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Abstract

Titan’s bulk density along with Solar System formation models indicates considerable water as well as silicates as its major constituents.

This satellite’s dense atmosphere of nitrogen with methane is unique. Deposits or even oceans of organic compounds have been suggested to

exist on Titan’s solid surface due to UV-induced photochemistry in the atmosphere. Thus, the composition of the surface is a major piece of

evidence needed to determine Titan’s history. However, studies of the surface are hindered by the thick, absorbing, hazy and in some places

cloudy atmosphere. Ground-based telescope investigations of the integral disk of Titan attempted to observe the surface albedo in spectral

windows between methane absorptions by calculating and removing the haze effects. Their results were reported to be consistent with water

ice on the surface that is contaminated with a small amount of dark material, perhaps organic material like tholin. We analyze here the recent

Cassini Mission’s visual and infrared mapping spectrometer (VIMS) observations that resolve regions on Titan. VIMS is able to see surface

features and shows that there are spectral and therefore likely compositional units. By several methods, spectral albedo estimates within

methane absorption windows between 0.75 and 5mm were obtained for different surface units using VIMS image cubes from the Cassini-

Huygens Titan Ta encounter. Of the spots studied, there appears to be two compositional classes present that are associated with the lower

albedo and the higher albedo materials, with some variety among the brighter regions. These were compared with spectra of several different

candidate materials. Our results show that the spectrum of water ice contaminated with a darker material matches the reflectance of the lower

albedo Titan regions if the spectral slope from 2.71 to 2.79mm in the poorly understood 2.8-mm methane window is ignored. The spectra for

brighter regions are not matched by the spectrum of water ice or unoxidized tholin, in pure form or in mixtures with sufficient ice or tholin

present to allow the water ice or tholin spectral features to be discerned. We find that the 2.8-mmmethane absorption window is complex and

seems to consist of two weak subwindows at 2.7 and 2.8mm that have unknown opacities. A ratio image at these two wavelengths reveals an

anomalous region on Titan that has a reflectance unlike any material so far identified, but it is unclear how much the reflectances in these two

subwindows pertain to the surface.
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1. Introduction

Titan, with an equatorial radius of 2575 km, is the largest
satellite of Saturn and the second largest moon in the
solar system after Ganymede. It has a bulk density of
1880 kg/m3. Therefore, it is likely to have considerable H2O
in the interior and perhaps on the surface, along with
silicates as the other major constituent (c.f. Tobie et al.,
2005). It is unique among satellites in the solar system in
that it has a thick approximately 1.5-bar atmosphere. The
atmosphere is composed mostly of N2 (1.4 bars) followed
by CH4 (methane, �0.05 bars) (Fulchignoni et al., 2005;
Flasar et al., 2005; Lodders and Fegley, 1998). Solar
ultraviolet photolysis of the methane is suggested to create
a haze in the atmosphere and lead to precipitation of
simple and complex organic compounds onto the surface
(Yung et al., 1984; Flasar, 1983; Lunine et al., 1983). The
loss rate predicted for methane from the atmosphere is
such that a source of methane must exist in Titan’s interior
to sustain the atmosphere, and thus subsurface processes
with surface expressions might be involved. If the atmo-
sphere existed in its present form over the age of the solar
system, it is predicted that organic liquids sufficient to
cover the entire surface to �800m would have been
created. High spatial resolution near-infrared imaging by
the Huygens probe revealed a landscape of channel-cut
hills and a solid pebbly plain, although some liquid
deposits are not ruled out (Tomasko et al., 2005) and
liquid hydrocarbons were evidently very close to the
surface based on chemical analyses at the landing site
(Niemann et al., 2005). Learning the composition of the
surface and the nature of the surface–atmosphere interac-
tions is critical to understanding the evolution of Titan and
its atmosphere.

Solar radiation illuminating the Titan surface and the
radiation reflected by the surface is strongly affected by the
Titan atmosphere, which contains both scattering particles,
creating a haze, and absorbing gas, mainly methane. The
haze scatters and absorbs incoming and outgoing radia-
tion, with a smoothly increasing effect toward shorter
Fig. 1. VIMS IR images from data set 1477491859 of Titan at three waveleng

effects of the Titan methane haze toward shorter wavelengths. From left to righ

and definition of albedo boundaries toward shorter wavelengths.
wavelengths. Spectral windows exist between the major
methane absorption bands in the near IR. However, even
within these windows, some methane absorption may
remain, especially toward the wings of the window.
Nevertheless, the surface can be seen through the haze
within the methane windows (c.f. Baines et al., 1992),
especially at longer wavelengths (Fig. 1).
Earth-based telescopes were first used to obtain spectra

of Titan’s surface, but these attempts were hindered by
both the small angular diameter of Titan as seen from
Earth and the Earth’s atmospheric absorptions, mostly
water and CO2. Most recently, Griffith et al. (2003)
published ground-based telescopic observations of the
integral disk of Titan and their calculations for surface
albedos at 1.07, 1.28, 1.58, 2.0, 2.9, and 5.0 mm. They found
their results consistent with water ice on the surface of
Titan and compared these results with the spectrum of
Ganymede perhaps mixed with a small amount of dark, red
material like tholins. They pointed out that this is
inconsistent with models that produce deep deposits of
organic material on the surface. The Griffith et al. (2003)
results are consistent with earlier, less extensive attempts to
determine surface albedos (Griffith et al., 1991, 1993;
Coustenis et al., 1995).
The objectives in this study are first to detect spectral

diversity, implying compositional differences across the
Titan surface. We then limit the possible surface materials
present by calculating the reflectance spectrum for the
Titan surface material.
The atmospheric effects normally are calculated using

radiative transfer theory (e.g., Griffith et al., 2003). This
method requires knowledge of the optical properties of the
atmospheric gases and particles and their distribution.
These are imperfectly known, although the Huygens probe
and analyses of the Cassini remote sensing instrument data
are improving the pre-Cassini knowledge. We take
advantage of the greatly improved spatial resolution and
SNR from visual and infrared mapping spectrometer
(VIMS) compared with earlier telescope observations even
though we do not yet have the full advantage of the
ths within methane absorption windows showing the increasing scattering

t, the wavelengths are 0.93, 1.28, and 2.02 mm. Note the decrease in contrast
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expected increase in understanding of the atmosphere from
Cassini-Huygens.

