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We present an analysis of the VIMS solar occultations dataset, which allows us to extract vertically
resolved information on the characteristics of Titan’s atmosphere between �100 and 700 km with a ver-
tical resolution of �10 km. After a series of data treatment procedures to correct problems in pointing
stability and parasitic light, 4 occultations out of 10 are retained. This sample covers different seasons
and latitudes of Titan. The transmittances show clearly the evolution of the haze, with the detection of
the detached layer at �310 km in September 2011 at mid-northern latitudes. Through the inversion of
the transmission spectra with a line-by-line radiative transfer code we retrieve the vertical distribution
of CH4 and CO mixing ratio. For methane inversion we use its 1.4, 1.7 and 2.3 lm bands. The first two
bands are always in good agreement and yield an average stratospheric abundance of 1.28 ± 0.08%, after
correcting for forward-scattering effects, with no significant differences between the occultations. This is
significantly less than the value of 1.48% obtained by the GCMS/Huygens instrument. We find that the
2.3 lm band cannot be used for the extraction of methane abundance because it is blended with other
absorptions, not included in our atmospheric model. The analysis of the residual spectra after the inver-
sion shows that such additional absorptions are present through a great part of the VIMS wavelength
range. We attribute many of these bands, including the one at 2.3 lm, to gaseous ethane, whose near-
infrared spectrum is not well modeled yet. Ethane also contributes significantly to the strong absorption
at 3.2–3.5 lm that was previously attributed only to C–H stretching bands from aerosols. Ethane bands
may affect the surface windows too, especially at 2.7 lm. Other residual bands are generated by stretch-
ing modes of C–H, C–C and C–N bonds. In addition to the C–H stretch from aliphatic hydrocarbons at
3.4 lm, we detect a strong and narrow absorption at 3.28 lm which we tentatively attribute to the pres-
ence of PAHs in the stratosphere. C–C and C–N stretching bands are possibly present between 4.3 and
4.5 lm. Finally, we obtain the CO mixing ratio between 70 and 170 km, through the inversion of its
4.7 lm band. The average result of 46 ± 16 ppm is in good agreement with previous studies.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The Cassini/Huygens spacecraft has increased significantly our
characterization of the vertical structure of Titan’s atmosphere.
Several components were measured directly in-situ during the
descent of the Huygens probe: temperature (Fulchignoni et al.,
2005), radiative budget (Tomasko et al., 2008a), aerosol physical
parameters (Tomasko et al., 2008b), and the abundance of methane
and other constituents in the lower atmosphere (Niemann et al.,
2005, 2010). After Huygens, the Composite InfraRed Spectrometer
(CIRS) onboard Cassini is monitoring routinely Titan’s vertical
atmosphere to extract latitude/pressure profiles of temperature
(Achterberg et al., 2011), gaseous constituents (e.g. Teanby et al.,
2009a, 2009b; Vinatier et al., 2010a) and aerosol (Vinatier et al.,
2010b; Anderson and Samuelson, 2011). These results, corrobo-
rated by the Imaging Science Subsystem (ISS) images (e.g. West
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et al., 2011), give important constraints on the global dynamics of
Titan’s atmosphere and its seasonal and latitudinal variations.

A powerful technique for the observation of atmospheric verti-
cal profiles, used often on Earth, is the occultation measurement.
During an occultation an instrument observes a source of light –
the Sun, a star, or a spacecraft radio signal – both outside and
inside the atmosphere, at different altitudes over the planet. By
dividing the spectra obtained inside the atmosphere with a refer-
ence spectrum of the source of light outside the atmosphere one
can recover the atmospheric spectral signatures. Occultations are
self-calibrating: a simple ratioing allows us to eliminate potential
systematic effects, provided the instrument is stable in the course
of an occultation. Solar and stellar occultations from spacecraft
have been successfully used to study the atmospheres of Mars
(e.g. Forget et al., 2009; Maltagliati et al., 2013) and Venus (e.g.
Royer et al., 2010; Belyaev et al., 2012).

Cassini’s payload includes two instruments that can perform
occultations: the UltraViolet Imaging Spectrograph (UVIS) and
the Visual and Infrared Mapping Spectrometer (VIMS). UVIS is sen-
sitive to the upper atmosphere between 500 and 1400 km
(Koskinen et al., 2011), a very important region to study the
sources and sinks of the various molecules leading to aerosol for-
mation (Lavvas et al., 2011). In this paper we will analyze solar occ-
ultations by VIMS. Results from the first VIMS solar occultation
(January 2006) were presented in Bellucci et al. (2009). They
extracted the CH4 profile between 100 and 700 km from the
2.3 lm band and the average CO volume mixing ratio, from its
4.7 lm band, between 70 and 130 km. They also analyzed the aer-
osol extinction vertical profiles from the methane windows and
inferred the haze number density and dimension of the fractal
aggregates forming the aerosol as a function of altitude. An impor-
tant result was their detection of a strong absorption band cen-
tered at 3.4 lm, which they identified as C–H stretching
transitions from the haze particles. While their results are in gen-
eral agreement with previous studies, they left some open ques-
tions. In particular, they found an increase in methane
abundance below 250 km, up to 2.2% at 100 km, in disagreement
with in-situ measurements (Niemann et al., 2010) and with our
knowledge of Titan’s dynamical and chemical processes in the
lower atmosphere that predict a constant CH4 abundance above
30 km.

In this paper we present an analysis of the whole VIMS solar
occultations dataset available up to March 2014, which spans dif-
ferent seasons and latitudes of Titan. We focus in particular on the
extraction and interpretation of the vertical profiles of two gaseous
components, CH4 and CO, using a line-by-line radiative transfer
code that includes up-to-date libraries of spectral lines of the most
abundant gaseous molecules in Titan’s atmosphere. Finally, we
allot special attention to the detection and identification of addi-
tional absorptions that appear in VIMS transmission spectra,
including within the 2.3 lm methane band previously mentioned.
Table 1
Main characteristics of all solar occultations acquired by VIMS between January 2006 and

Flyby Month Geometry Approx.
latitude (�N)

S/C-T
dista

T10 January 2006 Ingress �40 580
T10 January 2006 Egress �70 830
T26 January 2007 Ingress �76 570
T32 April 2007 Ingress �45 16,10
T53 April 2009 Egress +1 630
T58 July 2009 Ingress +81 10,40
T62 October 2009 Ingress �17 20,00
T62 October 2009 Egress �76 730
T78 September 2011 Ingress +40 970
T78 September 2011 Egress +27 840
2. Dataset description

2.1. The VIMS/Cassini solar occultations

VIMS is an imaging spectrometer mounted onboard the Cassini
spacecraft (Brown et al., 2004). It is composed of two main chan-
nels, covering respectively the 0.3–1.05 lm (called visible channel)
and the 0.89–5.1 lm (infrared channel) wavelength ranges. The
spectral range is covered by 352 spectral pixels (spectels), 96 of
which dedicated to the visible channel and the other 256 to the
infrared one. During solar occultations only the infrared channel
is active. The FWHM of the spectels varies through the full wave-
length range, progressively increasing towards longer wave-
lengths, from �13 nm to �20 nm.

VIMS employs various modes of observations, in nadir, limb and
occultation geometry. It performs solar occultations using a dedi-
cated optical port, inclined by 20� with respect to the main bore-
sight. This optical configuration has been devised because
sunlight is much stronger than any other signal from Titan and it
needs to be attenuated before reaching the detector, which is
shared with the main port. The attenuation factor is �2.5 � 107.
Occultations can be in ingress (the Sun is progressively occulted
by the planet) or in egress (the spacecraft comes progressively
out from the planet’s shadow). For the rest of the paper, ingress
occultations are indicated with I after the flyby number and the
egress ones with E (e.g. ‘‘T10I’’). This geometrical difference does
not have any other impact on the measurements: egress and
ingress occultations are treated in the same way.

The VIMS-IR channel is a 1 � 256 pixels linear array (one pixel
for each wavelength), so that each observed spatial coordinate is
acquired by the same detector. The spatial mapping, up to
64 � 64 pixels, is obtained by a scanning mirror. The field-of-view
(FOV) for an observation is set in advance. For the first four occulta-
tions, a 12 � 12 pixels FOV was chosen. Subsequently the FOV was
reduced to 8 � 8 pixels (see Table 1 for details). The angular resolu-
tion is 0.5 � 0.5 mrad per pixel. The image of the Sun on the VIMS
detector extends over approximately 2 � 2 pixels, so we do not lose
any signal from the Sun when it is within the FOV (Fig. 1). The expo-
sure time for each image is 20 or 40 ms per pixel depending on the
occultation (Table 1). In solar occultations we do not exploit the
imaging capability of VIMS and we extract one spectrum per image,
following a procedure described in detail in Section 3.1. In this way
we obtain a full spectrum of the infrared channel for each probed
altitude. A full occultation lasts �15 min on average.

