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Stephan et al. (Stephan, K. et al. [2010]. Geophys. Res. Lett. 37, 7104–+.) first saw the glint of sunlight
specularly reflected off of Titan’s lakes. We develop a quantitative model for analyzing the photometric
lightcurve generated during a flyby in which the specularly reflected light flux depends on the fraction of
the solar specular footprint that is covered by liquid. We allow for surface waves that spread out the geo-
graphic specular intensity distribution. Applying the model to the VIMS T58 observations shows that the
waves on Jingpo Lacus must have slopes of no greater than 0.15�, two orders of magnitude flatter than
waves on Earth’s oceans. Combining the model with theoretical estimates of the intensity of the specular
reflection allows a tighter constraint on the waves: 60.05�. Residual specular signal while the specular
point lies on land implies that either the land is wetted, the wave slope distribution is non-Gaussian,
or that 5% of the land off the southwest edge of Jingpo Lacus is covered in puddles. Another specular
sequence off of Kraken Mare acquired during Cassini’s T59 flyby shows rapid flux changes that the static
model cannot reproduce. Points just 1 min apart vary in flux by more than a factor of two. The present
dataset does not uniquely determine the mechanism causing these rapid changes. We suggest that
changing wind conditions, kilometer-wavelength waves, or moving clouds could account for the variabil-
ity. Future specular observations should be designed with a fast cadence, at least 6 points per minute, in
order to differentiate between these hypotheses. Such new data will further constrain the nature of
Titan’s lakes and their interactions with Titan’s atmosphere.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction Stofan et al. (2007) first found evidence for surface liquids from
Specular reflections have long been considered to be a mecha-
nism by which to identify liquid surfaces on Saturn’s moon Titan.
Earth-based radar observations by Campbell et al. (2003) detected
specular returns from the equatorial regions prior to Cassini’s arrival.
The geographic location of those returns, within Titan’s tropics, how-
ever, have been subsequently revealed to be desert. We still do not
understand the mechanism that generates these equatorial specular
radar signals. They may result from surfaces that are very flat at radar
wavelengths, such as dry lakebeds (playas), or from reflections of a
flat subsurface methane aquifer.
ll rights reserved.
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s).
Cassini. In a way, these observations relied on a specular reflection.
Unlike the Earth-based observations, which showed a positive
indication of a specular signal, the Cassini RADAR lake detection
is based on NOT detecting any reflected signal at all, specular or
diffuse. The synthetic aperture radar cross-section over the north-
ern lakes is so low that Stofan et al. (2007) inferred that the off-
nadir RADAR pulse was being specularly reflected away from the
spacecraft, leaving no diffusely scattered RADAR return signal from
the surface. Recently Wye et al. (2009) confirmed a specular
RADAR reflection from Ontario Lacus in the Cassini RADAR’s
nadir-looking altimetry mode.

Surface liquids also produce specular reflections in optical and
near-infrared wavelengths. Without active illumination, observing
such reflections requires sunlight, and thus particular observing
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geometries. Observations at these shorter wavelengths should be
less susceptible to false positives caused by smooth solid surfaces.
West et al. (2005) found no specular signal when observing Titan
from Earth in the 2-lm atmospheric window. But the limited
Earth–Titan–Sun geometry necessarily limits telescopic specular
observations to Titan’s tropics.

Fussner (2006) in an unpublished masters thesis used Cassini
Imaging Science Subsystem (ISS) images to search for specular
reflections on Titan’s surface at 0.938 lm. She did not find any. Once
again, however, the geometries available for that study sampled
mostly equatorial latitudes due to Cassini’s mission-designed trajec-
tory for the early Titan flybys. Furthermore, the Sun was below the
horizon in the northern lake district (e.g. Barnes et al., 2009), so
detection of a specular reflection was, in retrospect, not possible.

Recently, Stephan et al. (2010) discovered a dramatic specular
reflection from a north-polar Mare using Cassini Visual and Infrared
Mapping Spectrometer (VIMS) at 5 lm seen during the high-phase
sequence obtained on Cassini’s T58 ingress. The observations com-
prise four VIMS cubes acquired over the course of 2 h. The cubes
show the specular reflection in adjacent bright pixels with I/F of
nearly 3 at their maximum (I/F is defined as the measured flux
from a surface divided by the theoretical flux from a Lambertian
reflector with an albedo of 1.0 at the same distance from the
Sun). Despite VIMS’ continuous wavelength coverage between
0.3 lm and 5.2 lm, the specular reflection is not visible within
any of the shorter wavelength atmospheric windows. Stephan
et al. (2010) used radiative transfer models to establish that few
enough photons remain unscattered in the shorter windows that,
for the extant viewing geometry, specular reflections should only
have been visible from space at longer wavelengths near the
5 lm window. Soderblom et al. (2010) derive the analytical char-
acteristics and behavior of the solar specular reflection’s geometry
and intensity.