2. The observations

VIMS (Brown et al., 2004) is part of the instrument
payload on the Cassini-Huygens spacecraft that injected
into Saturn orbit on June 30, 2004. The VIMS consists of
two spectrometer channels: The visual channel (VIMS V)
covers the spectral range from about 0.35 to 1.0 mm with
spectral sampling capability of 1.46 nm normally summed
by � 5, and the IR channel (VIMS IR) covers the range
from about 0.9 to 5.1 mm with spectral sampling16.6 nm
(256 channels). The pixel size can be as small as 0.25�
0.5mrad for the IR and 0.167� 0.167mrad for the V
channel. During the Saturn orbit injection period, the
VIMS acquired measurements of Titan. The closest app-
roach to Titan by VIMS during this encounter (called T0)
was 300,000 km. Cassini made a closer fly-by of Titan in
October 2004 (called the Ta encounter) at 6000 km,
although full disk imaging at closest approach was not
possible. We selected for analysis VIMS observations of
the entire Titan disk from the Ta encounter before closest
approach. The IR channel data used are image cubes
from a medium resolution 3� 2 mosaic: 1477473027,
1477473988, 1477474917, 1477475933, 1477476864, and
1477477826. The VIMS V study used data set 1477472030.
They were obtained at a distance of approximately
130,000 km from Titan.
Fig. 2. A series of ratios of VIMS IR Titan Ta images are shown here. The wa

features with different contrasts at different wavelengths suggesting compositi

south polar cloud, while others at known to be on the surface, such as the ‘‘W’’

ratios has well-defined edges and appears to be near or on the surface.
3. Surface spectral differences

We first searched for spectral diversity on Titan by
calculating ratio images among methane windows beyond
1.8 mm in the VIMS IR spectral range. These images are
derived without attempting to remove any atmospheric
haze scattering and absorption or residual methane
absorption effects. Since the haze and methane opacities
are thought to be fairly uniform across Titan’s disk, any
variations seen in a ratio image are likely due to clouds that
exist mainly near the south pole, and the surface materials.
In Fig. 2, we show that there are strong features in some of
the ratio images. Some features appear in some ratios while
others appear in other ratios. This is evidence of spectral
differences that are likely due to surface compositional
differences.
One striking anomalous bright feature occurs in the IR

channel ratio image 2.8/2.7 mm near lat. 26 S, long. 118W.
This feature appears brighter than all other regions in this
ratio image and it is also one of the brightest regions at
5 mm, where the feature appears along with or as part of a
band of brightness in mid-southern latitudes. This bright
band is also evident in the 5.0/2.0 and 5.0/2.7 ratios. The
anomalous region in the 2.8/2.7 ratio image appears to
have a spectral albedo that is relatively low at 2 and 2.7 mm
and then become sharply higher between 2.7 and 2.8 mm
and is high at 5 mm.
Note also that the south polar clouds are relatively

brighter in the 2.8/2.0- and 5.0/2.0-mm ratio images and are
velengths of the images are given in the figure. These show the existence of

onal differences. Some features are known to be atmospheric, such as the

feature. The unusually bright feature in the 2.8/2.7-mm and the 5.0/2.0-mm



ARTICLE IN PRESS
T.B. McCord et al. / Planetary and Space Science ] (]]]]) ]]]–]]]4
less or not at all evident in the others. These clouds seem to
have a spectral albedo higher at 5.0, 2.8, and 2.7 mm
relative to 2.0 mm. This is consistent with the clouds being
composed of methane solid and/or liquid. The large, so-
called ‘‘W’’ region that appears dark at visual wavelengths
is shown in Fig. 2 to be relatively brighter at 2.7 and 2.8 mm
relative to at 2.0 and 5.0 mm.

It may be that some of these features are atmospheric
rather than on the surface. We know the south polar
features are clouds. We know the large ‘‘W’’ region is on
the surface from other observations, e.g., its persistence in
images taken over several years from HST (e.g., Coustenis
et al., 2001; Richardson et al., 2004). The mid-south
latitude bright band at 5 mm appears diffuse and may be
atmospheric in nature but this cannot be proved from these
data.

The anomalous bright feature in the 2.8/2.7-mm ratio
image is certainly unusual in that it appears in a ratio for
two closely spaced (in wavelength) images, requiring a
sharp change in albedo with wavelength. It probably is not
due to haze or methane absorption or other variations in
the atmosphere, because of its distinct boundaries and
North Bright
South Bright
East Bright
Anomalous Bright
Cloud
Dark
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Fig. 3. I/F reflectances are shown for selected regions that appear in the

ratio images shown in Fig. 2. These are derived without attempting to

compensate for haze or residual absorption effects within the methane

windows. The reflectances are shown as taken from the I/F image cube (a)

and as scaled to the 2.0-mm window image (b).
shape and uniqueness. Thus, it is probably related to a
surface unit or to a near-surface phenomenon.
The reflectances (I/F) for several of the notable features

appearing in the ratio images in Fig. 2 are shown in
Fig. 3 plotted both as taken from the I/F image cube
and relative to the 2-mm image. These show quantitatively
what appears in the ratio images. Note again that no
compensation for the atmosphere has been made in this
approach.

4. Surface albedo calculations

We discuss here our calculation of the Titan surface
reflectance at the wavelengths of the methane absorption
windows covered by the VIMS IR channel. We selected
several Titan regions to study in the Ta data set (Fig. 4),
based partly on the interesting features revealed in the ratio
images presented in Section 4 (Fig. 2). The VIMS data sets
from which IR DN spectra were extracted and analyzed are
given in Section 2, and the characteristics of the spots
chosen for study are given in Table 1.
We obtain I/F spectra for these Titan spots including the

atmosphere and surface using the VIMS IR channel data.
The signals for several pixels were averaged together for
each spot. These were reduced and calibrated following the
usual VIMS procedures (McCord et al., 2004). This
consists of correcting for dark offsets, removing noise
spikes and applying the VIMS spectroradiometric response
file. Dividing the result by the solar spectrum at Titan
yields the five I/F spectra for Titan shown in Fig. 5.
Fig. 4. Locations are shown for the areas on Titan chosen for study from

the Ta encounter (Table 1). The correspondence of locations listed in

Table 1 with those shown here is: ddark ¼ *, dark ¼ open diamond,

nbrit ¼ x, brit5mm ¼ filled square, anomb ¼ filled circle.
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Table 1

Information on the Titan spots chosen for analysis for the Ta (Table 1) encounters

Area # Pixels Lat. Long. Pix Res. Incid. Emis. Phase

ddark 10 �5.0 187.4 65� 35 37.2 25.5 12.7

dark 8 �3.7 146.1 63� 32 21.0 21.0 13.2

normbrit 9 �12.2 119.7 58� 40 34.7 44.2 13.7

brit5mm 9 �30.9 142.8 62� 31 12.8 26.4 13.6

anombrit 8 126.0 118.0 63� 40 33.0 45.5 13.9

Given from left to right, are name given to each spot, number of pixels averaged, latitude and longitude of the spots, pixel size on Titan in km, and

incidence, emission, and phase angles.