As the spacecraft moves into (or out of) Titan’s shadow, VIMS is
able to observe light passing through different altitudes. The verti-
cal resolution varies from 5 to 15 km depending on the occultation
(except one with a resolution of 40 km, which is not used in the
present work). This allows the detection of much smaller vertical
variations than the typical scale height of Titan’s stratosphere,
�40 km.
September 2011.

itan
nce (km)

Average vertical
resolution (km)

Exposure
time (ms)

Image dimensions
(pixels)

0 15 40 12 � 12
0 15 40 12 � 12
0 40 20 12 � 12
0 15 40 12 � 12
0 7 20 8 � 8
0 – 20 8 � 8
0 5 40 8 � 8
0 4 40 8 � 8
0 10 20 8 � 8
0 10 20 8 � 8



Fig. 1. Example of Sun imaging by VIMS outside the atmosphere at different wavelengths from the T78E occultation. Left: 1 lm. Middle: 2 lm. Right: 2.8 lm. Slight variations
of the Sun’s image with wavelength can be noticed.
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The reconstruction of observational geometry is crucial for occ-
ultations. In particular, the coordinates of the surface point closest
to the optical path, as well as the altitude of each spectrum over
the surface (also called impact parameter) must be known with pre-
cision. In order to compute this information we built dedicated
procedures employing the SPICE system from NASA’s Navigation
and Ancillary Information Facility (NAIF). SPICE accounts for a
purely geometric reconstruction of the sunrays, and does not take
into consideration refraction effects. Tests for VIMS occultation
observations show that atmospheric refraction is negligible at the
altitudes considered in the present study (Bellucci et al., 2009).
All VIMS occultations start acquiring data well above the first
detection of atmospheric signatures, which occurs at �700 km.
The highest observed altitude varies between 1300 and 7000 km,
depending on the occultation. This provides a reference solar spec-
trum for each occultation, an important condition for the correct
removal of instrumental effects.

Table 1 summarizes the main characteristics of each occulta-
tion. VIMS has acquired 10 solar occultations since the beginning
of the mission, spanning different seasons with a special focus on
the northern spring equinox period, and with good latitudinal sam-
pling. Data from flyby T58 had to be immediately discarded
because it could not image the Sun at all, due to a pointing error.
Other two occultations have been acquired during the T103 flyby
(July 2014) but they will not be analyzed here.

2.2. Occultations’ overview and present issues

A good occultation needs to satisfy two basic prerequisites.
First, the intensity variation on the detector (for each wavelength)
during an occultation must be due, within the noise, only to atmo-
spheric extinction. Only in this case we can remove all spurious
contributions, of instrumental or external origin, by ratioing each
spectrum by the reference solar spectrum. Second, the pointing
must be stable, otherwise intensity fluctuations can occur with
the movement of the Sun in the FOV, because of the different pixels
(or intra-pixel) response, or in more extreme cases because the Sun
moves out of the detector. If these conditions are satisfied, the
lightcurve for each spectel is constant until atmospheric absorp-
tion, due to gases and/or aerosols, attenuates the signal progres-
sively to zero.

Figs. 2 and 3 show respectively the lightcurves of the total
intensity on the FOV with respect to altitude (time) in the 1 lm
window and the position of the Sun’s center of all occultations
(except T58). The same behavior is seen at all wavelengths.
All the lightcurves of Fig. 2 present some issues. Looking at the
Sun’s position helps to understand which issue affects a specific
occultation. Fig. 3 shows that for T10I the Sun is only partially
within the detector at the beginning, but starts entering the FOV
at �1500 km, creating the observed flux increase. In four cases,
orbits T26I, T32I, T62I and T62E, Cassini activated the thrusters
during the occultation, inducing a significant pointing instability
and consequently a strong fluctuation in the intensity. In the case
of orbit T32I this happens in the middle of the occultation, at a tan-
gent altitude of �3000 km, as it can be seen by the change from a
stable regime to a shaky one. Four other occultations – T26I, T53E
and both T78 – exhibit a strong spike within the atmosphere, with
a maximum at �500 km for orbit T53E and �300 km for the other
three. The increase in intensity is abrupt and accounts for a factor
of several units with respect to the normal level. The T53E observa-
tion shows that the falling back to pre-spike values is also very
rapid and happens within a few tens of kilometers. In the case of
the other three orbits the analysis of the decrease is more difficult
because it is intertwined with the effect of aerosol extinction, but it
seems to have the same behavior as orbit T53E. This spike is likely
connected to an individual event during the occultation and not to
pointing problems, because the T53E and the two T78 observations
are very stable (Fig. 3). The abrupt intensity increase is most prob-
ably caused by a specific geometric configuration of VIMS’ solar
occultations, linked to the fact that the main boresight is not shut-
tered during an occultation. In the majority of the observations and
for most of the time, the main port points at the background sky
which does not influence the detected flux. It can happen however
that, in the course of an occultation, the main port observes the
illuminated limb of Titan. In this case the light from the limb col-
lected by the main boresight hits the detector. Because this stray
light is not attenuated as the solar port is, its contribution to the
signal is higher than the signal from the solar port itself. This inten-
sity spike ends when the main boresight stops receiving light from
Titan’s limb. An inspection of the images obtained during this con-
tamination highlights an additional problem: this spurious signal
does not just induce a simple constant increase of the background
level, but has a spatially variable shape on the FOV that evolves sig-
nificantly and rapidly with time (Fig. 4). The remaining occultation,
T10E, does not exhibit any of these strong spurious features, but a
long-term drift can be noticed in the form of a slow intensity
decrease even outside the atmosphere. This effect, already
observed by Bellucci et al. (2009), is probably due to the slow
movement of the Sun within the FOV (see Fig. 3) and the conse-
quent variation of the detector’s response.



Fig. 2. Total intensity on the FOV as a function of altitude at 1 lm for the nine occultations that imaged the Sun.
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3. Data treatment

3.1. From image intensity to atmospheric transmittance

Due to the issues presented in the previous paragraph, the VIMS
solar occultations need pre-treatment to extract a useable signal. A
dedicated procedure was built to separate the Sun’s intensity of
each spatial image (at each wavelength and altitude) from the var-
ious spurious contributions detailed in the previous section. We
assumed that the Sun could be represented with a bi-dimensional
Gaussian function and the background – including all the contam-
inations – with a second-order surface. A second-order surface
simulates the contamination of light from the main boresight bet-
ter than a constant background or a simple plane. If this contami-
nation is not present, a constant level of background suffices.

An iterative procedure is set for each spatial image. First the
image is fitted with an elliptical Gaussian surface using the IDL
routine mpfit2dpeak. Seven parameters are used in the fit: a con-
stant background level, the peak intensity and its coordinates on
the image, the two FWHM for the two axes of the Gaussian, and
the tilt angle with respect to the axes of the image. Since we do
not expect the apparent size of the Sun at a given wavelength to
vary with altitude (we can neglect diffraction-induced distortions
of the solar image), we hold the two FHWM fixed at the value
found at the highest altitude. After the Gaussian fit, a second-order
surface is fitted to the image of the residuals. The result of this fit is
subtracted from the original image and another Gaussian fit is per-
formed on the resulting image. The full procedure is repeated once.
At the end, the majority of the background variations are elimi-
nated and only the different response of the pixels of the image
remains. Figs. 5 and 6 illustrate a case without and with boresight
contamination respectively. The corrected images, as well as the
images of the final residuals, are very similar, both in shape and
intensity.

The final intensity, for each wavelength and altitude, is the inte-
gral of counts over the final corrected image. The contribution of
the residuals to the final intensity is negligible. We also tried to
fit simultaneously the Gaussian and the second-order surface to
the image to extract the intensity of the Sun and the residuals’ cor-
rection all at once, with an ad-hoc modification of the mpfit2dpeak
routine, but this 12-parameters fit sometimes had convergence
problems and we stuck to our first approach.

Not all orbits could be corrected with this procedure. We were
not able to remove the fluctuations due to thrusters’ activation,
because the rapid motion of the solar image does not permit to
obtain a consistent fit. The four affected orbits (T26I, T32I, T62I
and T62E) were thus excluded from the analysis. The T10I occulta-
tion was also eliminated, because we could not reconstruct the flux
variation caused by the progressive entrance of the Sun in the
image.

At the end we have to restrict our analysis to four occultations:
T10E, T53E, T78I and T78E. The T10E has also been analyzed by
Bellucci et al. (2009) and it is interesting to compare the results
by using different image treatment methods and a different radia-
tive transfer code (see Section 3.2). In the case of the stable occul-
tations (T53E and both T78) we found that we could obtain a
smoother lightcurve for each wavelength by cutting a sub-image
of 5 � 5 pixels around the Sun’s center.

We extract the transmittance from the intensity by dividing
each spectrum within an occultation by a reference solar spectrum
(Fig. 7). Here by ‘‘solar spectrum’’ we mean the solar spectrum as
observed by VIMS outside Titan’s atmosphere, i.e. convolved with



Fig. 3. Evolution of the coordinates of the Sun’s center in the detector for all VIMS solar occultations that imaged the Sun. Each cross corresponds to an altitude. In the case of
T10I the Sun is partially out of the FOV at the beginning of the occultation and the reconstruction of the position of the center is approximate. The wide variations observed for
T36I, T32I, T62I and T62E mark the activation of thrusters during the occultation. For T53E, T78I and T78E the crosses for the various altitudes are largely superimposed on
each other, indicating the stability of the pointing.
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the spectral response of the instrument. We create a dedicated ref-
erence solar spectrum for each occultation, by averaging all spectra
acquired between 1000 and 2000 km. Note that the T10E occulta-
tion exhibits also five isolated altitudes, outside of the atmosphere,
where there is a sudden decrease of the intensity. These are iden-
tified by the spikes in its Fig. 2 plot. These spikes have been
removed by linear interpolation between the four closest correct
values around them (two per side) for each wavelength.

