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Abstract

Cassini observations of the surface of Titan offer unprecedented views of its surface through atmospheric windows in the 1–5 mm
region. Images obtained in windows for which the haze opacity is low can be used to derive quantitative photometric parameters such as

albedo and albedo distribution, and physical properties such as roughness and particle characteristics. Images from the early Titan

flybys, particularly T0, Ta, and T5 have been analyzed to create albedo maps in the 2.01 and 2.73 mm windows. We find the average

normal reflectance at these two wavelengths to be 0.1570.02 and 0.03570.003, respectively. Titan’s surface is bifurcated into two albedo

regimes, particularly at 2.01mm. Analysis of these two regimes to understand the physical character of the surface was accomplished with

a macroscopic roughness model. We find that the two types of surface have substantially different roughness, with the low-albedo surface

exhibiting mean slope angles of �181, and the high-albedo terrain having a much more substantial roughness with a mean slope angle of

�341. A single-scattering phase function approximated by a one-term Henyey–Greenstein equation was also fit to each unit. Titan’s

surface is back-scattering (g�0.3–0.4), and does not exhibit substantially different backscattering behavior between the two terrains. Our

results suggest that two distinct geophysical domains exist on Titan: a bright region cut by deep drainage channels and a relatively

smooth surface. The two terrains are covered by a film or a coating of particles perhaps precipitated from the satellite’s haze layer and

transported by eolian processes. Our results are preliminary: more accurate values for the surface albedo and physical parameters will be

derived as more data is gathered by the Cassini spacecraft and as a more complete radiative transfer model is developed from both

Cassini orbiter and Huygens Lander measurements.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction and scope

Titan is the most interesting planetary satellite, exhibit-
ing features and phenomena that place it in kinship to the
Earth. With a thick atmosphere composed mainly of
e front matter r 2006 Elsevier Ltd. All rights reserved.
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nitrogen, massive volcanic features with associated flows
(Elachi et al., 2005) smaller cryovolcanoes (Sotin et al.,
2005), dendritic features suggestive of surface fluid flow,
possible lakes, eolian features, enigmatic ‘‘cat scratches’’,
and apparently low crater counts on most parts of the
surface, this satellite has spawned intense scientific interest
and controversy. The few percent methane and optically
thick aerosols in its atmosphere have obscured the surface
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from terrestrial visual observers, but the relatively narrow
windows in the near IR have been exploited to construct
rotational lightcurves and rough surface maps (Lemmon
et al., 1993, 1995; Lellouch et al., 2004). These lightcurves
revealed a global leading-trailing albedo asymmetry, and a
high-albedo region dubbed Xanadu observed with HST
and Keck dominates the longitudinal range 601–1501
(Smith et al., 1996; Roe et al., 2004; Gibbard et al., 2004;
Coustenis et al., 2005). Adding to the mystery of Titan are
strongly peaked radar signals that suggested the presence
of liquids, or at least a very flat surface (Campbell et al.,
2003). On the other hand, ground-based IR observations
that show the absence of a specular ‘‘glint’’ that would
appear if liquid were present seem to preclude the existence
of large areas of liquid on the surface (West et al., 2005).

The Cassini visual infrared mapping spectrometer
(VIMS) is an imaging system that has 352 channels over
the spectral range of 0.35–5.2 mm and a spatial resolution
of up to 0.25mrad (0.17mrad in the visual). It is ideally
suited for studying the surface properties of Titan,
particularly in the infrared bands where the methane
opacity drops dramatically (Fig. 1). The details of the
VIMS instrument are described in Brown et al., 2004. In
this paper we examine VIMS observations from the early
Cassini flybys of Titan, primarily T0, Ta, and T5, to make
preliminary determinations of the surface properties of the
satellite, including the surface geometric albedo and its
distribution; global composition; the surface phase func-
tion; and physical properties including macroscopic rough-
ness and the single-particle-phase function. Because haze
opacity is substantial even in the methane windows,
ranging from a normal optical depth of unity at 1.0 mm,
to 0.10 at 2.0 mm, and less at 5.0 mm (Griffith et al., 2003),
we perform a simple haze correction to our observations.
Our results are first look: the gathering of data during 39
close flybys in the remaining 3 years of the nominal mission
and the development of a full radiative transfer model to
separate the contribution of the atmosphere and haze from
that of the surface will happen during the coming years.
Fig. 1. A typical spectrum of Titan, showing the atmospheric windows at