0.30

0.25

0.20

0.15

0.10

0.05

0.00
1.0 1.5 2.0

I/F

0.10

0.05

0.00

I/F

2.5 3.0 3.5 4.0 4.5 5.0

(a)

(b)

Fig. 5. I/F spectra from the VIMS IR channel Ta data sets listed in the

text without atmosphere corrections for regions of Titan selected for

analysis (Table 1; Fig. 4); (a) and (b) are for the short- and long-

wavelength portions of the 1–5mm spectral region. And these are plotted

on different vertical scales because the reflectance levels are very different.
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4.1. IR surface albedos estimates without atmospheric

correction

We first assume no atmospheric effects and take the peak
reflectance from the I/F spectra (Fig. 5) in each of the
methane windows as being due to the surface material
(Table 2; Fig. 6). This provides a baseline against which to
compare attempts to remove the atmospheric effects.
This assumption is closer to correct as one proceeds to
longer wavelengths. In the 2.0-mm window, the amount of
haze contribution is thought to be small and the window to
be mostly free of methane absorption plus the VIMS signal
is high. The window at 2.8-mm is complex (see discussion,
below) and has low signal. The 5-mm window has the least
atmospheric effect but also has low signal. The increase in
I/F values (Fig. 6) toward the shorter wavelengths is at
least partly due to the increasing effects of haze not
accounted for in these calculations. A counter effect may
be residual methane absorption even at the center of the
windows.

4.2. IR surface albedos from simple model using pre-existing

extinctions

We first used a simple cosine extinction model to
calculate the atmosphere haze contribution to the I/F
spectra in Fig. 5. We used the extinction factors and other
atmospheric characteristics from Griffith et al. (2003,
Fig. 2). This considered no contribution of light from the
haze scattering, only extinction (absorption and scattering
out of the line of sight and illumination), and no methane
absorption effects. No haze corrections were made long-
ward of 2.01 mm. We used the airmass for the VIMS
observations. This is an oversimplification because extinc-
tion is non-linear with pathlength and there clearly are
other effects ignored. This is done as an easy improvement
over assuming no atmospheric effects (Section 4.1) and to
illustrate what more sophisticated modeling contributes
(Section 4.3). The results are listed in Table 3 and shown in
Fig. 7.

4.3. IR surface albedos from revised radiative transfer

calculations

We derived Titan’s surface reflectances by using radia-
tive transfer calculations to determine atmospheric opacity
following the procedure and using the code from Griffith
et al. (2003). We present here a single albedo for each
methane window, although VIMS provides several spectral
channels within each window. This is discussed in Section
4.5. We approximate the radiative transfer equations using
the discrete ordinates algorithm (Stamnes et al., 1988),
and simulate the effects of absorption by methane and
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Table 2

IR reflectances are shown for the locations shown in Fig. 5 derived by using the peak values in the I/F spectra in Fig. 4 and not compensating for

atmospheric effects

Wavelength ddark dark normbrit bright5mm anombrit

0.93 0.181174 0.193067 0.258449 0.234767 0.259419

1.08 0.151289 0.162495 0.269641 0.227782 0.266028

1.28 0.112652 0.12167 0.240239 0.191855 0.234982

1.59 0.073795 0.080628 0.174102 0.139798 0.177599

2.03 0.04905 0.055998 0.159773 0.124265 0.177217

2.71 0.013989 0.015394 0.030747 0.028026 0.0342

2.79 0.015853 0.017517 0.037897 0.034662 0.053119

5.03 0.012257 0.015892 0.044029 0.052252 0.088797

I/F

0.3

0.2

0.1

0.0
1 2 3 4 5

Fig. 6. I/F spectra are shown for each of the Ta sites shown in Fig. 4.

These are derived directly from the I/F spectra shown in Fig. 4a,b. Using

the peak reflectance values at each of the methane absorption windows

without any correction for atmospheric effects. These reflectances are

similar to those shown in Fig. 3a.

Table 3

IR reflectances for the Ta sites are shown for the locations shown in Fig. 5

derived by using the extinctions values of Griffith et al. (2003) applied to

the I/F spectra in Fig. 4

Wavelength ddark dark normbrit bright5mm anombrit

1.07 0.061 0.073 0.082 0.09 0.079

1.28 0.057 0.068 0.102 0.098 0.094

1.59 0.038 0.046 0.076 0.073 0.073

2.02 0.03 0.039 0.085 0.076 0.086

2.73 0.013 0.014 0.024 0.021 0.024

2.9 0.009 0.009 0.014 0.01 0.013

0.10

0.05

0.00
1 2 3 4 5

I/F

Fig. 7. I/F spectra are shown for each of the Ta sites (Fig. 4). These are

derived using the extinction factors taken from Griffith et al. (2003).
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scattering by Titan’s haze, clouds, and surface across the
VIMS spectrum. Absorption coefficients of methane
combination bands are derived with line-by-line techni-
ques, using the line parameters from the GEISA database
(Husson et al., 1991). We assume a methane distribution
that is 60% saturated at the surface, above which the
mixing ratio is constant until saturation is reached. The
mixing ratio assumes the saturated value above this
altitude up to the tropopause, and is constant in the
stratosphere at the tropopause value of 1.9%. The Voyager
temperature profile, as analyzed by Lellouch et al. (1989), is
used to approximate the thermal profile at all latitudes.
Pressure-induced absorption due to H2–N2 and N2–N2 are
included at 2.0–2.2 mm (McKellar and Welsh, 1971, Griffith
et al., 1991) as well as the 0–1 vibrational band of CO at
4.6 mm. We ignore the fluorescence of CO, which does
not strongly affect Titan’s overall albedo at 4.9–5.0 mm
(Lellouch et al., 2003; López-Valverde et al., 2005).
Scattering from Titan’s haze and clouds is treated with
Mie calculations. We assume the optical constants for
tholins (laboratory analogs of Titan’s haze) as measured by
Khare et al. (1984).
We first quantify the haze opacity by analyzing Titan’s

