2) The magnetospheric ramside of
Titan appears to be warmer than the wakeside. The distribution of
CHy4 is found to be depleted at the ramside and accumulated at
the wakeside. The zonal variation of Hy seems to present a dif-
ferent pattern. No reliable zonal variation of heavy species can be
concluded. (3) Titan’s nightside hemisphere appears to be warmer
than the dayside, and shows depletion of light species includ-
ing both CHs and H;. No diurnal variation is observed for heavy
species.

While some of the above variations might be interpreted by
either the solar-driven models or auroral-driven models, propos-
ing a physical scenario that reconciles all the observed horizon-
tal/diurnal variations in a consistent way is not easy. This requires
a careful evaluation of the effect of restricted sampling. Especially,
we notice that the available INMS measurements made near the
north polar region also preferentially select the wakeside and day-
side of Titan. This implies that from a pure observational point of
view, we can not distinguish between a cooler north pole, a cooler
wakeside and a cooler dayside. The observed horizontal/diurnal
variations of Hy present a further complication, and the effects of
rapid thermal escape and large ballistic flow in the exosphere may
also be important.
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Appendix A. Calibrations

We present in this appendix the details of the INMS data cal-
ibration in the CSN mode. Specifically, we take into account cal-
ibration of sensitivities, ram pressure enhancement, saturation in
the high gain counter, thruster firing contaminations, subtraction
of background counts, as well as channel crosstalk.

A.1. Sensitivities

The laboratory sensitivity calibration of the INMS flight unit
(hereafter FU) was performed at Goddard Space Flight Center
(GSFC) prior to launch (Waite et al., 2004). This pre-flight calibra-
tion was performed with the principle non-reactive neutral species
expected on Titan, including Ny, CHa, Hy, C;H3, CoHy and CAr. In
addition, He and Kr were also chosen as reference species. Espe-
cially, Kr was used to characterize the FU performance for large
M/Z (Waite et al., 2004). The calibration with Kr is important be-
cause of the presence of heavy hydrocarbons on Titan, such as
CgHg (Vuitton et al., 2008).

Characterization of INMS performance was continued during
the post-launch period with the engineering unit (hereafter EU),
including additional neutral species that had not been calibrated
pre-flight. After the initial EU characterization immediately post-
launch, the EU sensor ion sources were refurbished to better rep-
resent FU. This refurbished engineering unit (hereafter REU) has
been used since early 2006 to characterize a large number of gases
of scientific interest on Titan guided by preliminary INMS results.
Because of differences in the response of the FU and REU, it is
necessary to derive an algorithm to transfer the REU sensitivities
for the newly calibrated gases to the FU. This algorithm, described
below, is based on the gases common to both the FU and REU cal-
ibrations.

It is also worth mentioning that the FU and/or REU characteri-
zations of several species were performed on mixtures of reference
gases with isotopes (e.g., N, and N™N, 12CH, and 3CHg4, “%Ar
and 36Ar). Before calibration between the FU and REU sensitivi-
ties is made, we separate the relative contributions from the main
gas and its isotope with the appropriate terrestrial isotope ratios.
The procedure for correcting for isotope ratios will not be detailed
here.

A.11. Calibrations of peak sensitivities between flight unit (FU) and
refurbished engineering unit (REU)

We present several possible schemes for calibrating the peak
sensitivities between the FU and REU characterizations. The cal-
ibration depends on eight species for which both FU and REU
sensitivities are available, including H,, He, CHg4, C;Hy, Ny, CyHy,
Ar, Kr and their isotopes. The peak sensitivity of a neutral species
always refers to the highest value shown in its cracking pattern.
For most species, the channel of peak sensitivity corresponds to
the singly ionized state of the parent molecule.

One possible scheme for calibrating peak sensitivities is to ex-
amine the offsets between FU and REU values, i.e., Spy-Sgreu. The
upper panel of Fig. 26 shows that although the scattering is rela-
tively large, the offset varies approximately linearly with M/Z. The
best-fit linear relation is given by the solid line in the figure. The
lower panel of Fig. 26 presents the relation between REU peak sen-
sitivities and M/Z, with the solid line giving the offsets that need to
be applied to obtain the FU values. We see that for several heavy
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Fig. 26. Upper panel: The difference between the FU and REU peak sensitivities
shown as a function of peak M/Z. All FU/REU measurements can be roughly fit-
ted with a linear relation. Lower panel: The REU peak sensitivities as a function
of peak M/Z. The solid line represents the offset, Spy — Sggy that needs to be ap-
plied to get the corresponding FU values. For several heavy neutral species (C4He,
CH3CN, CgHg and C7Hg), the required offsets are comparable with or greater than
the measured REU sensitivities.

species (C4Hg, C2H3CN, CgHg and C7Hg), the required offsets are
comparable with or even greater than the measured REU sensitiv-
ities. This raises a conceptual difficulty, in the sense that the peak
sensitivity for a heavy species might be largely controlled by the
offset alone, independent of the actually measured REU value. This
is a physically unrealistic situation, and the scheme for calibration
based on offset is therefore not adopted in this work.