0.93, 1.07, 1.28, 1.57, 2.01, 2.73, and 4.94mm.
Our study is meant to understand the basic morphology of
Titan’s surface and to compare these results with the
surfaces of other satellites and planets.

2. Description of data

Prior to Saturn orbit insertion (SOI), during SOI, and
during the first year of the 4-year nominal Cassini Mission
(July 1, 2004–July 1, 2005) several important sets of Titan
data were returned. During the last weeks of cruise,
thousands of unresolved observations of Titan were
obtained: these were designed to obtain a complete
rotational lightcurve of the body, and to gather the first
spectra of it. Within hours after SOI the spacecraft turned
to Titan to take advantage of a ‘‘first glimpse’’ during a
serendipitous close approach of about 340,000 km. This
untargeted flyby was called T0, as it occurred before any of
the targeted flybys. The first targeted close flyby (Ta)
occurred on October 26, 2004, followed by flybys in
December 14, 2004 (Tb), February 15, 2005 (T3), March
31, 2005 (T4), and April 16, 2005 (T5). The observations
used in this analysis are listed in Table 1. We focused
primarily on Ta and T5 because they have complementary
surface coverage (see Fig. 2). The observations from T0
were included to increase the excursion in solar phase angle
for our derivation of Titan’s solar phase function (the solar
phase angle changes by only 1–21 for the main data
obtained in Ta and T5). Because the spacecraft trajectory
causes the same photometric and geographical geometries
to be repeated during flybys, a complete range in phase
angles and surface coverage at high spatial resolution
will take the entire 4-year tour (and even then, much
coverage will be missing, particularly at the highest spatial
resolution).

3. Data analysis

All observations were calibrated to absolute radiance
measurements of specific intensity reference to the incident
solar flux (I/F) using extensive preflight calibrations
described in Brown et al. (2004) augmented by inflight
observations of stars and targets in the Saturnian system.
Pointing geometry, including solar phase, incidence, and
emission angles, subobserver latitude and longitude, and
spacecraft range were provided by the Navigation Team
(see Table 1 for average values of these parameters; for
disk-resolved images they were calculated for each pixel).

3.1. Rotational lightcurves

Titan’s rotational lightcurve was constructed from the
nearly 3000 images that were obtained during cruise prior
to SOI. The disk-integrated observations were created by
summing the flux in every pixel that included a signal from
Titan and correcting to a common spacecraft distance. The
resulting data were coadded into 51 bins in subspacecraft
longitude; additional coadding was done for the 4.94 mm
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Fig. 2. Color composite maps of Ta and T5 shown with the Imaging Science Subsystem mosaic, obtained at http://cassini.jpl.nasa.gov. The wavelengths

used in this rendition are 2.0, 2.83, and 2.13mm for the red, green, and blue channels.