spectrum within the center of methane bands. At these
wavelengths (1.4, 1.7, 2.2, and 2.5 mm), sunlight does not
reach the surface. Here Titan’s observed albedo is
established mainly by the scattering of sunlight from
Titan’s haze. While the spectra that we have analyzed
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thereby provide information on the haze opacity, they do
not provide a unique solution. More detailed information
on the near-IR opacity of Titan’s haze will emerge from
further studies of Cassini-Huygens VIMS, ISS, and DISR
measurements. In this analysis, we assume a particle size
and density distribution that agrees with the results of
Voyager high phase angle measurements of Titan’s upper
stratosphere (Rages et al., 1983). We assume a particle
scale height of 40–80 km, also roughly consistent with the
Voyager measurements. With these assumptions, we derive
haze optical depths of 0.36, 0.25, 0.14, and 0.11, at the
wavelengths of 1.4, 1.7, 2.2, and 2.5 mm, respectively. These
values agree with prior determinations from observations
of backscattered sunlight recorded from ground-based
telescopes (Griffith et al., 2003).

The surface albedos that we determine with the haze
optical depths above are shown in Fig. 8 and listed in
Table 4. Uncertainties in the haze optical depth are difficult
to assess, because a wide range of optical depths fit the
observations. For example, at 2.0 mm we can match the
observations with haze optical depths that range from 0.1
to 0.3. We therefore have chosen optical depths that are
most consistent with past studies. To assess the effects of
the haze uncertainty on the surface albedos, we consider
variations in the haze optical depth of 25%. The resulting
Table 4

IR albedos derived for five selected Titan terrain types using the method of G

Wavelength ddark dark

1.28mm 0.1070.03 0.1170.03

1.58mm 0.04670.009 0.0570.01

2.0 mm 0.04170.002 0.04670.003

2.8 mm 0.02170.001 0.01770.001

5.0 mm 0.02670.001 0.02070.001

0.3

0.2

0.1

0.0
1 2 3 4 5

I/F

Wavelength (µm)

Fig. 8. Surface reflectances for the Titan locations shown in Fig. 4 for Ta

derived from new radiative transfer calculation following the method of

Griffith et al. (2003) are shown with errors assuming a 25% uncertainty in

the haze optical depth.
error bars, shown in Fig. 8 and given in Table 4, corres-
pond to an error of 5% at 5.0 and 2.8, 6% at 2.0 mm,
10–20% at 1.58, and 20–30% at 1.28 mm.
Uncertainties in the gas absorption are also difficult to

assess because they would result from unknown errors or
omissions in the methane line parameters in the GEISA
database. These uncertainties may be largely resolved for
wavelengths shortward of 1.6 mm by combined GCMS and
DISR measurements. Our models nonetheless match the
data well, with exception of the 2.8 mm window. The source
of missing opacity at 2.8 mm is at present unknown, and
may be either due to an incomplete methane line list or the
absorption of a gas or condensed aerosol that is not
considered, and some surface material effects may also be
present. We include the known absorption of methane only
within this window.
This modeling produces a flat-topped window extending

from 2.7 to 3.1 mm (Fig. 9), while the Titan atmosphere
shows much greater structure, even above the clouds whose
tops are less than a few tens of km high (Fig. 9b). At the
surface, the atmospheric opacity is very large except
between 2.65 and 2.95 mm, and is too large to be useful
except for near the top of the two narrow windows near 2.7
and 2.8 mm. This also has been reported using the
International Space Observatory (ISO) data (Coustenis
et al., 2003, 2006).
The cause of the structure across this methane window

seems unlikely to be an unknown gaseous absorber, since
the only materials that are not condensed at 90–100K
include light noble gasses, diatomic molecules, and very
light hydrocarbons. Condensed materials may have a
significant equilibrium vapor pressure (Yung et al., 1984),
but it is not clear that there are strong enough infrared
absorptions at these low pressures to matter. If the added
absorption is due to the spectrum of a condensed aerosol, it
must be concentrated in the lower atmosphere as it is
greatly reduced above the clouds (Fig. 9b). Huygens
investigators have reported that the effects of the aerosols
extend down to the surface (although not enough to
severely degrade the images taken during its descent).
Recent studies of the spectral properties of methane gas
(Irwin et al., 2006) indicate that the most transparent part
of the 3-mm window is between 2.9 and 3.0 mm, where our
spectra show very low transmission. This is indicated by
the disappearance of the dark–light contrast in this spectral
region that is visible in every other window. It is very
possible that if the aerosols are like Titan tholins, they can
riffith et al. (2003)

normbrit brit5mm anombrit

0.2770.05 0.1870.04 0.2570.05

0.1770.02 0.1270.02 0.1670.02

0.2170.01 0.13670.008 0.2470.01

0.06670.003 0.03870.002 0.10070.005

0.05070.003 0.05070.003 0.1070.005



ARTICLE IN PRESS

Titan tholin
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Wavelength (µm)

Wavelength (µm)

(a)

(b)

Fig. 9. VIMS spectra (heavy solid lines) and model transmissions from the

Griffith et al. (2003) radiative transfer calculation method (light solid

lines) are shown in (a) for the 2.8-mm Titan atmosphere transmission

window. The VIMS spectra are for the locations brit5 mm (top), nbrit

(middle, and ddark (bottom). The VIMS spectra indicate much more

absorption than the model spectra and suggest two ‘‘dirty’’ subwindows

near 2.70 and 2.80mm rather than one ‘‘clean’’ broad window from 2.7 to

near 3.1mm. The VIMS spectra are compared with several candidate

surface material spectra (dash lines: Titan tholin, Callisto, and water ice

from the same source as for the spectra shown below in Figs. 15, 16)

showing that the slopes of these material spectra are reversed to the

relative brightness in the two subwindows, especially for water ice. In (b),

the VIMS and model spectra (light solid lines) are compared with VIMS

spectra (dark solid lines) for the tops of clouds (gray solid line), which are

much brighter, suggesting much of the additional absorption in the

atmosphere is below the cloud tops. The dashed lines in (b) indicate the

similar absorption shapes and extent of the cloud and ‘‘surface’’ spectra.
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be effective absorbers beyond 2.9 mm (see Fig. 9a), because
in the Rayleigh limit absorption cross-sections only
diminish as l�1 (compared to l�4 for scattering) (Bohren
and Huffman, 1983, p. 136).