As an alternative scheme, we normalize the REU sensitivities
to the FU values with a direct scaling, as shown in Fig. 27a. Ex-
cept for Kr, the correlation between the FU and REU values can be
reasonably described by a linear relation, shown as the solid line
in Fig. 27a. However, the Kr data are quite badly fit by the lin-
ear relation. This is a serious failure because Kr is the only species
available for characterizing the high-mass end of the INMS spec-
trum, and it is important to adopt a calibration scheme that is
valid for this species.

We further investigate a different linear relation between the
FU and REU peak sensitivities, in which data from both FU and REU
are scaled by the cross section of electron impact ionization for the
species in question. Such a scaling is physically motivated, since
the probability of ionization by electron impact is proportional to
the corresponding cross section. The relation between the FU and
REU peak sensitivities scaled by cross section is shown in Fig. 27b,
indicating that measurements for Kr are still outliers, similar to the
unscaled case.

The way that an ionized molecule passes through the switching
and focusing lens system depends on M/Z (Waite et al., 2004). This
motivates us to investigate the relationship between the FU and
REU peak sensitivities, when both are scaled by M/Z of the disso-
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in panel c is given by Eq. (A.1).

ciative fragments. Such a relation is presented in Fig. 27c, which
shows that all species, including Kr, lie approximately on a straight
line given by

(M/2)~ ' Spy = 3.32 x 107 + 1.29(M/Z) "' Sgeu, (A1)

where Sgy and Sggy represent the FU and REU peak sensitivities in
units of counts (cm—3s)~!. We adopt this relationship to transfer
REU sensitivities to the FU. However, for species for which both
REU and FU calibrations are available, the FU peak sensitivities are
always used.

An estimate of the uncertainties of peak sensitivities is required,
which can be used to determine the density errors of the ambient
atmosphere from the INMS data (see Section 3.4). The measured
uncertainties of the lab data due to counting statistics are very
small, as compared with the scatterings of the lab data from the
best-fit relation (Eq. (A.1)). To characterize the scatterings of the
lab data, the uncertainties for the two coefficients in Eq. (A.1) are
calculated from the corresponding covariance matrix. These are
then used to calculate the uncertainties of the peak FU sensitiv-
ities. The peak sensitivities for all neutral species included in our
spectral analysis, appropriate for the FU characterization, are listed
in Table 8, with 1o relative uncertainties. The relative uncertainty
tends to increase with mass, and can be as large as 10% for com-
plex species such as C4Hg and C;Hs. The origins for the listed
sensitivities are also indicated in Table 8, either directly taken from

Table 8

Flight unit peak sensitivities. Values in parentheses are calibrated REU values ac-
cording to Eq. (A.1), while the remainings are directly measured FU values. All
sensitivities are in units of 10~% counts (cm™3s)~!.

Species Name Peak M/Z Sru o (Sru)/Sru
Hy Hydrogen 2 3.526 0.018
HD Deuterium hydride 3 1.857 0.021
CHy Methane 16 6.833 0.025
13CHy Methane 17 6.563 0.027
(NH3) Ammonia 17 5.068 0.032
(H20) Water 18 4.696 0.036
CoHjy Acetylene 26 9.310 0.028
(HCN) Hydrogen cyanide 27 5.809 0.042
CaHy Ethylene 28 6.836 0.038
Ny Nitrogen 28 5.931 0.044
1aNI5N Nitrogen 29 5.638 0.047
(5NBN) Nitrogen 30 6.498 0.042
(C2Hs) Ethane 28 7.478 0.035
36Ar Argon 36 7.872 0.042
40Ar Argon 40 7.811 0.046
(CH,CoHy) Allene 40 6.368 0.055
(CH3CGzH) Methyl acetylene 40 5.288 0.066
(CH3CN) Acetonitrile 41 6.343 0.057
(CsHs) Propane 29 5.787 0.045
(COy) Carbon dioxide 44 8.154 0.048
(C4H3) Diacetylene 50 6.396 0.068
(HC3N) Cyanoacetylene 51 7.244 0.061
(C2N3) Cyanogen 52 6.737 0.067
(C2H3CN) Acrylonitrile 53 4.569 0.099
(C4Hs) 1,3-Butadiene 54 3.895 0.118
(CaH5CN) Propanenitrile 28 4.374 0.056
(CeHs) Benzene 78 8.460 0.079
(C7Hg) Toluene 91 7.516 0.103

pre-flight measurements, or calibrated from the REU values accord-
ing to Eq. (A.1).