B.J. Buratti et al. / Planetary and Space Science 54 (2006) 1498–1509 1501
data to improve the signal-to-noise. In addition, the
4.94 mm lightcurve consists of the coaddition and average
of all the wavelengths from 4.87–5.01 mm. The resulting
rotational lightcurves for the main atmospheric windows
are shown in Fig. 3, along with previous ground-based
results (the data are shown with longitude increasing to the
East, to conform to IAU convention with which the
ground-based data were published). In the wavelengths
where ground based information exists—the windows at
1.07, 1.28, 1.57, 2.01, and 4.94 mm—there is good agree-
ment with the VIMS data, providing validation of the
instrument’s status and radiometric fidelity. These results
confirm the existence of a hemispheric dichotomy on the
satellite, and when they are combined with the ground-
based near-IR maps, it becomes clear that the high-albedo
region from 01–1501 (Xanadu) causes the maximum in the
lightcurve, while the minimum on the opposite hemisphere
is due to the preferential placement of low-albedo terrain
there. At wavelengths where the VIMS lightcurve is new, in
the atmospheric window at 0.93 and at 4.26 mm (the later
wavelength chosen as representative of the 3–4.85 mm
region), and at the important atmospheric windows at
2.73 and 4.94 mm, the hemispheric dichotomy is also
obvious. Fig. 4 shows the lightcurve amplitude and the
haze opacity (Griffith et al., 2003) as a function of
wavelength: in the windows where the opacity is lowest
(2.01 and 4.94 mm) the lightcurve amplitude is greatest.
This result suggests the lightcurve amplitude is tracking
surface features, and it provides a key to the wavelengths
that are best for studying the morphologic and photometric
properties of Titan’s surface: 2.01, 2.73 and 4.94 mm.

3.2. Albedo maps and histograms

Lightcurves yield information on the global distribution
of bright and dark material on a planetary surface, but
albedo maps enable detailed investigations of questions
such as: is albedo correlated with geologic features? Is the
albedo grouped into distinct ranges? Does the albedo
distribution change with wavelength? To construct a map
that shows intrinsic albedo, or a map of normal reflectance,
two important corrections for viewing geometry must be
carefully modeled: the changes in intensity due to changing
incidence and emission angle (‘‘limb darkening’’), and
changes due to the solar phase angle alone. To correct for
limb darkening, the following equation was used:

Iðm;m0; aÞ=F ¼ f ðaÞrnm0=pðmþ m0Þ, (1)

where I is the specific intensity, pF is the incidence solar
flux, rn is the normal reflectance, m and m0 are the cosines of
the emission and incidence angles, respectively, and f(a) is a
function that depends only on the effects of solar phase.

http://cassini.jpl.nasa.gov
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Fig. 4. Opacity of Titan’s atmosphere (Griffith et al., 2003) vs. lightcurve amplitude, which are shown as black dots. The lightcurve amplitude is highest

where the opacity is lowest, which confirms that the variations in the lightcurve are due to surface features.
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Fig. 3. Rotational lightcurves of Titan shown in 8 atmospheric windows. The filled circles are the Cassini VIMS observations, while the open triangles are

ground-based observations from Lemmon et al. (1995) and Lellouch et al. (2004).
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This equation is known as a lunar or Lommel–Seeliger
scattering law, and is a good approximation for icy
satellites that have geometric albedos less than 0.6 (Buratti,
1984). The function f(a) contains important physical
information about the surface, which will be derived later
in this section. For this preliminary study, two wavelengths
where atmospheric transmission is at a maximum were
used to derive surface albedo: 2.01 and 2.73 mm (the 5 mm
region also has low atmospheric opacity and even lower
haze opacity, but the VIMS signal to noise in this spectral
region is much worse, so that region was not studied).
Before corrections for viewing geometry were done, a haze
correction using the values given in Griffith et al. (2003)
were done (the value for 2.73 mm, which was not examined
by Griffith et al., was interpolated from their values, under
the assumption that the haze opacity varies slowly with
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wavelength). The specific numbers we used for atmospheric
extinction were 10% per unit airmass for 2.01 mm and 25%
per unit airmass for 2.73 mm. These corrections are
preliminary, and more accurate numbers will be derived
as more complete radiative transfer models are derived
from both Cassini orbiter and Huygens lander analyses.
Correction factors to 01 phase angle were 1.04 for Ta and
1.17 for T5 for both wavelengths; this correction was based
on a phase coefficient of 0.003mag/deg derived from the
measured integral brightness of Titan as a function of solar
Fig. 5. (a) and (b) Maps of geometric albedo (normal reflectance) produced fr

been corrected for limb darkening, haze, and solar-phase effects.
phase angle, corrected for the rotational light curve. The
phase angle changes by one degree or less over the images
used; thus the same phase correction can be used for the
entire image. The results are shown in Fig. 5.
The average normal reflectance of Titan at 2.01 mm is