Investigation of the two peaks in the 2.8-mm window,
at 2.71 and 2.79 mm, shows that the 2.79 mm reflectance
is always higher than that at 2.71 mm (Fig. 2, 3). The
2.79/2.71 mm ratio is always greater than 1.0 in all VIMS
Titan spectra observed to date. The ratio remains greater
than unity as a function of altitude observed over different
cloud heights (e.g., Fig. 9b). Thus, while we do not know
the precise transmission function at these two wavelengths,
the fact that the ratio is relatively stable in all VIMS
spectra from the surface to highest clouds indicates that
atmospheric absorption does not influence the ratio
significantly. However, a major part of the atmosphere
still exists above the clouds and the ratio is near unity, so it
is not clear how much effect on this ratio the difference in
atmosphere amount between cloud tops and surface would
make. Also, the spectral structure above the cloud is
mimicked by the structure over the surface with greater
absorption, implying that the atmospheric effects are
significant and that the reflectance at these wavelengths
cannot be trusted in an absolute sense.
An important point is that measuring absolute reflec-

tance at these wavelengths could provide a sensitive
indicator for the presence of water. The 2.79/2.71 mm
reflectance ratio is always less than unity in spectra of ice
and water-bearing minerals, at least in all library spectra
tested to date (Clark et al., 2003, 2005, and spectra we have
acquired for this study).

4.4. VIMS VIS surface albedos

It becomes increasingly difficult to observe the surface of
Titan even within methane absorption windows as one
moves to shorter wavelengths and especially into the visual
portion of the spectrum due to the increasing amount of
scattering from the haze. Also, less is known about the
scattering properties of the haze particles toward shorter
wavelengths and thus analytical modeling to remove the
haze effects becomes increasingly difficult as well. Never-
theless, it is clear from the VIMS V images, as it is from the
Cassini Camera system data, that albedo features on the
surface are still visible at visual wavelengths. Thus, we tried
an empirical technique to estimate the haze contributions
and determine something of the surface feature albedos in
several red and NIR methane windows using the VIMS V
data.
Ratio images using the VIMS V data for methane

windows at 0.75, 0.82, and 0.93 mm (Fig. 10) show a similar
view of Titan as in Fig. 2 for the VIMS-IR channel data
set. These images are derived assuming there is a haze-
induced brightness additive component across the image,
according to the formula: Ratio image ¼ (A+x)/(B+y),
where A and B are the true surface brightness within two
methane windows and x and y are a brightness additive
component due to the haze. Values of x and y are guessed
and changed in an iterative fashion until the maximum
contrast among brightness features is achieved. This
approach can reveal surface albedo differences. In princi-
ple, surface albedo values also can be estimated by this
method if one neglects surface topography. A further
complication is that there is likely also a factor multiplying
the parameters A and B due to methane and haze absorp-
tion in the window, which we ignore in this simplistic
analysis.
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Table 5

Reflectances derived using the difference method from the VIMS VIS channel data for the NIR methane windows for the locations shown in Fig. 5

Wavelength ddark dark normbrit brit5 mm anombrit

0.757620 0.243907 0.273520 0.293386 0.301020 0.300007

0.834630 0.269552 0.300981 0.344230 0.350009 0.336880

0.944450 0.218045 0.237607 0.302651 0.298535 0.281795

Wavelengths are in mm.

wl1/wl2 wl1/wl3 wl2/wl3

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0.00

0.05

0.10

0.15

0.20

0.25

0.30
wl3wl2wl1

 Bright Region
 Dark Region

I/F

Wavelength (µm)

Fig. 10. Ratio images of Titan in the three methane windows from VIMS VIS Ta data are shown (top). The spectral locations of the windows and their

designations are shown (bottom) with a VIMS I/F spectrum for a bright and dark region as it appears near the center of the Titan disk image (top).
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Brightness differences are present in Fig. 10. These
consist mostly of the large W region structure. I/F spectra
for these regions from the VIMS VIS channel data are
shown.

The albedos derived by this method from the VIMS V
data for the five regions of study in the Ta data using the
VIMS IR data are given in Table 5 and shown in Fig. 11,
with and without error estimates. The haze contribution
has been considered spectrally flat between 0.75 and
1.30 mm and with a fixed vertical distribution, taken from
Rannou et al. (2003). With the lack of altimetry data, the
surface has been considered at zero altitude and locally
horizontal.

4.5. Spectral segments

In principal, VIMS provides several spectral channels
within each Titan atmospheric spectral window. Thus, we
might attempt to calculate segments of the Titan surface
albedo spectrum within each window, rather than a single
albedo point for each window as we presented above. The
complicating issue is the uncertainty that exists about the
detailed spectral behavior of methane and the particulate
haze at Titan conditions and with altitude. This uncertainty
is likely to be significantly reduced as the Cassini mission
unfolds, but it is currently beyond the scope of this article
to deal in detail with this approach. However, the 5-mm
window, of all the windows we use in this study, is least
affected by methane and haze and might be sufficiently free
of these effects to provide a meaningful measure of the
surface albedo spectrum within the window spectral range.
We explore this possibility by plotting the I/F spectrum

(Fig. 5) for four of the Titan spots studied here (Fig. 4) on
an expanded wavelength scale for the approximate extent
of the 5-mm window (Fig. 12). If there were no atmospheric
effects, these I/F spectra would represent the surface
material properties. There are likely to be some complica-
tions at both ends of the spectral range plotted in Fig. 12.
It is uncertain exactly where the window becomes free of
methane effects at the short-wavelength side, and the



ARTICLE IN PRESS

0.10

0.05

0.00
4.90 4.95 5.00 5.05 5.10

I/F

Wavelength (µm)

Fig. 12. I/F VIMS spectra for the 5-mm Titan atmosphere window are

show for four of the Titan locations studied here. From top to bottom

spectrum in the plot, these are anomb, brit5 mm, normbrit, and ddark.

These are taken from the full I/F spectra given in Fig. 5b.

I/F
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0.0
0.75 0.80 0.85 0.90 0.95

0.4
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0.1
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Wavelength (µm)
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Fig. 11. Reflectance for the five Titan locations studied here using the

VIMS VIS data from Ta are shown with and without errors (plots a and b,

respectively). Values are given in Table 5.
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VIMS sensitivity ends at the long-wavelength side with
rapidly decreasing signal. With this in mind, the spectral
segment in the 5-mm Titan atmospheric window seems to
indicate a relatively smooth reflectance with wavelength
with no noticeable spectral absorptions, and a slight
downward slope toward longer wavelengths. There also is
a slight maximum near 4.97 mm that could be due to
methane effects lingering into the short-wavelength side of
the window. There are a few spectral bumps, such as at
5.09 mm, which are almost surely noise features. This
approach should be attempted for all windows in the future
when the atmospheric properties are better understood.