We notice that the best-fit linear relation given by Eq. (A.1) has
a finite offset, implying that the predicted FU peak sensitivity is
non-zero even if the REU calibration gives a zero sensitivity. Al-
though this is a physically unrealistic feature, the smallest peak
sensitivity (scaled by M/Z) among all species appears for C4Hg with
a value of 7.22 x 10~ counts (cm~3s)~!. This is more than a factor
of 2 greater than the offset value of 3.32 x 10~6 counts (cm—3s)~!,
implying that the potential errors associated with the non-zero off-
set in Eq. (A.1) are not significant.

Finally, we emphasize that the REU-to-FU conversion according
to Eq. (A.1) is chosen to be valid for Kr, which is the only species
available for characterizing the high-mass end of the INMS spec-
trum. Accordingly, such a scheme gives different peak sensitivities
for heavy species such as CgHg, as compared with the other two
schemes in Figs. 27a and 27b. On the other hand, different schemes
give similar peak sensitivities for relatively light species, since all
of them work reasonably well at the low mass end. More specif-
ically, we notice that the peak sensitivity of CgHg calculated with
Eq. (A1) is 32% higher than the value from unscaled conversion
(Fig. 27a) and 11% lower than the value from conversion scaled by
cross section (Fig. 27b). In contrast, the difference in peak sensitiv-
ities of CuHg is only ~5% for different schemes. These facts imply
that different schemes of the FU-to-REU conversion give similar
abundances for relatively light neutral species but significantly dif-
ferent results for heavy ones. However, as addressed in Section 4.1,
the primary uncertainties in the derived densities of minor species
are more likely to be associated with wall effects.

A.1.2. Cracking patterns

In addition to the peak sensitivity, the cracking pattern of a
given neutral species, i.e., the ratios of the sensitivities of vari-
ous dissociative fragments to the peak sensitivity, also requires
calibration between the FU and REU measurements. We show in
Fig. 28 the FU and REU branching ratios for several species, in-
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cluding Ny, CH4, CoHy, CoHg and Ar. Typically, the REU and FU
cracking patterns are nearly identical. Fig. 28 shows that the cali-
bration between the REU and FU branching ratios can be described
by a log-linear relation with the form

log bpy = 0.007 + 1.014 log brgu, (A2)

where bpy and brgy represent the FU and REU branching ratios.
Such a log-linear relation is given by the solid line in Fig. 28.
Similar to the calibration of peak sensitivities, for all species with
FU characterization available, the FU cracking patterns are always
adopted. For gases with only REU measurements, Eq. (A.2) is used
to predict the corresponding FU cracking patterns. The corrections
according to Eq. (A.2) are small, ranging between 0.5% and 7%.

Uncertainties of the inferred branching ratios are estimated
from the errors of the two coefficients in the log-linear relation
given by Eq. (A.2), which are calculated from the corresponding co-
variance matrix. On average, the relative uncertainties of branching
ratios are ~4%. Also notice that the calibration of cracking pattern
presented here depends on the measurements of dissociative frag-
ments with M/Z < 20. A simple extrapolation to heavy fragments,
encountered in the cracking patterns of heavy neutral species such
as CgHg, is implicitly assumed in the calibration.

Additional calibration of the cracking pattern is required to
guarantee that densities of a given species derived from differ-
ent channels are consistent. As an example, we find that the N;
densities determined from channel 28 are not identical to those
determined from channel 14. As pointed out by Yelle et al. (2006),
this may reflect a change of the INMS sensitivity to N at chan-
nel 14, likely to be caused by excess kinetic energy imparted to
N* ions through electron impact dissociative ionization of N,. This
may influence the N, branching ratio at channel 14, by affecting
the way that the fragment ions are transmitted through the INMS
ion optics. To correct for this, we calculate for each flyby the ratio
of the N; density profile determined from channel 28 to that de-
termined from channel 14, between 1100 and 1450 km. For each
flyby, the average ratio is taken as a constant scaling factor, which
is then used to calibrate the branching ratio of N, at channel 14
to guarantee that the N, densities determined from channel 14 are
consistent with those determined from channel 28.