0.1570.02, and at 2.73 mm it is 0.03570.003. The
histograms at both wavelengths show a wide range in
surface albedo, but there is a clear bifurcation, indicating
that there are two distinct albedo terrains on the satellite.
The average normal reflectances for these two terrains are
om global mosaics constructed from the Ta and T5 flybys. The maps have
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about 0.12 and 0.17 at 2.01 mm and about 0.033 and 0.038
at 2.73 mm, corresponding to an albedo variation of about
40% at 2.01 mm and about 15% at 2.73 mm. Our value at
2 mm is in fair agreement with the Griffith et al. (2003)
value of 0.1270.01, while Gibbard et al. (2004) published
an albedo map of Titan at 2.1 mm from Keck Telescope
speckle and adaptive optics with substantially lower
numbers, ranging from 0.02 to 0.10. Coustenis et al.
(2005) present maps at 2 mm based on three adaptive optics
systems that show normalized albedo ranges of a factor of
2–2.5, in good agreement with our own ranges.

The final maps of normal reflectance help us address the
use of our ad hoc haze correction model. Our model does
not account for any changes that may have taken place in
Titan’s haze opacity in the last 4 years, and the scattering
of sunlight by the haze itself has also not been accounted
for. If errors due to these two factors were large, they
would show up as limb brightening in our final albedo
maps and no such effect occurs. For example, compare the
haze that appears prominently at Titan’s limb in Fig. 2,
and the lack of any such haze in our corrected albedo
maps. Nevertheless, these maps are to be regarded as
preliminary works as additional information on Titan’s
atmosphere and haze properties are deduced and incorpo-
rated into a full radiative transfer model.

3.3. Physical properties of the surface

The visibility of Titan’s surface through the infrared
atmospheric windows enables for the first time its physical
characterization with the photometric techniques that have
been widely used for airless bodies’ surfaces, including
satellite surfaces (e.g., Buratti, 1985; Helfenstein et al.,
1988; Domingue et al., 1991; Verbiscer and Veverka, 1992).
The moderate and large phase angles covered so far
during the mission are especially suited to deriving the
roughness and single-particle-phase function of the surface
(Helfenstein et al., 1988). As the spacecraft trajectory
enables the collection of additional phase angles and
geographic areas during the next 2 years, more complete
analyses will be accomplished; our current results are to be
considered only preliminary.

Macroscopic roughness encompasses facets ranging in
size from aggregates of particles to mountains, craters and
ridges. These features alter the specific intensity of a
planetary surface in two ways: the local incidence and
emission angles are changed by alteration of the surface
profile from that of a smooth sphere; and they remove
radiation from the scene by casting shadows. Two
formalisms have been developed to quantitatively model
this effect: the Hapke (1984) mean slope model, and the
crater roughness model (Buratti and Veverka, 1985). We
make use of the crater roughness model, which has been
applied to 19P/Borrelly (Buratti et al., 2004), and to
Phoebe (Simonelli et al., 2004). The disk-resolved form of
the model is particularly useful because it relates surface
roughness to limb darkening, which occurs as the emission
angle changes, rather than to solar-phase angle. Another
problem with using an extensive excursion in solar-phase
angle to derive roughness is that roughness is convolved
with other effects (such as the single-particle-phase func-
tion) and thus it cannot be derived uniquely.
Although roughness models are useful for seeking