4.6. Surface albedos comparisons

We put all the IR albedos together in Fig. 13 and show
how the results from the three VIMS IR calculations
compare. The calculations applying no atmospheric
correction all rise toward the shorter wavelengths at least
partly due to the increasing contributions by the haze.
However, at 5 mm and perhaps at 2.8 mm, the haze
contribution should be small. In fact, all three calculations
should and do agree pretty well for all four locations
shown at 5 mm. (The ‘‘dark’’ location is not plotted in
Fig. 13 and subsequent plots because it is so similar to the
‘‘ddark’’ location.) The uncorrected reflectance for the
‘‘ddark’’ location (Fig. 13a) is much higher in reflectance at
shorter wavelengths than the other calculations compared
with the results for the other locations, as expected,
because the haze would make a relatively larger contribu-
tion to the signal for the darker surface areas. However, the
uncorrected reflectances are unexpectedly similar to those
from the most complex atmospheric correction for the
other locations. All methods show increasing reflectance
from 2.87 mm shortward with the dip at 1.6 mm increasing
for brighter regions. Comparison of these reflectances in
Fig. 13 with the ratio images shown in Fig. 2 help in
understanding the meaning of the reflectances, at least their
relative nature.
We attempted to derive a best estimate of the reflectances

in order to compare with reflectances for candidate surface
materials, and these are given in Table 6 and Fig. 14. They
are derived for the VIMS IR data using a weighted
average, with weightings of 2/3 for the most sophisticated
calculation (Fig. 14) and 1/3 for the other two combined
where the different methods used similar wavelengths. The
5-mm point is an unweighted average of all three methods.
The 1.08-mm point uses the 1.08–1.28-mm ratio value from
the method of Section 4.2 offset from the combined 1.28
point.
The IR reflectance values in Fig. 14 are also shown

scaled to unity at the 2-mm point. This displays the rela-
tive spectrum shapes with overall brightness differences
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Table 6

Reflectances for four of the five Ta sites (Table 1; Fig. 5) combined from

the three methods used to calculate Titan surface reflectance

Wavelength ddark normbrit bright5mm anombrit

1.08 0.0917 0.172 0.1402 0.1664

1.28 0.0857 0.214 0.1527 0.198

1.59 0.046 0.1387 0.1043 0.131

2.03 0.0367 0.1683 0.1187 0.1887

2.71 0.0157 0.0457 0.0291 0.0509

2.79 0.0178 0.0565 0.0351 0.0791

5.03 0.0198 0.0447 0.0491 0.0886

The ‘‘dark’’ location is not given to simplify Fig. 5 because it is very

similar to the ‘‘ddark’’ location. Wavelengths are in mm.
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Fig. 13. IR reflectances are plotted for four of the five locations in the Ta data (Fig. 4, Table 1). These show these four spot spectra derived by each of the

three methods plus for our attempt to combine them into a best estimate. (a) ¼ ddark; (b) ¼ normbrit; (c) ¼ brit5mm; (d) ¼ anombrit. Open squares ¼ no

atmosphere correction (Fig. 6; Table 2); open diamonds ¼ atmosphere correction using the values from Griffith (2003) (Fig. 7; Table 3); open

triangles ¼ atmosphere correction using new values derived from the Cassini data following the method of Griffith et al. (2003) (Fig. 8; Table 4); filled

diamonds ¼ our best judgment of the best values for the surface reflectance using the results of the three methods (see text for description of the method

used).
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removed. All locations except for ‘‘ddark’’ show similar
spectral shapes but the ‘‘ddark’’ (and ‘‘dark’’) spectrum is
much redder and with a more subdued 1.6-mm dip. The
VIMS VIS reflectances cluster in a similar way (Fig. 11). It
appears that there are two different classes of composi-
tions, one associated with the ddark material and the other
associated with the other three locations normbrit,
brit5 mm, and anombrit. However, we know from the ratio
images in Fig. 2 that there are distinct reflectances
differences between 2 and 5 mm even for bright regions,
so the small differences in Fig. 15 for the scaled reflectances
are real and probably are due to compositional differences
because of the distinct boundaries for at least some of the
units.

5. Candidate surface materials

We compared the surface albedo values given in Table 6
and Fig. 14 with spectral reflectances for a few already
identified candidate materials that might be present on the
Titan surface (Figs. 15 and 16). These are water ice, tholin,
icy Galilean satellite material, and mixtures of these. The
water ice spectra were obtained using radiative transfer
models and ice optical constants (e.g., Hansen and
McCord, 2004). The tholin spectra are for unoxidized
tholin (so-called Titan tholins) as measured in the
laboratory combined with radiative transfer models using
recently determined optical constants (e.g., Imanaka et al.,
2004; Cruikshank et al., 2005; McCord et al., 2005). The
model information used to create the reflectance spectra is
given in Table 7. Water ice with contaminants is an obvious
candidate material because it has been suggested earlier
from analysis of ground-based telescope measurements
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Fig. 14. Spectra shown here in the top panel are for each of the four

locations on Titan treated in Fig. 13. These spectra are all derived by

considering and combining the results derived by each of the three

methods used for calculating reflectance, as presented using filled

diamonds in Fig. 13. These spectra are also shown (bottom plot) scaled

to unity at the 2-mm value. The bottom panel displays the relative

spectrum shapes with overall brightness differences removed. All ‘‘bright’’

areas locations show similar spectral shapes but the ‘‘ddark’’ spectrum is

much redder (higher values at shorter wavelengths) and has a subdued

1.6-mm dip. These reflectances are used for comparison with reflectance

spectra for candidate materials that might be present on the Titan surface

(Figs. 15, 16).
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(e.g., Griffith et al., 2003) and because we know there must
be considerable H2O in Titan due to its bulk density.
Unoxidized tholin is another obvious candidate material
because it is thought that this material forms in the Titan
atmosphere and collects on the surface.