A similar procedure is performed for calibrating the branching
ratios of CHy at channels 12, 13 and 15. An analogous scaling fac-
tor for CH4 at channel 14 is not considered, since it is coupled to
the issue of Ny calibration at the same channel. An illustration is
given in Fig. 29, with the solid circles representing N, (CH4) densi-
ties determined from counts in channel 28 (16) and the plus signs
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Fig. 29. The N, and CH4 density profiles (for the inbound T32 measurements) as a
function of altitude, determined from counts in different channels. The solid circles
represent densities determined from counts in the main channel (28 for N, and 16
for CH4), while the plus signs represent those from counts in a secondary channel
(14 for N and 12 for CHg). The open diamonds are densities determined from the
secondary channels, scaled to ensure agreement with densities determined from the
peak channels.

representing those determined from counts in channel 14 (12)
adopting the uncalibrated branching ratios. Offsets are clearly seen
between them. The open diamonds in Fig. 29 give the densities
derived from the calibrated branching ratios, which are consistent
with those determined from the peak channels. The mean scal-
ing factors are 0.83 £ 0.03 for Ny at channel 14, 0.78 £ 0.02 and
0.82+0.01 for CHy4 at channels 12 and 13, where the errors quoted
here reflect scatterings among different flybys. The CHy4 scaling fac-
tor at channel 15 is very close to unity for all flybys.

In principle, a similar calibration is required for other species.
However, a full knowledge of all the individual scaling factors is
impossible, due to the coupling between cracking patterns of these
species. In addition, introducing too many scaling factors is equiv-
alent to introducing the same number of free parameters in the
overall fit of an observed mass spectrum, which is practically un-
realistic and unnecessary. For simplicity, such a correction for other
species is not attempted in this work. However, it should be born
in mind that the neglect of this effect may introduce additional
uncertainties as large as ~20% in the derived densities of a neu-
tral species, unless the densities are primarily estimated from the
peak channel.

A.2. Ram pressure enhancement

The INMS response in the CSN mode, in terms of the ram pres-
sure enhancement factor, is shown in Fig. 30, for several species
with different molecular masses. For instrument configurations
with the angle of attack (the angle between the INMS aperture
normal and the spacecraft velocity) smaller than 90°, an enhance-
ment of the ambient number density is achieved by limiting the
conductance through the transfer tube (to the ionization region)
and maintaining the high conductance through the entrance aper-
ture (Waite et al., 2004). With the presence of the spherical an-
techamber, the closed source has a geometric field of view as wide
as 2m steradians, and the angular response varies as the cosine
of the angle of attack (Waite et al., 2004). The ram enhancement
factor increases with molecular mass. At a temperature of 150 K
for the ambient atmosphere, the maximum enhancement factor,
which appears for zero angle of attack, ranges from 13.5 for Hy, 38
for CHa, 50 for Ny, 60 for “°Ar, to 84 for CgHg. For angles of attack
greater than 90°, the instrument response drops to zero, and the
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Fig. 30. The INMS instrument response in the CSN mode (the ram enhancement
factor), as a function of angle of attack, i.e., the angle between the aperture normal
and the spacecraft velocity vector. Several species with different molecular masses
are shown, assuming a spacecraft velocity of 6 kms~!, a temperature of 150 K in
the ambient atmosphere, and a chamber wall temperature of 300 K. The instrument
response increases with molecular mass and varies approximately as the cosine of
the angle of attack.

spacecraft configuration does not allow the recording of any useful
data of the ambient atmosphere.

The instrument response mentioned above implies an effective
peak sensitivity for any given species that is equal to the ac-
tual sensitivity multiplied by the corresponding ram enhancement
factor (see also Section 3.1). The dependence of the instrument
response on molecular mass, angle of attack, as well as the tem-
perature of the ambient gas can be predicted from the kinetic
theory, which estimates the number density in the antechamber
by balancing the incoming flux at the spacecraft velocity with the
outgoing flux at the thermal velocity corresponding to the wall
temperature (Waite et al., 2004). Throughout this work, the ram
enhancement factor is calculated from the kinetic theory with a
fixed spacecraft velocity of 6 kms~!, a temperature of 150 K in the
ambient atmosphere, and a chamber wall temperature of 300 K.

The above discussion on ram pressure enhancement implicitly
assumes that the incoming molecules through the entrance aper-
ture collide elastically with the chamber walls, and effects such
as adsorption/desorption and heterogeneous surface chemistry are
not involved. However, such an assumption may not be correct, as
described in Section 4.1.