The transmittance outside the atmosphere at each wavelength
is then fitted with a polynomial. This step is necessary to take into
account the long-term drifts as observed most evidently in the case
of T10E (Fig. 2). For this latter occultation we also tried different
fitting functions but none could manage to reproduce the shape
of the drift, particularly below �1300 km, as well as a polynomial.
The order of the polynomial is evaluated empirically for each
occultation and is carefully selected in order to remove the drift
without introducing additional spurious effects. We employ a
4th-order polynomial for the T10E and a simple linear trend for
the other orbits (Fig. 8). The correction is extrapolated at lower alti-
tudes. The spectra change accordingly (Fig. 9). Fig. 10 shows an
example of comparison between the original intensity and the final
transmittance for all occultations at one wavelength (2 lm). Most
parasitic effects have been removed. Minor residuals still persist, as
for example the slight bump visible in the transmittance of occul-
tation T53E at �500–550 km. The unusual slope at the beginning of
the atmospheric extinction for both T78 occultations, at �300 km,
can also be due to an imperfect removal of the stray light, consid-
ering that for these occultations the boresight effect coincides with
the onset of the aerosol extinction. However, this slope happens at
altitudes where we detect the signature of a detached layer (see
below) so it might be a real effect linked to a change in behavior
or density of aerosols. Because the inversion method is very sensi-
tive even to small transmittance variations, these residuals have a
non-negligible effect on the inferred vertical profiles of the gases
(see Section 4.1).

The uncertainty per spectel has been computed as the standard
deviation from the mean transmittance outside the atmosphere,
obtained averaging all the spectra above 1000 km. The uncertainty
has been calculated separately for each occultation. The regions of
the wavelength range where the standard deviation is much higher
than the nearest spectels correspond to groups of bad spectels (vis-
ible in the left plot of Fig. 7). This happens between 1.62 and
1.66 lm, between 2.90 and 3.03 lm and at 3.90 lm, where the fil-
ters’ edges of the detector lie (Brown et al., 2004). These spectels
have been removed from the analysis. This is particularly inconve-
nient for the 1.62–1.66 lm interval, where a side band of the CH4

band centered at 1.7 lm occurs.
Fig. 11 shows the transmittances for the four occultations at ten

selected altitudes. Five strong bands always appear, at �1.2, 1.4,
1.7, 2.3 and 3.3 lm, mainly due to methane (with a significant con-
tribution of aerosols for the 3.3 lm band, as discussed in Bellucci
et al., 2009). The two strongest bands, at 2.3 and 3.3 lm, are



Fig. 4. Example of the fast and unpredictable evolution of the spurious signal from the main boresight on the FOV for occultation T53E. The x- and y-axis indicate the pixel
number and the z-axis the intensity in counts units. Note that the range of the z-axis changes between the figures. The top left plot shows a non-contaminated image for
comparison. The other three images exhibit a reversal in the direction of the parasitic light in less than 30 km. The strong difference in background intensity with respect to
the non-contaminated image can be noticed. The intensity counts are limited to 2000 for visual clarity.

6 L. Maltagliati et al. / Icarus 248 (2015) 1–24
detectable already at �700 km. At lower altitudes, below �150 km,
the CO band at 4.7 lm appears. An additional signature, previously
undetected in Titan’s spectra, is present in all occultations around
4.2 lm below �200 km.

The extinction due to aerosols has the expected strong wave-
length dependence, affecting the shorter wavelength first: the
spectels around 1 lm reach zero transmittance at �200 km, to be
compared with �40 km at 5 lm. The aerosol extinction exhibits
significant differences between the occultations. T10E is the only
one affected by aerosols already at 485 km, but its vertical evolu-
tion is very smooth and slow: the T10E spectrum at �200 km is
the least attenuated of the four occultations. This behavior sug-
gests that the haze is very extended vertically but relatively rare-
fied. The aerosol extinction sets in at lower altitudes in the T53E
occultation, but the haze seems to be optically thicker: the spec-
trum at �270 km is significantly more affected by aerosols than
the spectrum of T10E at the same altitude. The difference between
the aerosol’s behavior of T10E and T53E, both taken before the
equinox, is probably due to latitudinal differences in aerosols’
properties more than to seasonal evolution. Indeed the first occul-
tation probes close to the South Pole while the second is at the
equator (see Table 1). The large variation in the transmission
between �280 km and 200 km in the two T78 occultations sug-
gests that the haze is mostly concentrated below 280 km and that
is very dense, becoming optically thick very quickly. This behavior
is consistent with the seasonal evolution of the haze after the equi-
nox, probably due to the change in general circulation (West et al.,
2011). This hypothesis is further confirmed by the detection of a
detached layer around 310 km in our spectra of the T78 occulta-
tions but not in the earlier ones (Fig. 12). This altitude is in good
agreement with the observations of the position of the detached
layer by ISS measurements around September 2011 (West et al.,
2013). Details on the characterization of the haze by VIMS solar
occultations will be presented in a forthcoming paper (see Sotin
et al., 2013).

3.2. From transmittance to gas vertical profiles

The transmittance gives information on the total extinction
along the optical path at each altitude probed by the occultations,
following the Beer–Lambert law. Excluding refraction effects, neg-
ligible at the altitudes considered in the present analysis (Bellucci
et al., 2009), and atmospheric emissions, not detected by VIMS occ-
ultations, the extinction is due to gaseous absorption and aerosol
extinction (absorption + scattering). At a given altitude, all the
atmospheric layers along the line-of-sight (LOS) contribute to the
observed transmittance (slant spectra). In order to extract the ver-
tical profile of atmospheric constituents at the coordinates of the
surface nearest point, a spectral and vertical inversion procedure
is needed.

The inversion is performed with a Levenberg–Marquardt min-
imization, based on the optimal estimation methods for nonlin-
ear inverse problems of Rodgers (2000). The minimization
procedure is adapted from the one used for SPICAM solar occul-
tations on Mars by Maltagliati et al. (2011, 2013). The main
change is its coupling with a different radiative transfer code



Fig. 5. Example of the data treatment procedure. This is the 1 lm image at 1448.6 km of the T53E occultation, typical of a case without stray light. Top left: the starting
untreated image. Top right: the final product. Bottom left: the surface used to correct the background. Bottom right: the final residual image. In each image the color, together
with the contour levels, indicates the intensity counts for each panel. The color scale changes between images. The contours are regularly spaced in each image (they span
between 200 and 2000 with a step of 300 in the two top images; from 35 to 75 with a step of 5 in the background correction; from �40 to +40 with a step of 20 in the final
residuals). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Vinatier et al., 2007), which differs from that used by Bellucci
et al. (2009) for their analysis of the T10E occultation. Our
method consists in extracting the whole profile of the studied
atmospheric constituent directly from the slant spectra, then to
smooth it with a Tikhonov regularization to minimize the spuri-
ous oscillations typical of vertical inversions. We present in this
paper the results for the vertical profiles of CH4, using the 1.2–
3.0 lm wavelength range, and CO, from its 4.7 lm band (see
Section 3.2.3 for details). The profiles of the two molecules are
inverted separately. This is possible because the CO band is
not blended with any CH4 feature.

In order to improve the signal-to-noise ratio at high altitudes
where the bands are shallow, we average the spectra by groups
of two or three. This procedure decreases the vertical resolution
in the highest layers but gives a more stable and reliable retrieval.
We applied this averaging technique for altitudes greater than
650 km for methane and 150 km for CO.

For the minimization program we build synthetic VIMS spectra
using a line-by-line algorithm. The atmospheric conditions and the
spectroscopic coefficients of the molecules included in the model,
needed for the creation of the synthetic spectra, are detailed in
the next two sections.

3.2.1. Radiative transfer modeling: the atmospheric model
Temperature profiles for the four occultations are provided by

CIRS’ measurements, interpolated at the altitudes probed by VIMS.
The closest CIRS profiles in latitude and season have been
employed (Table 2, data presented in Vinatier et al., 2010a,
submitted for publication). Around the latitude of the T78I occulta-
tion (40�N) CIRS shows significant temperature latitudinal trends
at the same season (September 2011, after the equinox). Thus,
we create a temperature profile by interpolating the two closest
CIRS measurements at 29� and 49�N. The CIRS profiles are con-
strained by measurements between �10�3 and 10 mbar (corre-
sponding to �500 and �100 km respectively). We extend the
profiles above this limit by taking a constant value corresponding
to the last reliable CIRS constraint and at lower levels by employing
the HASI profile (Fig. 13).



Fig. 6. Same as Fig. 5, but for an altitude where the impact of the parasitic light from the main boresight is strong (598.6 km). The original image shows the effect of the stray
light, both on the shape of the contours and on the counts level (that starts at 1350 instead of 200 as in Fig. 5). The correction surface (bottom left) changes consequently. The
images of the final result and of the residuals (right plots) are color-scaled as the corresponding ones of Fig. 5 to underline the similarity between the products of the
correction procedures in the two cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Left: the ‘‘solar’’ reference spectrum (black) and the spectrum measured at 233.6 km (red) for occultation T78E. In addition to the atmospheric absorptions, bad
spectels can be seen around 1.65 lm, 2.90 lm and 3.85 lm. These spikes happen at the locations where the order-sorting filters of VIMS are located (Brown et al., 2004).
Right: the resulting transmittance after ratioing the red spectrum to the black one. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 8. Transmittance as a function of altitude at 1.00 lm (left) and 2.91 lm (right) for the T10E (top) and the T78E (bottom) occultations. The behavior of the latter is typical
of all the analyzed occultations except T10E. The black and the red curves are respectively the transmittances before and after the polynomial correction, marked in blue. The
T78E lightcurves show also that the boresight contamination is greatly reduced. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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We include 9 molecules in the model: CH4, CH3D, CO, CO2, C2H2,
C2H4, C2H6, HCN and N2. The CH3D/CH4 ratio is always held con-
stant with a D/H ratio of 1.3 � 10�4 (Bézard et al., 2007). In the case
of CH4 retrieval, the CO value is fixed at the CIRS result of 47 ppm
(de Kok et al., 2007). When we invert the CO profile, we use the CH4

profile obtained by our retrieval. N2 is set at a stratospheric mixing
ratio of 98.4%. The profiles of CO2, C2H2, C2H4, C2H6 and HCN are
taken from CIRS’ results (Vinatier et al., 2010a, submitted for
publication). As for temperature, CIRS retrieves reliable values only
for part of the VIMS altitude range (depending on the molecule,
CIRS profiles sound from 150 to 300–500 km). We extend the pro-
files above the CIRS’ altitude range with a constant abundance
equal to the last reliable CIRS’ value. For the lower atmosphere,
we compute the saturation mixing ratio for each gas, using the
temperature profile described above, and for each altitude we take
the minimum between the mixing ratio at saturation and the last
reliable CIRS’ value (Fig. 14). We use the same molecules’ profiles
for the two T78 occultations.