Because the Titan spectra in Fig. 14 seem to cluster into
two groups (Fig. 14, bottom), we show the results of our
modeling with the candidate material only for the ddark
and the anombrit location reflectances. The brit5 mm and
normbrit reflectances would appear similar to the anombrit
spectra in comparison with the candidate materials spectra
in Figs. 15 and 16.

We first consider the anombrit reflectances in Fig. 15.
The spectra of pure water ice and unoxidized tholin, as
single materials, do not match the derived VIMS anombrit
reflectances. The tholin spectrum is a very poor match at
almost all wavelengths (Fig. 15c). The 2-mm and 1.07-mm
points are not consistent with the water ice spectrum
(Fig. 15a). The Callisto spectrum (water ice with hydro-
xylated material) (Fig. 15b) has a similar problem to water
ice (Fig. 15a) matching the Titan reflectance points, as will
any mixture containing enough water ice with grain size
sufficient to have a significant 2-mm absorption, such as the
ice–tholin mixture (Fig. 15d). The relative strengths of the
two reflectances in the 2.8-mm window are inconsistent with
any of the spectra in Fig. 15, having higher reflectance at
the longer wavelength point, although these two subwin-
dow opacities and therefore the reflectances are uncertain,
as we discussed in Section 4.3.
One might consider adding some methane frost or fog to

these candidate material spectra. These materials should be
multiscattering and thus should brighten all windows and
very small particles would brighten shorter wavelengths
windows preferentially, but this effect would not improve
the matches in Fig. 15.
In Fig. 16, we show a similar comparison for the ddark

Titan location spectrum. In this case, the water ice
spectrum does match the ddark reflectances. The exception
to the good match in the broadly spaced reflectance
windows is in the more uncertain 2.8-mm window, where
the two subwindow reflectances are reversed (longer
wavelength point higher) compared to the sharply drop-
ping water ice reflectance toward longer wavelengths. This
2.79/2.71 ratio behavior is not consistent with water ice (or
NH-bearing materials) (Fig. 9 top). The addition of other
darker material to the pure water ice spectrum, such as
Callisto material or tholins, does not improve the match
but is allowed within the uncertainty of this calculation,
except again for the two 2.8-mm points.
The visual points (Fig. 11) allow a reflectance between

about 10% and 40% within the large error bars. These
points are consistent with many materials except those that
are very bright, such as pure fine-grained water ice and
some other frosts. Note that the IR reflectances (Fig. 14) at
the shortest wavelengths have values in the 10–20% range,
suggesting that the visual points allow a spectrum into the
visual range that is flat to upward sloping from the IR
range.
We also checked for matches with other material spectra.

Obvious candidate materials are simple organics and
cyanide molecules. We note, however, that many of these
show considerable spectral structure in the 5-mm window
region that is not seen in the Titan spectra (Fig. 12). We ran
a comparison check of these Titan reflectances at the
specific window wavelengths with the USGS spectral
library (Clark et al., 2003, 2005), including over 2000
spectra. Some interesting compounds that provide partial
matches to Titan’s normbrit and ddark spectra, when
combined with a neutral absorber, are given in Table 8,
including pyrene, decane, paraffin, and KCN. The long
wavelength reflectances match Titan well, including the
2.79/2.71 mm reflectance ratio, but the 1.28-mm reflectance
deviates from that derived here for Titan. Note that the
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Fig. 15. These plots show the reflectance for the Titan spot anombrit from Fig. 14 and Table 6 compared to that for (a) pure water ice, (b) Callisto (water

ice+dark probably hydroxylated material), (c) pure tholin, and (d) water ice+tholin. The other two bright Titan areas studied (brit5mm and normbrit) are

not shown here to avoid cluttering the plot but they compare similarly to the anombrit area in these plots. See Table 7 for material model parameters used.
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Fig. 16. These plots show the reflectance for the Titan spot ddark from Fig. 14 and Table 6 compared to that for (a) pure water ice, (b) Callisto (water

ice+dark probably hydroxylated material), (c) pure tholin, and (d) water ice+tholin. See Table 7 for material model parameters used.

T.B. McCord et al. / Planetary and Space Science ] (]]]]) ]]]–]]] 13



ARTICLE IN PRESS
T.B. McCord et al. / Planetary and Space Science ] (]]]]) ]]]–]]]14
reflectances given in Table 8 are simple aerial (checker-
board) mixtures, and perhaps a non-linear (intimate,
multiscattering) mixture could improve the fits.

Comparing mineral spectra to the Titan spectra showed
no convincing matches. We did find, however, that some
OH-bearing minerals have a strong absorption at 2.72 mm,
and produce 2.79/2.71 mm reflectance ratios greater than
Table 7

Values used to create the model reflectance spectra that are compared with

the Titan surface area reflectances in Figs. 16 and 18 are given here

Pure ice

ddark r ¼ 6mm� 0.1

anombrit r ¼ 1mm� 0.2

Pure tholin

ddark � 0.15

anombrit � 0.5

Callisto+ice

ddark call� 0.16+r ¼ 50 mm� 0.09

anombrit call� 0.65+r ¼ 50 mm� 0.15

Tholin+ice

ddark thol� 0.14+r ¼ 100mm� 0.055

anombrit thol� 0.28+r ¼ 5 mm� 0.1

Given, from left to right, are: material, Titan location name, and ice grain

radius and multiplicative factor used to scale the spectra. Callisto is an

average of Galileo Near IR Mapping Spectrometer (NIMS) reflectance

spectra of Callisto.

Table 8

Comparison between Titan atmospheric window albedos derived in this work f

albedos for those materials in the spectral library found to be comparable

Wavelength 1.28 1.59 2.03 2.71

normbrit 0.214 0.139 0.168 0.04

Lab 1 �0.081 0.000 �0.051 �0.00

Lab 2 �0.076 0.000 �0.061 0.03

Lab 3 �0.089 0.000 �0.084 �0.00

Lab 4 �0.075 0.000 �0.027 0.09

Lab 5 �0.075 0.000 �0.028 0.09

Lab 6 �0.044 0.000 �0.066 0.07

Wavelength 1.28 1.59 2.03 2.71

ddark 0.0857 0.046 0.0367 0.01

Lab 1 �0.041 0.000 0.002 �0.00

Lab 2 �0.040 0.000 �0.001 0.01

Lab 3 �0.044 0.000 �0.009 �0.00

Lab 4 �0.040 0.000 0.010 0.03

Lab 5 �0.040 0.000 0.010 0.03

Lab 6 �0.029 0.000 �0.003 0.02

No.