A.3. Saturations

The INMS has both a high gain counter (hereafter CV) and
a low gain counter (hereafter C‘®). In more detail, two electron
multipliers are electronically biased to allow most of the ions to
be deflected into the primary detector, with the remaining being
scattered into the secondary one (Waite et al., 2004). This design
increases the overall dynamic range of INMS measurements by a
factor of 1500 (Waite et al, 2004). When not saturated, the C(V)
counts, with much higher signal-to-noise ratios than C®, are al-
ways used for density determination. However, the C!) counts for
channels 14, 15, 16, 28 and 29 are likely to be saturated at low alti-
tudes, leading to an underestimate of the densities of N, CH4 and
4N5N in the ambient atmosphere. This typically happens as the
signal approaches a level of ~10° counts per IP in the CV) counter.
Correction for saturation requires a determination of the ¢ /C®
conversion ratio, which is assumed to be constant for a given mass
channel and for a given flyby in our work. At low altitudes, these
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Fig. 31. The count rates in channels 14 and 28 as a function of altitude, adopted from
the INMS measurements made during the inbound T32 flyby. Solid triangles and
circles represent data recorded at the CV counter, while plus signs and asterisks
represent data recorded at the C counter, multiplied by the average conversion
ratios of 5792 for channel 28 and 5606 for channel 14. The CV count rates are
saturated at altitudes below ~1200 km for channel 28 and below ~1020 km for
channel 14.

conversion ratios are used to scale the C2 counts to the actual
C counts, from which unbiased densities can be determined.

We calculate the CV/C® conversion ratios for channels 14,
15, 16, 28 and 29 with the following procedure. First, we correct
all ¢ counts for saturation assuming a detector dead time of
3.26 x 1078 s (Waite et al., 2004). Adopting a threshold count rate
of 1.0 x 10° counts/IP, we then determine the altitude boundary
where the CV counts for the given channel reach the thresh-
old. Regions below this altitude are considered to be saturated for
that channel. Finally, we examine the linear correlation between
the CV and C@® counts, with the best-fit slope adopted as the
CcM/Cc@ conversion ratio for that channel. In such a procedure,
only inbound data are considered, to avoid possible problems as-
sociated with detector fatigue. Such problems are evident for the
T16 flyby and could be present at a less obvious but still troubling
level for other flybys.

The CV/C? conversion ratio, which is assumed to be constant
for each flyby, varies for different channels. The average values are
5606 + 288 for channel 14,4237 + 233 for channel 15,3977 + 186
for channel 16,5792 £ 255 for channel 28, and 5741 + 315 for
channel 29, where the uncertainties represent standard deviations
among different flybys. An illustration of the C'/C® conversion
is given in Fig. 31 for the inbound T32 data. The solid circles (tri-
angles) represent C) counts of channel 28 (14), and the asterisks
(plus signs) represent the corresponding C®’ counts multiplied by
the average conversion ratio. Throughout this work, the average
values of the C(V-C conversion ratios are adopted to correct for
saturation in channels 14, 15, 16, 28 and 29, for all flybys.

A.4. Thruster firings

For channel 2, additional corrections for thruster firings are re-
quired (Yelle et al., 2006; Cui et al., 2008). The Cassini spacecraft
thrusters operate with hydrazine (NyHg), with Hy being a signif-
icant component of the thruster effluent. This effect is usually
manifest as large excursions from the expected counts in chan-
nel 2, interspersed over the whole altitude range over which mea-
surements were made. In most cases, contamination by thruster
firings is serious near C/A when thrusters fire frequently to offset
the torque on the spacecraft due to atmospheric drag (Yelle et al.,
2006). Regions thought to be contaminated by thruster firings are
identified by correlating with accumulated thruster operation time,
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Fig. 32. The count rates in channel 2 as a function of altitude, for the inbound
T30 flyby. Overplotted on the count rate profile is the information of accumulated
thruster operation time on 1 s intervals. Each thruster firing nominally lasts 0.125 s,
from which we calculate the total number of thruster firings in each 1 s interval.
This number is shown on an arbitrary linear scale, at altitudes that coincide with
real measurements made in channel 2. The channel 2 counts rejected from the spec-
tral analysis due to thruster firing contaminations are shown as the open circles,
while those uncontaminated are shown as the solid circles.

accompanied by eyeball checking (Cui et al., 2008). The counts
in channel 2 for these regions can be replaced by the values in-
terpolated from surrounding measurements unaffected by thruster
firings for each flyby. The contamination of channel 28 counts by
the same effect is ignored here, since the N, densities of the am-
bient atmosphere are much higher than those of the spacecraft
effluent.