3.2.2. Radiative transfer modeling: spectroscopic data
Knowledge of methane’s absorption in the near-IR has increased

significantly in the last years (Brown et al., 2013). We get our meth-
ane coefficients from the merging of three different datasets that
represent state-of-the-art knowledge. CH4 lines with
m < 5853 cm�1 (k > 1.708 lm) were extracted from the VAMDC data-
base (http://vamdc.icb.cnrs.fr/PHP/methane.php) and are based on
a global analysis of the methane spectrum as described in Albert
et al. (2009) and Boudon et al. (2006). The CH4 lines between
5853 cm�1 and 7919 cm�1 (1.26 lm < k < 1.71 lm) are taken or
adapted from Campargue et al. (2013 – see discussion below).
Finally, for m > 7919 cm�1 (k < 1.26 lm) the lines are taken from
the GEISA 2009 database (Jacquinet-Husson et al., 2011), acknowl-
edging that the triacontad methane band at 1.2 lm is not well mod-
eled yet. For CH3D, we used GEISA 2009 below 3212 cm�1

(k > 3.11 lm), a linelist provided by A. Nikitin (private communica-
tion) between 3212 and 5000 cm�1 (2 lm < k < 3.11 lm), based on
the works by Nikitin et al. (2002, 2006, 2013), and finally
Campargue et al. (2013) above 5853 cm�1 (k < 1.71 lm).

The Campargue et al. (2013) CH4 and CH3D linelists between
5852 and 7919 cm�1 are based on laboratory spectra recorded at
80 and 296 K using Differential Absorption Spectroscopy (DAS)
and Cavity Ring Down Spectroscopy (CRDS). While Campargue
et al. could determine lower energy levels for lines detected at both
temperatures, this is not the case for lines seen at 296 K but not at
80 K. For such lines, Campargue et al. chose lower energy levels
such that their intensities are just below the detection limit at
80 K. They thus complemented their 80 K linelist with 30,282 lines
observed only at 296 K. This choice sets an upper limit for methane
absorption at temperatures between 80 and 296 K. A second possi-
ble approach is to assign to these lines a very high energy level (e.g.
1000 cm�1) so that their influence at Titan’s temperatures is negli-
gible. This is what was done to generate the HITRAN 2012 linelist
(Brown et al., 2013). Campargue et al. (2013) and HITRAN can thus
be viewed as yielding respectively upper and lower limits for
methane absorption in the 1.26–1.71 lm spectral region for tem-
peratures between 80 and 296 K.

We also made a comparison between VAMDC’s and HITRAN
2012’s methane lines for the k > 1.71 lm region and especially
the 1.7–2 lm interval, which contains a band of the tetradecad
absorption centered at 1.7 lm (Fig. 15). It seems that HITRAN

http://www.vamdc.icb.cnrs.fr/PHP/methane.php


Fig. 9. Examples of final spectra for the T10E (top) and the T78E (bottom) occultations, one acquired outside Titan’s atmosphere (left) and another within (right). The black
and the red curves represent respectively the spectra before and after the polynomial correction. The importance of the correction for the T10E occultation is evident, while
for the others (T78E included) the application of the polynomial introduces only small variations (but not negligible below �1.8 lm). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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introduces a signature at �1.8 lm that is not observed in VIMS
spectra, and is not present in the VAMDC dataset. It must be
noticed that the 1.7–2 lm wavelength range has not been updated
in the last HITRAN version (Rothman et al., 2013). Hereafter we use
VAMDC+ Campargue et al. (2013) as nominal linelist.

The spectroscopic datasets of all the other molecules have been
extracted from the GEISA database. We also included the N2–N2

collision-induced absorptions (CIA) using Lafferty et al. (1996)
measurements and modeling. It only affects the spectra below
�100 km through the band at �4.3 lm. The N2–H2 and H2–H2

CIA are negligible in transmission for the altitudes considered in
this paper.

3.2.3. Computation of the slant spectra
The radiative transfer code divides the atmosphere in concen-

tric spherical layers to compute the slant path spectra. The alti-
tude (and thus the pressure and temperature conditions) of the
layers is given in a natural way by the vertical scanning of the
occultations. As it is customary for vertical inversions, each layer
is supposed to have uniform climatologic conditions and gaseous
and aerosol density. The algorithm calculates the line-by-line
spectral transmittance of each layer on the line-of-sight,
weighted by the optical path of the layer, at every altitude. The
last step is the convolution of the hi-res spectrum at the VIMS
spectral resolution, taking into account that the FWHM of each
spectel varies with wavelength (Section 2.1). At higher layers,
the same vertical average of the measured spectra (Section 3.2)
has been applied to the synthetic ones.

Fig. 16 shows examples of two synthetic spectra of occultation
T78E at two altitudes. Methane (in black) dominates the spectra for
most of Titan’s atmosphere – even as low as 250 km the
contribution of the other molecules is almost negligible. These
become significant, at least in parts of the VIMS wavelength range,
only in the lowest part of the atmosphere. The spectrum at 126 km
shows the strong CO band at 4.7 lm and the peak of C2H2 (blended
with a small HCN contribution) between 3.0 and 3.1 lm. Features
of ethylene and ethane are visible within the strong 3.3 lm CH4

band, but they cannot be disentangled from methane absorption.
A comparison between measured and modeled spectra high-

lights the presence of a wavelength shift in the three latest occ-
ultations (T53E and both T78). Fig. 17 shows that the synthetic
spectrum can reproduce very well the shape of the 2.3 lm CH4

band for occultation T10E but not for later observations. Agree-
ment can be restored by shifting the whole VIMS spectrum of
the T53 and T78 occultations by �10 nm, around two thirds of
the dimension of a spectral channel. We found this value by min-
imizing the difference between measured and synthetic spectra
for different wavelength shifts. The minimum at 10 nm is quite
shallow; there is no significant difference if 9 or 11 nm shifts
are employed. The presence of a shift is more evident on the
shape of the 2.3 lm band but the whole VIMS range is affected.
The same shift is thus applied to the whole spectrum. A look at
the 2.3 lm band shape in the various occultations seems to sug-
gest that the cause of the shift is a single event happened
between T32I (April 2007) and T53E (April 2009). No evolution
is observed after T53E, so we apply a 10 nm shift to the data of
T53E and both T78. Not all mismatches are eliminated by the
shift. In particular, for the 2.3 lm band there are still problems
in the shape of the left wing, with the presence of secondary
bands in the model that are not appearing in the data.



Fig. 10. Lightcurves before the data treatment (left) and final transmission (right) at the 2 lm spectel for all the analyzed occultations.
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Our value of 10 nm is quite in good agreement to the wave-
length shifts found by Sromovsky et al. (2013) in their analysis of
VIMS spectra of Saturn acquired in 2010–11, except for
k > 4.5 lm where the spectra are noisy. Our shift is constant
through the whole VIMS range and not wavelength-dependent as
in Sromovsky et al. (2013). The hardware configuration of the VIMS
instrument is indeed more compatible with a wavelength-inde-
pendent shift (R. Clark, private communication).



Fig. 11. Examples of 10 transmission spectra per occultation, between 45 and 700 km. The altitudes have been chosen to span approximately the whole atmosphere. The
color indicates the altitude of the spectrum according to the legend. Each color corresponds approximately at the same altitude in all the plots. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Transmittance as a function of altitude for the four VIMS occultations at
1 lm, where the absence of gaseous absorptions permits to study the aerosols’
behavior. The two T78 occultations exhibit the presence of a detached layer at
�310 km.

Table 2
Date and latitude of the CIRS data used for the data treatment. The CIRS flyby used for
the equatorial occultation of T53E was obtained two years before the occultation, but
at the equator there are no variations between Northern winter (when the CIRS data
were acquired) and the equinox season (Vinatier et al., submitted for publication). The
T78I profile was extracted by interpolating two CIRS profiles as indicated in the text.