comparative differences in surface roughness among
planetary surfaces and among different terrains on the
same body, they have important limitations. The first is
that they are scale-invariant: the model includes rough
features of all sizes, from clumps of particles to mountains
and craters. An analysis by Shepard and Campbell (1998)
shows that sizes at the small end tend to dominate.
However, this limitation can also be interpreted as a
powerful aspect of the model, as it enables the detection of
roughness below the resolution limit of the instrument that
gathered the data. Another limitation is that the rough
shapes are idealized, whether they are mean slopes or bowl-
shaped holes (‘‘craters’’). The two most widely used models
do show fairly similar effects, particularly in a comparison
of limb darkening, which is the main technique we use in
this paper (Buratti and Veverka, 1985; Hapke, 1984).
The problem of calculating the photometric effects of

macroscopic roughness entails both computing the local
incidence and emission angles on a surface covered with
rough features, and computing the fraction of illuminated
surface that is lost to facets blocking solar radiation. Our
model assumes that the surface is covered with nonover-
lapping bowl-shaped (paraboloidal) features defined by
their depth to radius ratio, q ¼ h/R, where h is the central
depth of the crater and R is its radius. The model specifies
the fraction of the surface covered by the craters, and it
describes the specific intensity as a function of the
incidence, emission, and phase angles and an arbitrary
photometric function. The normal reflectances derived
earlier indicate that Titan’s surface at mid-infrared
wavelengths is well-described by a Lommel–Seeliger (lunar)
photometric function described by Eq. (1) (see Buratti,
1984; Veverka et al., 1978). Our model produces three
equations that guarantee that each point is (1) inside the
crater, (2) visible to the observer, and (3) illuminated. Our
computer program then calculates the incidence, emission,
and phase angles inside the crater on a 50� 50 square grid.
The photometric function and the solar-phase function are
both specified. The amount of light reflected at each point
is then computed and the sum of all such contributions is
normalized by the area of the crater.
Fig. 6 shows a family of theoretical curves of the specific

intensity (I/F) as a function of the radiance emission angle
for various depth-to-diameter ratios for the viewing
conditions of Ta. The curves show that the maximum
point of the curve is a sensitive indicator of the degree of
macroscopic roughness: a smooth surface exhibits no
inflection point while as the roughness increases, the
maximum point moves to progressively smaller emission
angles. This figure illustrates that it is not necessary to
obtain large numbers of observations at large solar phase
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shown with the roughness model for various values of q and surface

fractional coverage.
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angles to derive macroscopic roughness. On the contrary,
disk-resolved measurements obtained by spacecraft are far
more diagnostic of surface roughness than integral data
sets, and they do not have the additional problem of non-
uniqueness of fits because of other competing physical
factors (e.g., the single particle phase function). For our
first preliminary analysis of Titan’s surface roughness, we
consider roughness fits for the two major photometric
terrains of Titan suggested by our albedo maps. The
wavelength chosen was 2.01 mm, because the haze opacity is
low and the signal-to-noise relatively high; of course
macroscopic roughness should not depend on the wave-
length chosen.