An example of the thruster firing contaminations is shown in
Fig. 32, for the inbound T30 measurements. The open (solid) circles
represent channel 2 counts which are thought to be contaminated
(uncontaminated) by this effect. Also shown on the figure is the
information on the accumulated thruster operation time on 1 s in-
tervals. Each thruster firing nominally lasts 0.125 s, from which we
calculate the total number of thruster firings in each 1 s interval.
This number is shown on an arbitrary linear scale in Fig. 32, at al-
titudes that coincide with real measurements made in channel 2.
Fig. 32 shows that the total number of thruster firings is not ex-
actly correlated with the apparent deviations of channel 2 counts.
Eyeball checking and manual rejection are sometimes required, in
order to obtain a reasonable correction for the thruster firing con-
taminations.

A.5. Subtraction of background counts

A.5.1. Empirical background model

A typical INMS mass spectrum at low altitudes shows clear
peaks centered in isolated mass channels, superimposed on a
broad smooth spectrum extending over the whole M/Z range from
1 to 99 Daltons. While the isolated peaks are clearly associated
with neutral constituents in the INMS antechamber, the broad
spectrum is interpreted as background signals.

To subtract the background spectra, we construct an empirical
model, B(M/Z), defined as the sum of a constant level and the
convolution of a square function with a Gaussian kernel,

+é
o (M/Z — m)?
BMZ) = / hexp[—T]dm+c, (A3)
mo—%

where c is the constant level, h, mp and A are the height, center
and width of the square function, w is the width of the Gaussian
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Fig. 33. The width of the Gaussian kernel, the center and width of the square func-
tion for the empirical model fitting of the background mass spectra (see Eq. (A.3)).
Solid and open symbols stand for inbound and outbound, respectively. The values
of the Gaussian width have been artificially offset by +5 Dalton to make them sep-
arate from the width of the square function in the figure. All parameters shown
in the figure appear to be constant with altitude. The mean values, given by the
dashed lines, are 14.2 for the width of the Gaussian kernel, 25.7 for the center of
the square function, and 12.2 for the width of the square function. These mean val-
ues are fixed in the empirical background model fitting.

kernel. There are consequently five free parameters in the empiri-
cal model fitting.

In practice, for a given mass spectrum, we determine the con-
stant level, ¢ by taking the average of all counts in channels with
M/Z > 65. Channels 73-80 and 90-91 are not included, to avoid
possible contributions from CgHg and C;Hg molecules in the am-
bient atmosphere (or the INMS antechamber). The most probable
values for the other parameters in the empirical model are de-
termined by a Levenberg-Marquardt least-squares fit to measured
counts with the constant level subtracted (Press et al., 1992). Ex-
cept for mass slots associated with CgHg and C;Hg, channels 12-
18, 24-30, 39-40, 44, 49-52, 61-62 are also excluded in the back-
ground fitting, since these channels are likely to be contributed
by various neutral species in Titan’s upper atmosphere (see Sec-
tion 3.3).

Because the signals in the background spectra are relatively
low, an accurate determination of the model parameters is some-
times difficult. This is an especially serious concern at high alti-
tudes where the Levenberg-Marquardt least-squares fit occasion-
ally gives unrealistic parameter values for h, A, mg or w (e.g.,
negative). Usually, this happens when many channels under con-
sideration have zero counts.

To avoid the above difficulty, we first consider measurements
made at altitudes below 1000 km and typically binned by 25 km,
where values of all the free parameters can be determined accu-
rately. Although the binsize is smaller than the spatial resolution
of 56 km for most channels (see Section 2), a binned spectrum
typically incorporates 2-3 consecutive measurements in any given
channel, due to the inclination of the spacecraft trajectory with re-
spect to vertical. The empirical fitting for each flyby is performed
on the mass spectra with count rates in all channels interpolated
to a common altitude grid defined by channel 26, i.e., the main
peak channel of C;H; (see Table 8).

We present in Fig. 33 the variations of the parameters w, A
and mg, which show that their values are approximately indepen-
dent of altitude. Notice that the values of w have been artificially
offset by +5 Dalton to make them separate from A in the figure.
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Fig. 34. The constant level (squares) and the height of the square function (five-
stars) for the empirical model fitting of the background mass spectra (see Eq. (A.3)).
Solid and open symbols stand for inbound and outbound, respectively. Both param-
eters show strong altitude variations.