Occultation CIRS data

Flyby Date Latitude

T10E T15 07/2006 54�S
T53E T23 01/2007 5�N
T78I T76 05/2011 29�N + 49�N
T78E T76 05/2011 29�N
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3.2.4. The minimization procedure
Not all methane bands can be used to extract its vertical mixing

ratio profile. The 3.3-lm is strongly contaminated by a series of
absorptions attributed to the C–H fundamental stretch of aliphatic
chains in aerosol particles (Bellucci et al., 2009), and the spectro-
scopic coefficients of methane and CH3D for the 1.2 lm band are
not known with sufficient accuracy. Thus, we worked only with
the 1.4, 1.7 and 2.3 lm bands. For what concerns CO, only the band
at 4.7 lm is sufficiently strong to extract its abundance.
The measured spectra have to be normalized to a continuum.
This step also removes the effect of the aerosol extinction from
the spectra. The continuum for the methane bands is set at the
windows: all the spectels between 1.24 and 1.28 lm, 1.54 and
1.58 lm, 2.0 and 2.1 lm and 2.75 and 2.9 lm belong to the contin-
uum. In the upper layers of the atmosphere, when the continuum
extinction has not started to affect the spectra yet, a linear interpo-
lation is used (Fig. 18a and b). Below we employ a second or a third
order polynomial, depending of which fits best the continuum
points. Usually, the layers just below the beginning of the aerosol
extinction fit equally well with the two options and we choose
the simpler second-order continuum (Fig. 18c and d), while a cubic
polynomial is necessary for the deeper levels (Fig. 18e and f). The
order of the polynomial is sometimes changed ad-hoc after a visual
inspection of the spectra in order to take into account some spuri-
ous behavior affecting the spectra in the continuum intervals, as
for example residuals from the main boresight contamination.



Fig. 13. CIRS temperature profiles used for the four occultations. The dashed parts
indicate the extension of the profile outside the altitude range of the CIRS
measurements (a constant value for pressures lower than �10�3 mbar and the HASI
profile from Fulchignoni et al. (2005) for pressures higher than �10 mbar).

Fig. 15. Example of comparison between synthetic (red: HITRAN 2012; blue:
VAMDC+ Campargue et al., 2013) and measured (black) spectra, convolved at VIMS’
resolution, using two different spectral databases for the methane spectroscopic
coefficients. The synthetic spectra have been calculated with a constant 1.4%
methane abundance. The 1.82 lm feature observed by HITRAN is not present in the
data. The different depth of the 1.4 lm band is a consequence of the difference
between the two approaches in treating some lines observed at 296 K by
Campargue et al. (2013) spectral lines (see text). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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Each occultation has its own set of continuum polynomials. The
same polynomials are applied to the synthetic spectra. Because
the continuum windows are not completely transparent at low
altitudes but contain a small contribution from methane (see the
right plot of Fig. 16 as an example), this ‘‘pseudo-continuum’’ is
recomputed at each iteration of the minimization procedure, when
the CH4 abundance is updated.

In order to take into account the uncertainties associated with
the continuum choice, we use different wavelength ranges for
the inversion, each with its own continuum: 1.24–2.01 lm, 1.54–
2.90 lm, and 1.24–2.90 lm. For each wavelength range we extract
several methane profiles by fitting the whole wavelength range
and each methane band separately (for example, from the 1.24–
2.01 lm interval we retrieve one profile from the inversion of the
whole range and two more by fitting independently the two bands
included in it, at 1.4 and 1.7 lm). This means that for each occulta-
tion we have 10 different methane profiles. The results and the
comparison between the profiles extracted by the various wave-
length combinations are presented in Section 4.1.

For the 4.7 lm CO band the continuum choice is more straight-
forward. The 4–5 lm range of VIMS is noisy and we applied a sim-
ple linear continuum using the 4.13–4.17 lm and 4.90–4.96 lm
intervals as continuum points. The left continuum is affected by
non-negligible absorptions of CH4 and CH3D, which are directly
included in the continuum.

The Levenberg–Marquardt method needs to set an a priori of
the retrieved profile. We employed a constant abundance of
1.48% for methane (the GCMS result, Niemann et al., 2010) and
47 ppm for CO (the CIRS value, De Kok et al., 2007). We verified
that the final profiles are insensitive to the a priori. We set six
Fig. 14. CIRS profiles of the various molecules for the three flybys of the solar occulta
pressure range (see text for details).
iterations per retrieved mixing ratio profile. Usually the fit is
already stable after the first two iterations, but we kept six itera-
tions to take into account the most difficult cases. The uncertainty
in the density profiles due to the inversion is given by the covari-
ance matrix of the solution errors. The other main contribution
to the final error is the propagation of the uncertainty on temper-
ature profiles, which is less than 1 K. To be conservative, we run
some tests by changing the temperature profile by ±1 K. This
causes a corresponding absolute uncertainty on the order of
�0.07% on the methane mixing ratio, regardless of the occultation
and the fitted band. The final error on methane is given by the qua-
dratic sum of these two contributions. The CO retrieval is instead
almost insensitive to temperature thus its error is only the one
given by the inversion.
4. Results

4.1. Methane

Fig. 19 shows all the 10 methane mixing ratio profiles retrieved
for the T78I occultation. Each panel pertains to a different CH4

band, and the various profiles within each plot represent different
continuums choices. The multi-band profiles are also shown. All
tions. The dashed parts indicate the extrapolation of the profiles outside the CIRS’



Fig. 16. Model slant spectra at two different altitudes at the climatologic conditions of occultation T10E. Colors indicate the individual contribution of each molecule
according to the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. Synthetic (red) and measured (black) spectra of the 2.3 lm band illustrating the presence of a wavelength shift in VIMS occultations observed after T32I (note: even if
the T32I cannot be used for inversion, it allows us to get the overall shape of the 2.3 lm band). Left: T10E occultation. Center: T78E occultation, without shift. Right: the same
spectrum of the figure at the center, after applying a 10 nm shift. The synthetic spectrum has been computed with 1.4% of methane. The straight black line on top marks the
continuum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the profiles from the same band are in good agreement with each
other for most of the altitude range, proving that the result is quite
robust with respect to the continuum choice. The profiles diverge
the most at the highest and lowest layers of the atmosphere. This
happens for two different reasons. In the upper atmosphere the
band depth is comparable with the spectral noise, thus fluctuations
in the continuum windows have a bigger impact in the determina-
tion of methane’s abundance than at lower altitudes. This is
reflected by the big error bars. In the lower atmosphere, instead,
the increasing spread between the profiles is due to the strong aer-
osol extinction in the 1.2–1.7 lm range, which tends to saturate
the bands and increases the sensitivity to the shape of the contin-
uum employed for the fit. The multi-band fits do not add any sig-
nificant information.

The similarity between the profiles derived from a given band is
present on all the four occultations, so we can use an average pro-
file for each band. The average is computed with the error bars as
weights. The dispersion of the profiles at each altitude is used to
define the uncertainty of the averaged profile. If the dispersion is
less than the largest error of the individual profiles, we take the lat-
ter instead.

Fig. 20 shows the average profiles for the four occultations. Ret-
rievals for the T53E are spoiled above 470 km because of the resid-
uals of the main boresight contamination. The general behavior is
consistent throughout the whole dataset. The mixing ratio profiles
from the 1.4 and 1.7 lm bands are always in agreement with each
other, with an approximately constant abundance of �1.2% up to
�450 km, lower than the GCMS reference value of 1.48%. There is
the tendency in both profiles to join the GCMS abundance in the
upper part of the atmosphere. The 1.4 lm band becomes too shal-
low above 500 km so its retrieval, with big error bars, is just indic-
ative. The biggest difference between the two profiles is in the
lowest atmospheric layers, mainly due to the effect of the aerosol
extinction described above. The profiles however usually overlap
within the error bars even in the lowest atmosphere. The profiles
from the 2.3 lm band have instead a completely different behav-
ior. They are in good agreement with the GCMS value in the upper
atmosphere. Then, they exhibit a minimum around 400 km before
increasing to values much higher than GCMS below �300 km. The
2.3-lm profile of T10E was the one presented by Bellucci et al.
(2009). Our results are in good agreement with theirs, especially
for what concerns the puzzling increase at low altitudes.

We cannot use the 2.3-lm profile as reference for methane’s
abundance, because its behavior with altitude is unphysical at
Titan’s conditions and it yields unrealistic values. In fact, methane
photolysis occurs on Titan only above 700 km, and methane
enrichment from surface sources affects only the first 30 km of
the atmosphere, so in the altitude range observed by VIMS meth-
ane should be well-mixed. Our interpretation of the behavior of
the 2.3-lm profile will be discussed in detail in Section 4.3. The
profiles from the 1.4 and 1.7 lm bands are in very good internal
agreement, thus their result seems to be more reliable. However,
as they are significantly lower than the GCMS value, we investigate
the possibility of a bias towards low CH4 values in our procedure.