Fig. 7 shows a group of scans of specific intensity
compared with data extracted for both high- and low-
albedo regions, corrected for the effects of haze. I/F,
emission angle, incidence angle, and solar phase angle were
extracted for each point in the scans. The solar phase angle
does not change by more than a degree, but the emission
angle covers nearly a full range from 01 to 901, while the
incident angle covers a smaller range (101–301). The high-
albedo data were extracted primarily from Xanadu, which
appears on the lower right of the Ta mosaic in Fig. 2, while
the low-albedo data were extracted mainly from Shrangra-
La, the dark equatorial region. Each data point in the
theoretical scan was computed for the appropriate
geometry and is shown plotted as a function of emission
angle. A value of f(a) of 0.23 and 0.32 were used to
normalize the theoretical scans for the dark and bright
regions, respectively. (The fairly small (�10%) haze
correction is imperfect, as we have not considered effects
such as emission from the haze, which is unknown without
more detailed data and analyses. An analysis of the scans
with no haze correction yields the same roughness
parameters to within our errors, so our naı̈ve haze
subtraction does not affect the main results. The most
important result—that the two albedo terrains have very
different roughnesses—is a comparative one that is not
sensitive to errors in the haze correction. As a complete
radiative transfer model for Titan’s atmosphere is devel-
oped, our results will be improved upon.) A best-fit
roughness model was derived by generating families of
curves corresponding to various depth-to-diameter (q)
ratios, and fitting them by a least-squares method to the
extracted curves. In addition to the depth-to-diameter
ratio, the fraction of the surface covered by craters was
altered. For the high-albedo region, q ¼ 0.5, with nearly
full (�90%) surface coverage provides a good average fit,
with ranges in q from 0.4–0.55. The low-albedo region,
q ¼ 0.25, again with nearly complete surface coverage,
provides the average best fit, with a range in q of 0.2–0.3.
Once the roughness has been determined for a specific

region, it can be modeled and ‘‘subtracted’’ from the data
set so that other parameters can be uniquely determined.
For this study, I/F values and corresponding incidence,
emission, and solar phase angles were extracted for bright
and dark regions at a range of phase angles from the T0
observations to determine the surface phase function, f(a).
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The surface phase function depends solely on the physical
properties of the surface, namely macroscopic roughness,
the compaction state of the particles in the optically active
portion of the upper regolith, and the single particle phase
function. The latter function is an indicator of particle
properties, including their size, shape, and real and
complex indices of refraction. At the moderately high
solar-phase angles covered in the early Titan flybys, the
sensitive parameters are macroscopic roughness and the
single particle phase function (Helfenstein et al., 1988). The
effects of surface particle compaction are exhibited at
smaller solar-phase angles (especially o101, the region of
the opposition surge) which will become observable later in
the mission.

Again, the measurements at 2.01 mm were used because
they represent the best combination of high signal-to-noise
and low haze opacity. The upper left cell of Fig. 8 shows
the phase function, computed by means of Eq. (1) and
normalized by a factor that depends on the albedo of the
surface. The upper right cell shows the phase curve
corrected for haze. For comparison, the phase curves of
Mimas, a typicalicy satellite, and the low albedo side of
Iapetus are shown. (Again, our simple correction was used,
but phase angles larger than 701 were eliminated because
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Fig. 8. F(a) for Titan’s surface (upper left). The upper right cell shows the h

eliminated. The lower right panel shows the corrected values with Henyey–Gre

Squyres et al. (1984), respectively.
the forward-scattering phase function of the haze itself
began to become apparent.) The lower left shows the phase
function with the effects of roughness eliminated.
To accomplish this correction, we computed the relative
increase in intensity between a smooth surface (q ¼ 0) and
the average q of the low and high-albedo regions. This
factor was applied to each data point, depending on
whether it was in a high or low-albedo region. This
determination was made from the geographical latitude
and longitude of each point, which is computed by JPL’s
navigation software along with the incidence, emission, and
solar phase angles. Locations inside Fensal Aztlan (the
sideways ‘‘H’’ seen in the T5 mosaic) and the dark regions
in the South Polar Region were designated as low-albedo.
The remaining function is dependent solely on the single
particle phase function:

f 0ðaÞ ¼ CPðaÞ, (2)

where P(a) is the single particle phase function, and C is a
constant that depends on the single-scattering albedo that
will be derived when more data are collected from future
flybys and a more complete radiative transfer model is in
hand. The lower right cell of Fig. 8 shows the single-
particle-phase function fit to a Henyey–Greenstein-phase
0

0.2

0.4

0.6

40 60 80 100

40 60 80 100

0

0.1

0.2

0.3

0.4

aze corrected values, while the lower left shows f(a) and with roughness

enstein fits. The values for Mimas and Iapetus are from Buratti (1984) and
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function given by