The negligible variations of these parameters with altitude suggest
us to adopt the mean values of w, A and mg as fixed model pa-
rameters at all altitudes and for all flybys. Specifically, we adopt
w=14.2+1.3, A=12.2+1.0 and my =25.7 0.3, where all val-
ues are in units of Dalton and the 1o errors represent standard
deviations. With these fixed values, we run Levenberg-Marquardt
least-squares fit again on the unbinned spectra, and the values for
the remaining parameter, h at all altitudes can be reliably deter-
mined from the data. The variations of this parameter, as well as
the constant level, ¢ are presented in Fig. 34, both of which show
strong altitude dependence. It also appears that both parameters
tend to be constant with altitude above ~1100 km. A typical ex-
ample of the empirical background fitting is shown in Fig. 35, for
the inbound T16 observation at an altitude of ~995 km. Values
for w, A and mg are fixed in the fitting, whereas ¢ and h are
treated as free parameters. Such a scheme is adopted throughout
this work.

The errors associated with the background signals are estimated
with a Monte-Carlo method, in which the mean values and uncer-
tainties of all free parameters in the empirical background fitting
are estimated from the spread of points in Figs. 33 and 34, taking
into account possible altitude variations. By choosing random val-
ues of model parameters, we calculate 1000 random background
spectra at any given altitude. The spread of these background
model counts is used to represent the uncertainties associated
with the background model. This procedure is repeated for all al-
titudes between 950 and 1200 km, which essentially constructs an
error matrix depending on both altitude and M/Z.

Finally, we discuss briefly the potential sources for the back-
ground spectra. The fact that the background counts decrease with
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Fig. 35. The empirical model fitting of the background spectrum for the inbound
T16 data at an altitude of ~995 km. The histogram shows the full observed mass
spectrum, and the solid line gives the best-fit background model. The model fitting
is based on counts in channels not affected by neutral constituents in the ambient
atmosphere, represented by the solid circles.

increasing altitude suggests that these signals are related to pro-
cesses in the ambient atmosphere. Titan’s thermosphere coexists
with an ionosphere (e.g., Bird et al., 1997; Wahlund et al., 2005;
Kliore et al., 2008), that could be created through either photoion-
ization by solar EUV radiation or impact ionization by precipi-
tating electrons/ions from Saturn’s magnetosphere (e.g., Nagy and
Cravens, 1998). Although reduced by an external tantalum shield,
the highly energetic particles such as suprathermal electrons cre-
ated in Titan’s ionosphere can contribute to a residual count rate
on the INMS detector which is not separated by quadrupole se-
lection according to M/Z (Waite et al., 2004). This is likely the
cause of the constant background level incorporated in our empir-
ical model. The thermal background noise in the INMS detectors
is not relevant here, since it is much weaker, producing signals
of order 1 countmin~!, and it should not vary significantly with
altitude (Waite et al., 2004). The origin for the broad structure
centered near channel 25 is still unknown. The leakage of N;
ions from mass channel 28 is not a concern, since the shape of
the background spectra is too broad to be interpreted by overflow
(see Section A.6). In this paper, we will not attempt to provide a
physical model for the broad distribution of background counts de-
scribed here. However, it is worth emphasizing that such a model
should be able to account for both the shape and altitude depen-
dence of the background spectra. Also, in Figs. 33 and 34, the
solid and open symbols represent background model parameters
obtained from inbound and outbound mass spectra, respectively.
No systematic difference between inbound and outbound appears
to be present. This indicates that the parent molecules responsible
for the broad distribution of background counts are not involved in
wall effects (see Section 4.1).

A.5.2. Residual gas in the INMS chamber

In addition to the empirical background model described above,
residual gases in the INMS antechamber represent an additional
channel-specific background that must be subtracted. As compared
to the empirical background model which occupies all mass chan-
nels and shows strong altitude variations as illustrated in Fig. 34,
the residual gases in the chamber tend to create constant back-
ground signals in mass slots occupied by neutral species, including
H,, CHy, H20, N3, CO, CO; and probably other inert species (Waite
et al., 2004). An example for the inbound T18 flyby is given in
Fig. 36, which shows the mean inbound (solid line) and outbound
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Fig. 36. The mean mass spectra obtained between 10,000 km and 20,000 km for
the inbound (solid) and outbound (dotted) T18 flybys. These spectra are produced
by the residual gases in the INMS chamber, including H, CHy4, H20, N3, CO and CO,
(marked by arrows). The horizontal straight lines indicate the constant background
levels, corresponding to the mean values calculated from counts in channels not
occupied by residual gases.

(dotted line) mass spectra obtained by averaging counts between
10,000 km and 20,000 km. Peaks associated with Hy, CHg4, H>0, N>,
CO and CO, are marked with arrows. At such far distances from
Titan, the densities of all ambient neutral species become vanish-
ingly small, with the only possible source for the observed counts
being residual gases in the INMS chamber.