A possible bias could come from our choice of the methane
coefficients for the 1.26 lm < k < 1.71 lm interval. In fact, as
described in Section 3.2.2, the Campargue et al. (2013) treatment
of those CH4 lines seen at 296 K but not at 80 K by the DAS/CRDS
instrument gives an upper limit for methane absorption in that
region. Conversely, the HITRAN 2012 approach of the same wave-



Fig. 18. Examples of continuum choices comparing data (thick black curve) and synthetic spectra computed with 1.4% of methane (red curve) normalized at the same
continuum points, for the 1.24–2.9 lm wavelength range. The continuum is the thin black curve. Top row (a and b): linear continuum before the aerosol extinction starts to
affect the spectra. (a) Occultation T78I. This plot also shows that VIMS occultations can detect the 2.3 lm methane band even when the band depth is just �0.005, i.e. at
altitudes as high as 700 km. (b) Occultation T53E. The rest of the spectra are from T53E. Middle row (c and d): just below the beginning of the aerosol’s extinction, we cannot
discriminate if it is better to fit the continuum with a second-order (c) or third-order (d) polynomial. In these cases the simple parabolic continuum is chosen. Bottom row (e
and f): in the lower part of the atmosphere the second-order continuum (e) cannot reproduce the shape of the wavelength dependence of the extinction and the third-order
continuum (f) is favored. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

L. Maltagliati et al. / Icarus 248 (2015) 1–24 15
length region gives the lower absorption limit (see also Fig. 15).
The ‘‘real’’ methane absorption, thus the ‘‘correct’’ methane profile,
is somewhere in between these two extremes. We tested the
impact of the difference of the two linelists on the methane profile
obtained from the inversion of the 1.4 lm band (Fig. 21). The dis-
crepancy between the two profiles is remarkable especially below
350 km. As expected, the HITRAN 2012 methane coefficients yield
a more abundant profile. However, its increase in the lower atmo-
sphere and its very high abundances, especially below 200 km, are
not physical at Titan’s conditions. In addition, the profiles obtained
with the Campargue et al. (2013) data are in very good agreement
with the inversions from the 1.7 lm band, whose spectral coeffi-
cients come from another independent source. We thus maintain
the Campargue et al. (2013) linelist, which we believe does not
introduce significant biases in the determination of the methane
mixing ratio profile, within the uncertainties. It must be noted that
Bézard (2014) arrives at the opposite conclusion and proposes a
correction to the energy level of Campargue et al. for those meth-
ane lines observed at 296 K only. However, Bézard (2014) analyzes
just the 1.4 lm methane band, observed by the Upward Looking
Infrared Spectrometer of the Descent Imager Spectral Radiometer
(DISR/ULIS), and thus it cannot make any comparison with the



Fig. 19. Methane abundance profiles retrieved from occultation T78I. Each plot regroups the profiles extracted from the same band (top left: 1.4 lm; top right: 1.7 lm;
bottom left: 2.3 lm) except the bottom right which shows the profiles obtained by fitting simultaneously more than one band (1.4 + 1.7 lm bands for the 1.24–2.01 lm
wavelength range; 1.7 + 2.3 lm bands for the 1.54–2.90 lm range; and 1.4 + 1.7 + 2.3 lm bands for the 1.24–2.9 lm range). The color identifies the wavelength range (and
thus the continuum) used for that profile, according to the legend present in each figure. The error bars show the uncertainty from the Levenberg–Marquardt inversion. The
vertical dashed line marks the GCMS reference abundance of 1.48%, with its error bar of 0.09% (Niemann et al., 2010). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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1.7 lm band. Spectroscopic laboratory measurements of methane
at Titan’s temperatures could give the definitive answer, while
for now this remains an open question.

An alternative interpretation is that we do not include in our
model some physical phenomena that are present in Titan’s atmo-
sphere, resulting in an overestimation of our synthetic methane
bands. The best candidate is forward-scattering. Aerosols on Titan
are strongly forward-scattering (Tomasko et al., 2008b), but it is
not straightforward to understand how they affect the methane
bands depth in transmission. This effect has been investigated by
De Kok and Stam (2012). They showed that, in occultation geome-
try, ignoring forward-scattering in the spectral model of the 2.3 lm
band underestimates the volume mixing ratio of methane by �8%.
It is interesting to notice that their retrieved profile bends above
�350 km and approaches the ‘‘real’’ CH4 abundance in the upper
atmosphere (Fig. 22). This behavior is similar to what we observe
for the 1.4 and 1.7 lm bands, and perhaps for the 2.3-lm as well,
if we consider the minimum that appears in its profiles at �400 km
as a real feature and the increase in the lower atmosphere as an
effect due to another phenomenon. The same computation per-
formed for the 1.4 lm band shows that the underestimation is
even stronger at lower wavelengths, increasing from 8% to 12%
(Fig. 22). Changes in the aerosol vertical distribution as those
observed by our occultations (see Fig. 11) do not have a significant
impact on this correction. However, we observe a much stronger
decrease, of �20% with respect to the GCMS value. Moreover, the
correction for the 1.4-lm shows an almost constant profile with
no mixing ratio increase at high altitudes, present instead in our
profiles. This behavior suggests that, while neglecting forward-
scattering can affect our estimation of methane abundance, it can-
not fully explain the observed discrepancy with GCMS. Recent
studies have put into question our knowledge of methane strato-
spheric abundance and currently there is no general agreement.
An analysis of CIRS data found values as low as 1% at some lati-
tudes (Lellouch et al., 2014), while the DISR/ULIS measurement
analyzed by Bézard (2014) confirms the GCMS results. Our results
fall between these two measurements.

To conclude, we take as the inferred CH4 value for each occulta-
tion the average of the profiles derived from the 1.4 lm and the
1.7 lm band inversions, weighted by the uncertainty at each alti-
tude. We then increase the result by 10% to account approximately
for the neglect of forward-scattering in the model. Results are sum-
marized in Table 3.

4.2. Carbon monoxide

CO is difficult to retrieve with precision because its band
belongs to the noisiest part of VIMS’ spectra. In particular, its
right-side continuum, between 4.90 and 4.96 lm, exhibits strong
random fluctuations. This explains the large error bars in the
retrieval of its profile. Nevertheless, the CO band is clearly identi-
fied between 60 and 160 km. Fig. 23 shows examples of spectra
of the 4–5 lm region at different altitudes for the T53E occultation.
The other occultations exhibit similar trends. The band that
appears in the synthetic spectra between 4.2 and 4.35 lm below
100 km is due to the N2–N2 CIA and becomes dominant in that part



Fig. 20. Average methane abundance profiles from each band for the four occultations. The color identifies the band, according to the legend. The reference GCMS is marked
by the dashed vertical line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 21. Comparison of methane mixing ratio profile extracted from the 1.4 lm
band of occultation T10E using the Campargue et al. (2013) linelist (black) and the
HITRAN 2012 linelist (red). For this test we used the 1.24–2.01 lm wavelength
range as continuum reference. The other occultations exhibit a similar behavior.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 22. Methane volume mixing ratio profile retrieved from the 1.4 lm band (black
solid line) and from the 2.3 lm band (red – same profile presented in Fig. 6 of De
Kok and Stam, 2012) by ignoring forward-scattering by the aerosol with respect to
the value used to build the simulated data (dashed line). The impact of neglecting
the forward-scattering is stronger for the 1.4-lm, since the aerosols are more
forward-scattering at shorter wavelengths and the optical thickness is larger as
well. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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of the spectrum below 75 km. CO2 is also present in the model at
the same wavelengths (Fig. 15), but its contribution is minor with
respect to the N2–N2 CIA.

In addition to the CO band, the most striking feature in this
spectral range is the discrepancy between the data and the mod-
eled spectra between 4.15 and 4.5 lm. The VIMS spectra suggest
the presence of additional absorptions in that wavelength range,
roughly consisting of a separate band centered at 4.2 lm plus a
broader absorption between 4.3 and 4.5 lm. These features are
consistent between all the occultations and in their vertical evolu-
tion. They also are well outside the transmittance’s uncertainties of
VIMS data, making their detection secure. Their behavior and pos-
sible identification are discussed in the next section.

Fig. 24 shows the retrieved CO profiles from all the occultations.
The error bars of the profiles are most probably underestimated
because they do not fully take into account the uncertainties on



Table 3
Reference CH4 and CO values from the four VIMS solar occultations. The absolute uncertainties of methane’s abundance after the forward-
scattering correction are the same of the uncorrected values.

Occultation CH4 abundance (%) CH4 abundance (%) after forward-scattering correction CO abundance (ppm)

T10E 1.14 ± 0.08 1.25 30.6 ± 5.1
T53E 1.15 ± 0.07 1.27 57.0 ± 8.6
T78I 1.21 ± 0.07 1.33 61.1 ± 8.4
T78E 1.12 ± 0.08 1.23 36.8 ± 5.8

Fig. 23. Examples of spectral fits of the CO band at 4.7 lm from the T53E occultation. Black: data, with errors. Blue: synthetic spectrum computed at the beginning of the
inversion procedure, with the a priori value of 47 ppm given by CIRS (de Kok et al., 2007). Red: best-fit synthetic spectrum. The thin black straight line marks the linear
continuum. Below 100 km the N2–N2 CIA absorption is visible at �4.25 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 24. CO volume mixing ratio vertical profiles retrieved from the four occulta-
tions (labeled by color). The pink dashed vertical line marks CIRS’ stratospheric CO
abundance (de Kok et al., 2007). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the continuum slope. The profiles are vertically quite constant and
in good agreement with the CIRS value of 47 ppm. The overall aver-
age CO value between all the occultations is indeed 46 ± 16 ppm;
this relative error of �30% is probably a better indication of the
uncertainty of our CO retrievals. Our results are also in agreement,
within the errors, with the stratospheric abundance of 32 ± 15 ppm
found by VIMS nightside limb measurements (Baines et al., 2006).
CO is supposed to be very stable and well-distributed in Titan’s
atmosphere, because it has a lifetime of �500 Myr (Lellouch
et al., 2003), much higher than the mixing timescale, and it is a
non-condensable gas.