Pðcos y; gÞ ¼ ð1� g2Þ=ð1þ g2 � 2g cos yÞ3=2, (3)

where the scattering angle y ¼ (1801�a) and g is the
asymmetry factor describing the directional scattering
properties of individual particles. A g of �1 corresponds
to pure backscattering, +1 corresponds to pure forward
scattering, and 0 describes isotropic scattering. The back-
scattering properties of a surface depend on the nature of
the particles comprising the optically active portion of the
regolith; brighter surfaces and smaller particles tend to
scatter more isotropically. Virtually, all planetary surfaces
are predominately backscattering, although a notable
exception is one region of comet 19P/Borrelly, which
appears to be laden with small native dust particles that
scatter nearly isotropically (Buratti et al., 2004).

The best-fit results show that the surface of Titan is, like
other satellite surfaces, backscattering. The most significant
result is that the single-particle-phase function of both
high- and low-albedo regions is very similar, with a value of
�0.3570.03 for the bright regions, and �0.4070.03 for
the dark regions. The optically active portion of Titan’s
upper surface is thus globally similar, even though there is
a marked difference in the roughness of the bright and dark
regions of Titan. As an excursion in solar phase angles is
obtained for specific regions on Titan’s surface during the
next 21

2
years of observations, these preliminary results can

be expanded.

3.4. The composition of Titan’s surface

Although a detailed analysis of the composition of
Titan’s surface is beyond the scope of this paper (instead,
see McCord et al., 2006) the haze-corrected f(a)rn function
discussed above can be extracted from each atmospheric
window and compared to various ices and other materials
to seek consistent spectral fits. Fig. 9 shows this spectrum
of Titan at several different solar-phase angles: one
spectrum was obtained for bright regions, and three others
were obtained for low-albedo regions (the haze corrections
were accomplished with the haze opacities of Griffith et al.,
2003, augmented by values of 25% per unit airmass for
2.73 and 2.9 mm). Although methane, ammonia, and
carbon dioxide ice laboratory spectra do not match the
spectrum of Titan extracted through the windows, water
ice offers a moderately good fit, especially when Titan
tholins (Cruikshank et al., 1991) are added to the spectral
mix, in agreement with the results of Griffith et al. (2003).
When water ice is combined with Titan tholins in a 2:1
ratio with a simple linear mixing model, the fit is
reasonable (Fig. 9). (The water ice spectrum used in the
model was obtained from the United States Geologic
Survey’s spectral library, and the model spectra were
normalized to the brightest spectrum at 2 mm.) Methane
clathrate or ammonia hydrate, which is difficult to
distinguish from water ice, particularly for a spectrum
observed only through the atmospheric windows, could
also be present. We note that there are problems with our
spectral model. For example, the shape of the spectrum at
the 2.69–2.75 mm spectral window (see Fig. 1) does not
match that of water ice+tholin; another as yet unidentified
material must be present. (See McCord et al., 2006 for
more details.)

4. Discussion and conclusions

The first spacecraft observations of Titan in the near
infrared region of the spectrum enable whole new fields of
inquiry, including quantitative measurements of surface
albedo, photometric modeling, compositional mapping,
and geophysical analysis. In this paper we have analyzed
data through the atmospheric windows to obtain pre-
liminary results on the first two areas of inquiry.
The surface albedo of Titan is low in the infrared region

of the spectrum, as is that of other icy saturnian satellites
(Clark et al., 2005). At 2.01 mm we find an average normal
reflectance of 0.1570.02, while at 2.73 mm the albedo is
only 0.035. All wavelengths exhibit two distinct albedo
regimes on the surface. The rotational lightcurve of Titan,
which was known from ground-based observations, shows
a hemispheric dichototomy that is due to a preponderance
of high-albedo material on the leading side of Titan.
Photometric models of planetary surfaces have been

widely used over the past two decades to derive physical
properties, including macroscopic roughness and surface
particle sizes and compaction states. The VIMS data
enable the first of such studies for Titan. Using a roughness
model first developed by Buratti and Veverka (1985),
we have derived average macroscopic roughness for both
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Table 2