To obtain accurate densities of neutral constituents in Titan's
atmosphere, the contributions from these residual gases are sub-
tracted from the observed mass spectra (e.g., Cui et al., 2008). In-
bound and outbound spectra are treated separately, because Fig. 36
shows that the residual signals recorded during the outbound legs
are systematically higher than those recorded during the inbound
legs, a signature of the wall effect as described in Section 4.1. For
the T25 flyby and the outbound T37 flyby during which no INMS
measurements were made above ~10,000 km, the residual spec-
tra averaged over all the other flybys are adopted. The residual
spectra show constant background levels, as indicated by the hor-
izontal straight lines in Fig. 36, which are calculated as the mean
values of counts in those channels not occupied by possible resid-
ual gases. These constant background levels are analogous to the
constant term, ¢ in Eq. (A.3), and need to be subtracted from the
spectra of the residual gases before removing their contributions
to the observed INMS spectra. It is interesting to note that the
background level of order 1 count s—! shown in Fig. 36 is consis-
tent with the asymptotic value of the constant background above
~1100 km shown in the upper panel of Fig. 34. This implies a com-
mon origin for both background signals, which is likely to be the
energetic particles in Titan’s ionosphere, as mentioned above.

A.6. Channel crosstalk

The INMS quadrupole mass analyzer consists of four rods
mounted in a mechanical assembly and excited by radio fre-
quency (RF) and direct current (DC) potentials (Waite et al., 2004).
While the combination of the RF amplitude and frequency (either
3.57 MHz and 1.64 MHz) determines the transmitted M/Z, the res-
olution is controlled by the ratio of the DC and RF amplitudes
(Waite et al., 2004). The finite resolving capability indicates that
the incident ions are never separated perfectly according to M/Z,
but rather produce a spectrum that spills over slightly into adja-
cent channels. An example is given in Fig. 37, which shows the
mass spectrum for the N, reference gas obtained during the FU
characterization. While the peaks at channels 28 and 29 reflect
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Fig. 37. The mass spectrum for the N, reference gas used for FU characterization.
Only the portion near M/Z ~ 28 is shown. While counts in channels 28 and 29 are
clearly associated with N; and N3N, the residual counts in surrounding channels
are interpreted as a result of channel crosstalk. The minor peak at channel 32 is
caused by O, impurities in the calibration chamber.

contributions from Ny and its isotope ¥N'™°N, the residual counts
at surrounding channels (especially channel 27) are interpreted by
channel crosstalk. Notice that the minor peak at channel 32 is
likely to be caused by O, impurities in the calibration chamber.

In principle, the FU spectrum for the N; reference gas allows us
to characterize crosstalk near channel 28, which can then be used
to correct for the same effect in an observed spectrum. Based on
the data shown in Fig. 37, we estimate that the overflow of counts
from channel 28 to 27 is approximately 0.15%. As an example, the
count rate in channel 28 is ~5 x 10% countss~! at C/A of the T16
flyby. This implies that the signal in channel 27 due to crosstalk
is ~8 x 10° countss~!, about a factor of 3 higher than the actual
count rate. This indicates that the overflow of counts from channel
28 to 27 is overestimated by the crosstalk pattern shown in the
mass spectra of the N, reference gas. We expect that the correction
for crosstalk may strongly depend on the pressure or density of
the measured gas, and therefore the reference N, spectrum cannot
be directly used to correct for channel crosstalk in the observed
INMS spectra. Due to the lack of a reliable way to correct for such
an instrumental effect, channel 27 will be excluded in our spectral
analysis, which prevents us from determining the HCN abundance
in Titan’s atmosphere.

Fortunately, the correction for crosstalk is not important for
other channels, since the signals produced by ambient neutrals are
always much higher than those due to crosstalk. As an example,
we estimate that the counts in channel 39 caused by overflow
from channel 40 are about 0.1% of those caused by the ambient
atmosphere. Here, we assume that the channel 40 count is due to
40Ar, with a typical mixing ratio of 5 x 10~% (Yelle et al., 2008),
and that channel 39 count is due to CH3CH, with a typical mix-
ing ratio of 1 x 10~> (Wilson and Atreya, 2004). We have also used
the fact that the “%Ar sensitivity at channel 40 is about 50% higher
than the CH3CyH sensitivity at channel 39. The difference in the
ram enhancement factors for these two species is ignored for sim-
plicity. We will not correct for the overflow from channel 28 to 29
for the same reason, i.e., the counts caused by the ambient *N°N
molecules are much higher that those due to crosstalk. In addi-
tion, the effect of crosstalk is usually within 1 Dalton (Waite et
al., 2004), thus the overflow of counts from channel 28 to more
distant channels such as channel 26 is also ignored.
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