4.3. Other absorption bands

VIMS transmission spectra exhibit additional features that can-
not be explained with the molecular absorptions included in our
model. The strongest of them is the broad absorption centered at
3.4 lm that was identified by Bellucci et al. (2009) as the signature
of the C–H stretching mode of aliphatic hydrocarbons. The origin of
these modes has been attributed by Bellucci et al. (2009) to the
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haze, but other gaseous contributions could be present. Rannou
et al. (2010) showed that the absorption is too deep to be gener-
ated exclusively by the haze, and Kim et al. (2011) identify some
secondary peaks as signatures of hydrocarbon ices. Bellucci et al.
(2009) suggest that additional absorptions are also present within
the 2.3 lm methane band. This is the most straightforward and
reasonable explanation for the increase of the retrieved methane
from the 2.3 lm band at low altitudes. Contrary to the 3.4 lm
band, however, here the additional absorption is minor with
respect to the methane band, and this complicates the identifica-
tion. Bellucci et al. (2009) do not give a definite answer but suggest
that the same haze creating the 3.4 lm could be at the origin of the
absorption at 2.3 lm through its weaker combination bands. Sim
et al. (2013) show that the residual absorptions at 2.2–2.4 lm
and 3.3–3.5 lm can be qualitatively fitted with the same set of
Fig. 25. Comparison of synthetic spectra (red) computed at different altitudes with spect
same continuum of the VIMS data (black). The continuum is indicated by the thin black l
references to color in this figure legend, the reader is referred to the web version of thi
hydrocarbon ices. Also Kim and Courtin (2013) interpret the addi-
tional absorption features they find in the 1–5 lm wavelength
range from VIMS solar occultations as generated by alkane ices.

Our dataset allows us for the first time to study the shape and
vertical behavior of these additional absorptions in more than
one occultation and in different seasons. We perform a direct cal-
culation for each occultation by imposing a methane abundance
equal to the average value indicated in Table 3 and we extract
the residual spectrum as a ratio between the measured and the
synthetic spectra, normalized to the same continuum (Fig. 25).
Fig. 26 presents the residual spectra for all four occultations for
the 1.54–4.0 lm wavelength range, which contains the three
strongest methane band of the VIMS range.

As Fig. 26 shows, the shape and vertical evolution of the resid-
ual absorption is very consistent between the four occultations,
ra observed during the T78E occultation. The synthetic spectra are normalized at the
ine on top. The wavelength range is the same as in Fig. 26. (For interpretation of the
s article.)



Fig. 26. Altitude evolution (in color according the legend) of the residual spectra for the four occultations, between 1.54 and 4.0 lm. The synthetic spectrum has been
computed with the mean methane abundance corresponding to each occultation (Table 3). Note that the T53E plot is less extended in altitude because the residuals of the
parasitic light from the main boresight compromises the residuals above �480 km. Some fluctuations at k > 3.8 lm are due to an increase of the noise in that part of the
spectrum, which affects the continuum determination. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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further proof that we are detecting real features, the strongest of
them being by far the one at 3.4 lm. This broad band, which satu-
rates below �160 km, has a very complex structure. For the T10E
occultation, the main absorption peak is at 3.38 lm and there are
indications of the presence of secondary peaks at 3.41 and
3.45 lm (for later occultations, due to the wavelength shift of
VIMS’ spectra discussed in Section 3.2.3, the peaks are shifted by
one spectel towards lower wavelengths). As Bellucci et al. (2009)
remark, this is in very good agreement with the peaks of the asym-
metric C–H stretch of –CH3 and –CH2 groups observed by Sandford
et al. (1991) and D’Hendecourt and Allamandola (1986). Towards
longer wavelengths, two secondary absorptions within the
extended wing are seen at 3.6 and 3.75 lm. It is more difficult to
interpret these absorptions as the product of C–H stretching tran-
sitions. The only C–H stretching bands in this wavelength range are
derived from aldehyde, whose presence on Titan’s atmosphere is
improbable.

The left wing of the 3.4 lm feature is much steeper, but it
exhibits a distinct isolated peak at 3.28 lm. This is the wavelength
where a strong and narrow absorption due to aromatic molecules
as the polycyclic aromatic hydrocarbons (PAHs) is detected in
many different astronomical objects as well as in the upper atmo-
sphere of Titan (Lopez-Puertas et al., 2013).

The absorption around 2.3 lm is the strongest signature outside
the 3.2–3.8 lm range (Fig. 26). It starts to be detected at �400 km
and can account for almost 10–15% of the absorption at 2.4 lm
around 200 km. It exhibits a distinct two-lobed shape, with one
lobe between 2.2 and 2.35 lm and the other between 2.35 and
2.5 lm, with a clear minimum in between. A weaker feature is
present between 1.65 and 1.75 lm, at the center of the 1.7 lm
CH4 band. Also this band seems to have a double-peaked shape
with a minimum in between at the 1.70 lm spectel. Another
absorption of comparable intensity is detected around 3.1 lm.
Finally, there are two minor but visible signatures, centered at
�1.9 and �2.65 lm.

The residuals exhibit also some small wavelength intervals
where the synthetic spectrum is actually deeper than the mea-
sured one. The zigzag shapes around 2.2 lm are due to a bad repro-
duction of the left wing of the 2.3 lm band for those occultations
where the wavelength shift is applied. In fact we do not see such
structures in the T10E occultation. The other region where the syn-
thetic spectrum is more absorbing than the measured spectrum is
around 3.2 lm. It is a range with a steep slope of the methane band
blended with a significant C2H4 absorption, and even small errors
in the molecular abundances can have a significant impact in the
spectral shape.

Many of these absorptions have been detected for the first time.
Through the analysis of their shape and evolution with respect to
altitude we have found a good candidate for their identification:
gaseous ethane. Ethane is the second most abundant hydrocarbon
on Titan (after methane). However, its near-infrared spectrum is
complex and very difficult to model, so a database of reliable
C2H6 spectroscopic parameters in the VIMS’ range currently does
not exist. The two main collections of atmospheric coefficients,
HITRAN and GEISA, contain only a few lines between 3.3 and
3.4 lm, which can be seen in the right plot of Fig. 16. However,
even this very partial coverage is not complete, because the theo-
retical computations include only the nine strongest multiplets of



Fig. 27. Comparison between the PNNL ethane spectrum obtained at 5 �C (bottom plot) expressed in cross section (cm2/molecule) and the additional absorptions found by
VIMS for the T78I occultation (top, same plot as Fig. 25) in the 1.54–4.0 lm wavelength range. Its vertical scale is set to highlight the weaker bands outside the 3.25–3.55 lm
range. The ethane cross section between 3.25 and 3.55 lm can be as high as 2 � 10�18 cm2/molecule.
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C2H6 in that region and neglect the complex underlying envelope
of weaker lines. Nevertheless, laboratory measurements of the
near-IR spectrum of ethane have been obtained by the Pacific
Northwest National Lab (PNNL – Sharpe et al., 2004). Fig. 27 shows
a comparison between the VIMS residuals and the PNNL measure-
ments in the 1.54–4.0 lm wavelength range. Most of the features
exhibit a very good agreement. Not only the bilobate shape of
the 2.2–2.5 lm band is excellently reproduced, as well as the rela-
tive intensity of the two lobes, but almost all the secondary bands
of VIMS residuals (at 1.7, 2.7, 3.1, as well as the above-mentioned
3.6 and 3.75 lm bands) have a corresponding match in the labora-
Fig. 28. Same as in Fig. 27, for the 4.1–4.6 lm region. This is the same occultation of Fig. 2
at 4.2 lm and between 4.3 and 4.5 lm are visible but the low signal-to-noise ratio doe
tory spectra. The intensity proportion between them is also
respected, with the possible exception of the 1.7 lm residual
which is stronger in the VIMS data with respect to the other signa-
tures. The only residual band that does not seem to be due to eth-
ane is the peak at 1.9 lm.

The other region of the VIMS spectrum where we find addi-
tional absorptions is the 4.1–4.5 lm range: a well-defined one at
4.2 lm and a broader one between 4.3 and 4.5 lm (Section 4.2).
Here we could not create a good residual spectrum as a function
of altitude like those of Fig. 26 because of the high noise level
beyond 4 lm (Fig. 28). However, we can still extract some qualita-
3 (which shows the spectral fits of the same region). The two additional absorptions
s not allow us to follow clearly their shape and evolution with respect to altitude.
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tive information. Both these absorptions start to be detected in the
lower layers of the atmosphere, the former below�230 km and the
latter below �180 km. We could not find a good candidate for the
4.2 lm band. It is difficult to attribute it to a stretching mode
linked to the haze, because there are no absorptions due to stretch-
ing variations around this wavelength. Regarding the gases, the
most probable candidates are included in our atmospheric model.
The CO2 band at �4.25 lm is not deep enough and it is also slightly
displaced towards longer wavelengths with respect to our absorp-
tion. Again, ethane is a possibility. As Fig. 28 shows, PNNL mea-
sures an absorption band between �4.17–4.22 lm with the peak
at the right place. However, it seems too weak (maximum cross
section 2 � 10�21 cm2/molecule) to produce such a strong absorp-
tion. Moreover, the other (weaker) branch of the ethane band that
peaks at 4.27 lm does not seem to be clearly detected. No other
gases in the PNNL database exhibit clear features at 4.2 lm. We
also notice that the depth of this residual band does not seem to
grow below �90 km, so that the N2–N2 CIA, which appears below
100 km centered at �4.25 lm, fills slowly up the residual band
(this effect can be seen clearly in the 72 km spectrum of Fig. 23).
This behavior could be consistent with an absorption band gener-
ated by a gaseous component whose abundance decreases sharply
below �90 km, perhaps due to condensation. The 4.3–4.5 lm is
another region with no strong distinct signatures. Ethane has an
envelope of many weak lines that is probably not sufficient to cre-
ate the absorption we observe. This wavelength range contains
however several absorptions due to stretching variations especially
between 4.4 and 4.55 lm, particularly a sharp feature of nitriles
from the –C„N stretch and several weak bands from the –C„C–
stretch of alkynes. All these effects combined together could create
a significant signature.
5. Discussion

In this paper we analyzed the full set of Titan solar occultations
acquired by VIMS from the beginning of the Cassini mission. Sev-
eral problems in the dataset reduced the usable occultations from
10 to 4. These, however, span different seasons and latitudes of
Titan. We focused our study on the gaseous absorptions, extracting
the vertical profiles of CH4 and CO and looking at the residual
absorptions in order to understand their origin. It must be
remarked that the occultation dataset has also great potential to
monitor the vertical distribution and seasonal evolution of the
haze (see the last paragraph of Section 3.1 for a qualitative discus-
sion), which has important consequences on the radiative budget
of Titan. This will be the subject of a separate paper.