Selected photometric roughness and particle phase functions for comparison

Object q ¼ h/R Mean slope

angle,y(1)
g (�1 ¼ backscattering,

+1 ¼ forwardscattering)

References

Titan (bright) 0.5070.10 34 �0.3570.03 This work

Titan (dark) 0.2570.05 18 �0.4070.03 This work

Moon (bright) 24 �0.33 Helfenstein and Veverka (1987): roughness; Hillier

et al. (1999): g

Moon (dark) 8 �0.22 Helfenstein and Veverka (1987): roughness; Hillier

et al. (1999): g

Europa 0.30 22 �0.43 Buratti (1985): roughness; Domingue et al. (1991): g

Mimas 30 �0.21 Verbiscer and Veverka (1992)

Previous results are in the visible region of the spectrum.
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high- and low-albedo terrains. The two terrains are
distinctly different: the bright terrain is very rough, with
a mean depth to radius ratio (q) of 0.5, while the low-
albedo terrain is relatively smooth, with a mean q of 0.25.
(A simple mathematical calculation shows that these
numbers are equivalent to a Hapke mean slope parameter
(Hapke, 1984) of 341 and 181, respectively.) Spatially
resolved determinations of roughness for the Moon yield
the only case that shows a difference this large. The lunar
bright terrains (mainly highlands) yield an average slope
angle of 241, while the dark terrains (mainly maria, which
are basaltic lava flows) exhibit a mean slope angle of 81
(Helfenstein and Veverka, 1987). As for the Moon, the
results for Titan imply different geologic histories for the
two terrains. The bright region may exhibit a large degree
of roughness because it contains many deeply cut drainage
features, while the low-albedo terrain exhibits a much
flatter surface because it contains catch basins for debris
flowing from the drainage networks. Perhaps the low-
albedo region contains subsurface liquid that cause
slumping of surface features, or it is the bottom of a basin
that was once filled with liquid. Although our own results
are preliminary and somewhat speculative, they are
supported by stereo images from the Huygens Lander
showing that the bright terrain has anomalously large slope
angles and deep features (Soderblom, 2005). Table 2
summarizes some of the previous results on physical
photometric parameters for satellites. These previous
results are all in the visible region of the spectrum.
Although roughness is not dependent on wavelength and
can be directly compared, the phase functions may vary
with wavelength and thus cannot be quantitatively
compared.

The single particle phase function of Titan is back-
scattering, and it is similar to that of other icy satellites
(derived in the visible region), as well as that of rocky
bodies. Unlike the case for surface roughness, the particle-
phase function appears to be fairly uniform over the
surface of Titan (the low-albedo regions may be slightly
more backscattering). This result implies that the surface is
coated with particles, perhaps dust, or a film. There are
several possible explanations for this coating: particles
from Titan’s haze layer could be raining down on its
surface to create a layer or a film. Another possibility is
eolian transport of particles, as on Mars, which is coated
with a layer of dust that causes it to be spectrally similar.
The Cassini Radar experiment has detected numerous ‘‘cat
scratches’’ on Titan; they appear to be wind-blown dunes
(Elachi et al., 2005).
The physical parameters derived in this paper are

preliminary: a full radiative transfer model that more
precisely corrects for the atmosphere and haze—and
enables a quantitative analysis of spectral regions where
the haze is more opaque—and the acquisition of additional
data will enable a more precise and extensive analyses. In
any case, the roughness and backscattering properties of
Titan imply that its surface is entirely, or nearly entirely,
solid at the present epoch, although our results are
consistent with the placement of small channels or ponds
of liquid on Titan’s surface.
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