1

2

3

4

5

6

The values are offsets after scaling to the 1.59-mm values. The sample descrip

(Clark et al., 2003, 2005 and at web site http://specLaboratorycr.usgs.gov/spect

are laboratory reflectances minus Titan spot reflectances after scaling to the s
unity. Minerals such as serpentines could not be completely
rejected within the uncertainty of the Titan reflectances
derived here.
This is a simple and preliminary modeling attempt, and

it should be extended to include more materials, but this is
beyond the scope of this article and should perhaps wait
for improved Titan surface reflectances, and additional
laboratory reflectance spectra at Titan temperatures over
the full VIMS spectral range.

6. Conclusions

From this modeling attempt, the dark material on Titan
is consistent with water ice, perhaps mixed with a darker
material, such as the non-ice material on Callisto or tholin,
if the 2.79/2.71-mm ratio is excluded. The dark material
spectrum is not consistent with pure tholin. The brighter
regions cannot be matched by any material that contains
sufficient water ice with grain sizes that allow a 2-mm
absorption, nor is pure tholin material consistent with the
Titan bright region reflectances. A search of spectral
libraries show no obvious matches for the Titan bright
material spectra but suggests that OH-bearing material
such as serpentine might be allowed. Organic and cyanide
compounds are possible candidates for Titan’s surface
materials if the albedo mismatch in the 1.28-mm window
or locations named normbrit (top) and ddark (middle) and corresponding

2.79 5.0 2.79/2.71 res

6 0.056 0.045 1.236

2 �0.011 0.029 1.039 0.00167

5 0.020 0.030 0.945 0.00202

7 �0.012 0.003 1.142 0.00254

1 0.054 �0.003 0.808 0.00293

4 0.073 0.011 0.923 0.00346

8 0.000 �0.016 0.459 0.00210

2.79 5.0 2.79/2.71 res

57 0.0178 0.0198 1.236

1 �0.003 0.005 1.039 0.00029

1 0.008 0.005 0.945 0.00030

3 �0.003 �0.004 1.142 0.00035

1 0.025 �0.002 0.914 0.00054

1 0.025 �0.001 0.923 0.00054

5 0.001 �0.010 0.459 0.00027

Sample description

spv 0012 416 pyrene CAS 129-00-0

spv 0012 502 Decane 75.9K

spv 0012 512 paraffin gfwax 273K

spv 0012 434 KCN Coarse

spv 0012 438 KCN Fine

spv 0012 492 water ice 75.9K

tions are given (bottom) according to the labeling in the spectral library

ral.lib04/spectral-lib04.html). The values given in the top and middle tables

ame value at 1.59 mm.

http://specLaboratorycr.usgs.gov/spectral.lib04/spectral-lib04.html
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could be rectified. The featureless Titan spectral segment in
the 5-mm window seems to rule out at least some simple
organic and cyanides, which show considerable spectral
structure in this region, but more reflectance spectra at
Titan’s surface conditions are needed to confirm this.

One puzzle is the reflectance for Titan derived within the
2.8-mm window. (See discussion in Section 4.3.) The
derived 2.80/2.70 subwindow reflectance ratio is unusual
for natural materials in that the 2.80 reflectance is higher,
and, if real, rules out H2O and NH-bearing compounds.
These reflectances depend on an understanding of the
atmosphere opacity across this window, which is more
uncertain than Titan’s other spectral windows, and so the
surface reflectances derived here are uncertain. (See
discussion in Section 4.3 and Fig. 10.) In the 2.80/2.70
ratio image and corresponding spectra (Figs. 2, 3), there is
a small but nearly constant contrast across the Titan disk
except for the anomalous bright spot on the right side of
the image, which shows a much larger contrast. This
suggests uniform properties across the disk (except for the
one special region) due either to the atmosphere or surface
characteristics. Clearly, from the cloud spectra, at least
some of the opacity of the atmosphere is above the cloud
level (Fig. 9). Whatever effect is responsible for the
2.80–2.70-mm offset in reflectance, it seems to be mostly
unrelated to any Titan feature except the bright region,
which could be on the surface or in the atmosphere near the
surface. This 2.8-mm window behavior could be due to a
yet undetermined methane property, and we note that
some alkanes (methane is the simplest alkane) has this ratio
greater than unity in their spectrum. Further laboratory
work and titan atmospheric modeling are needed to
understand the complexity of the 2.8-mm window and thus
to improve the surface composition(s) determinations.

References

Baines, K.H., Brown, R. H., Cruikshank, D.P., Clark, R.N., Nelson,

R.M., Matson, D.L., Buratti, B.J., Carusi, A., Coradini, A., Bibring,

J.P., Sotin, C., Langevin, Y., Jaumann, R., Formisano, V., Combes,

M., Drossart, P., Langevin, Y., Sicardy, B., 1992. VIMS/Cassini, at

titan: scientific objectives and observational scenarios. In: Symposium

on Titan, Conference Proceedings, ESA SP 338, pp. 215–219.

Bohren, C.F., Huffman, D.R., 1983. Absorption and Scattering of Light

by Small Particles. Wiley, New York, 530pp.

Brown, R.H., Baines, K.H., Bellucci, G., Bibring, J.P., Buratti, B.J.,

Bussoletti, E., Capaccioni, F., Cerroni, P., Clark, R.N., Coradini, A.,

Cruikshank, D.P., Drossart, P., Formisano, V., Jaumann, R.,

Langevin, Y., Matson, D.L., McCord, T.B., Mennella, V., Miller,

E., Nelson, R.M., Nicholson, P.D., Sicardy, B., Sotin, C., 2004. The

Cassini visual and infrared mapping spectrometer investigation. Space

Sci. Rev. 115 (1–4), 111–168.

Clark, R.N., Swayze, G.A., Wise, R., Livo, K.E., Hoefen, T.M., Kokaly,

R.F., Sutley, S.J., 2003. USGS Digital Spectral Library splib05a.

USGS Open File Report 03-395.

Clark, R.N., Swayze, G.A., Wise, R., Livo, K.E., Hoefen, T.M., Kokaly,

R.F., 2005. USGS Digital Spectral Library splib06a, USGS Digital

Data Series, in press.

Coustenis, A., Lellouch, E., Maillard, J.P., McKay, C.P., 1995. Titan’s

surface: composition and variability from the near-infrared albedo.

Icarus 118, 87–104.
Coustenis, A., Gendron, E., Lai, O., Véran, J.-P., Woillez, M., Vapillon
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