We have performed a careful analysis of the methane profiles
extracted from different bands in the VIMS range. We find that
the 1.4 and the 1.7 lm bands are much more reliable than the
2.3-lm used by Bellucci et al. (2009) in their study of the first solar
occultation of VIMS. All occultations suggest a lower methane
abundance than derived from GCMS/Huygens measurements. Our
inferred methane abundance could be underestimated by the lack
of forward-scattering in our modeled spectra. This is hinted by the
bending of the methane profile towards higher abundances in the
upper atmosphere, where the haze becomes more rarefied. How-
ever, a simulation of the effect of forward-scattering in transmis-
sion performed with a Monte-Carlo model shows that our results
can underestimate the methane volume mixing ratio by at most
10%, while we obtain more than 20% difference between our values
and the GCMS reference. Other recent works have measured the
methane mole fraction in Titan’s stratosphere. There is no general
consensus. A reanalysis of CIRS data has found values as low as 1%
(Lellouch et al., 2014), but we do not detect any latitudinal trend as
they do. Measurements from the DISR/ULIS instrument find
instead a methane abundance of 1.44+0.27
�0.11% between 29 and

135 km, in excellent agreement with GCMS (Bézard, 2014). Our
results are between 1.25% and 1.33% (after forward-scattering cor-
rection) and fall between these two extremes. Other measurements
of the methane vertical profile and a more precise determination of
methane’s spectroscopic parameters at Titan’s conditions are needed
to understand the reasons for these discrepancies and to obtain reli-
able information on the stratospheric methane abundance.

CO is detected between �50 and 170 km. We find, within the
uncertainties, a uniform distribution of CO in the stratosphere
and the lower atmosphere, with no latitudinal or seasonal varia-
tions. This result is in agreement with our knowledge of CO’s
behavior in Titan’s atmosphere. We retrieve a global average abun-
dance of 46 ± 16 ppm, in good agreement with the stratospheric
averaged CIRS value of 47 ± 8 ppm (de Kok et al., 2007) and, within
the uncertainties, with the VIMS limb measurements of
32 ± 15 ppm (Baines et al., 2006).

We have confirmed the presence of an additional absorption
within the 2 lm methane band, hinted at by Bellucci et al.
(2009) but not identified, and we attributed it to gaseous ethane.
This interpretation is supported by the excellent agreement with
laboratory measurements of C2H6 absorption cross-section
(Sharpe et al., 2004) throughout the whole VIMS spectral range.
Sim et al. (2013) and Kim and Courtin (2013) attribute this band
to hydrocarbon ices. However, they provide only a qualitative fit
that does not reproduce completely their residuals in the 2 lm
wavelength range. In addition, pressure and temperature condi-
tions in Titan’s atmosphere do not allow the formation and growth
of hydrocarbon ices as high as 300 km, where we already detect
some absorption.

The depths that we observe in VIMS spectra are compatible
with the PNNL measurements. The PNNL mean cross sections
around 2.3 and 2.42 lm are of the order of 3–4 � 10�21 cm2/mole-
cule. At 180 km, assuming p = 1.25 mbar, T = 172 K and an ethane
mole fraction of 12 ppmv (Vinatier et al., 2010a), we derive a
C2H6 limb column density of 3.5 � 1019 molecule cm�2, which
yields an absorption of 10–15%, in good agreement with the resid-
uals observed in occultation T78E at this altitude (Fig. 27). Unfor-
tunately it is not possible to extract more precise information
about these ethane bands, because PNNL spectra were recorded
at pressures and temperatures higher than on Titan and also with
smaller pathlengths. The PNNL cross sections, thus, cannot be
directly extrapolated to Titan’s environment. In any case, this study
shows that the impact of ethane in Titan’s infrared spectra has
been seriously underestimated in previous studies.

We find that ethane affects other regions of Titan’s near-infra-
red spectrum, through the presence of several bands here detected
for the first time. Ethane cross sections measured by PNNL
between 3.27 and 3.50 lm show a plateau of absorptions at
�10�19 cm2/molecule that are not included in the spectral dat-
abases but likely affect the 3 lm wavelength range in addition to
all the other gaseous molecules and the C–H stretch of aliphatic
hydrocarbons. A 10�19 cm2/molecule cross section over the whole
range 3.27–3.50 lm would essentially provide all the absorption
seen in our residuals. However, we cannot really conclude that
C2H6 alone is responsible for this missing absorption because of
the limited spectral resolution of the PNNL spectra (0.11 cm�1)
and their different pressure (1 bar) and temperature (T > 278 K)
conditions from Titan’s ones. We note that C2H6 absorption could
be responsible for the discrepancy between the depth of the resid-
ual absorption band and the haze density put into evidence by
Rannou et al. (2010). The presence of a small ethane absorption
band between 2.6 and 2.7 lm in the PNNL database supports the
hypothesis that our residuals in this wavelength region, even if
small, are a real feature. This is an important evidence because
the wings of this band could affect part of the 2.7 lm surface win-
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dow, which has proven difficult to model with our current knowl-
edge of molecular absorption (Griffith et al., 2012; Hirtzig et al.,
2013). Qualitative computations using a constant cross-section of
10�21 cm2/molecule between 2.6 and 2.7 lm estimate an ethane
band depth of 1–2% in nadir geometry. An absorption of this inten-
sity may have a non-negligible impact on the shape of the 2.7 lm
window. There is also a weak ethane band centered exactly on the
2 lm window, but it is unsure whether such a weak band could
have an effect if observed in nadir geometry. Finally, we find that
also the 1.7 lm methane band includes an additional ethane
absorption at its center. This could lead to an overestimation of
the methane abundance in our inversion of the 1.7 lm band. How-
ever, tests performing the inversion without the wavelengths
affected by this additional absorption show that the effect is within
the uncertainties.

The possibility of the presence of C3H8 absorptions must also be
mentioned. Propane’s abundance in Titan’s atmosphere is approx-
imately 1 ppm. Its spectrum has not been modeled in the near-IR,
but PNNL measurements show that several bands of C3H8 exist in
the VIMS range with cross-sections comparable to those of ethane
(http://vpl.astro.washington.edu/spectra/c3h8pnnlimagesmicrons.htm).
The shape of the C3H8 spectrum is however almost identical to
C2H6, and it is impossible to disentangle the two molecules just
by looking at VIMS’ residual absorptions. Because of its lower
abundance, in any case, the contribution of propane is significantly
less than ethane.

The VIMS wavelength range is also rich in bands generated by
stretching variations associated with aerosol particles. In addition
to the features from aliphatic hydrocarbons, widely present around
3.4 lm, we tentatively attribute a very narrow and strong feature at
3.28 lm to PAHs. Further studies have to be carried out for a better
characterization, but if confirmed, this would be the first detection
of PAHs in Titan’s stratosphere, following its identification in the
upper atmosphere (Lopez-Puertas et al., 2013). This would have
important consequences in constraining the processes of aerosol
formation within the atmosphere of Titan. According to accretion
modeling of aerosol formation on Titan, aromatic compounds in
the thermosphere and upper atmosphere collide and aggregate to
form bigger and more complex molecules (Lavvas et al., 2011). This
process would decrease the PAHs’ density in the lower atmosphere.
A significant presence of PAHs in the stratosphere could suggest
that aerosol coagulation is less effective than predicted by the mod-
els. Alternatively, the 3.28 lm band could be caused by aromatic
molecules deposited at the surface of these aerosol particles.

We find also two significant additional absorptions at 4.2 lm
and 4.3–4.5 lm. Their identification is less robust than for the
above-described bands. The 4.2 lm feature seems not to increase
its depth below �90 km, so it could be generated by a gaseous spe-
cies condensing around that altitude. Ethane possibly contributes
to this absorption, but its band is too weak to be the only respon-
sible for the 4.2 lm feature. In addition, ethane condenses only
around 70 km. This band seems not to increase its depth below
�90 km, so it could be generated by a gaseous species condensing
around that altitude. The 4.3–4.5 lm range contains a ‘‘plateau’’ of
weak ethane absorptions added to bands from stretching varia-
tions of alkynes and nitriles that could create a broad signature.
More observations with a better signal-to-noise ratio are needed
for a more robust identification.

The seasonal evolution of Titan’s vertical atmosphere observed
with VIMS occultations will be pursued with new measurements
before the end of the Cassini mission in 2017. Thus we will have
profiles from almost half a titanian year probing different latitudes.
This dataset is a valuable tool to study the vertical behavior of
gases and haze on Titan. It will permit to determine their proper-
ties and the identification of all the previously undetected spectral
signatures with more precision.
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