Macroscopic sea surface roughness – in the form of ripples and
waves – affects an observed specular geographic footprint’s inten-
sity distribution. The seminal work on the topic based on observa-
tions of Earth’s oceans from an airplane was done by Cox and Munk
(1954). The roughness can be considered as a multitude of individ-
ual tilted surface facets. Each facet has a different specular geome-
try, leading to a specular reflection in different geographic
locations based on the facet’s orientation. As a result rough seas
have wider, lower-intensity specular footprints than calmer seas.
A perfectly smooth, glass-like, sea surface would produce a perfect
image of the Sun in reflection (for an uncurved surface).

The topic of specular reflections off of roughened liquids has re-
cently become of interest with the discovery of extraterrestrial
seas, both in the context of Titan and that of oceans on hypothet-
ical extrasolar planets (Williams and Gaidos, 2008; Cowan et al.,
2009; Oakley and Cash, 2009). In this paper we further analyze
the four-point photometric lightcurve from the VIMS T58 specular
observation described by Stephan et al. (2010) to quantitatively
constrain the surface properties of Jingpo Lacus and its environs.
In Section 2 we describe the model that we have developed to gen-
erate theoretical specular lightcurves based on Synthetic Aperture
RADAR (SAR) imaging and observation geometry. Next we fit the
VIMS T58 data with a least-squares minimization technique in Sec-
tion 3 to measure critical parameters, including the distribution of
surface normals (roughness). In Section 4 we extend our investiga-
tion to a separate VIMS specular sequence acquired on the T59 fly-
by before concluding.
Fig. 1. VIMS view of the specular glint off of Jingpo Lacus on the T58 flyby (Stephan
et al., 2010). This is a monochromatic 5-lm image, colorized for dramatic effect.
This particular cube is referred to as point #3 in the text. This image has been
Lanczos interpolated from its original 64 � 64 pixel format.
2. Model

The Cox and Munk (1954) airborne results describe spatially re-
solved solar specular reflections off of Earth’s oceans. They inferred
sea-surface topography characteristics from the brightness distri-
bution of the specular footprint. Because the VIMS T58 specular
observations are not spatially resolved, the precise Cox and Munk
(1954) approach will not work to analyze the Titan data.

The T58 observations are, however, temporally resolved. As the
specular footprint moves across Titan’s geography, it samples sur-
faces with different specular properties. Given some information
regarding the spatial distribution of units with distinct specular
reflective properties, it is possible to then infer the spatial proper-
ties of the specular reflection from the lightcurve. The process is
similar to that used in the extrasolar planet community to charac-
terize transiting planets from a photometric lightcurve, despite the
planet and star themselves being spatially unresolved (e.g. Barnes
and Fortney, 2004).

To quantitatively analyze the VIMS T58 observations (Fig. 1), we
develop a model that can generate a theoretical lightcurve for a se-
quence of time given the Cassini–Titan–Sun geometry and a set of
characteristic parameters. We obtain geometric information from
the set of reconstructed Cassini SPICE (Acton, 1999) kernels for
the time in question. The specular footprint depends only on the
spacecraft’s position relative to Titan and the Sun. It does not de-
pend on the spacecraft’s orientation or instrument pointing.

We first calculate the geographic location of the specular point.
At the specular point, and only at the specular point, the local sur-
face normal is parallel to the mean of the incidence and emission
unit vectors (see Fig. 2). We determine the specular point itera-
tively, calculating the surface normal and mean of the incidence
and emission vectors separately for an initial latitude and longi-
tude. We then use the Press et al. (2007) two-dimensional amoeba
algorithm to minimize the angle between the two vectors.

To start, we use the Spacecraft Planet Instrument Pointing
Events (SPICE) kernels to calculate the vector to the Sun, S

!
, and

to Cassini, C
!

, in a Titan-centric coordinate system. For each itera-
tion, we use the test point latitude and longitude to determine
the vector to the candidate surface point, P

!
. The algorithm assumes

Titan to be a triaxial ellipsoid with axes a, b, and c for the sub-Sat-
urn, leading–trailing, and polar radii, respectively.

For the Jingpo Lacus observation we assume that
a = b = c = 2574.0 based on the SARtopo estimate of the absolute
lake elevation (Randolph Kirk, personal communication). This
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Fig. 2. Diagram showing the geometry of the specular reflection problem as
discussed in Section 2.

reflection from point source:

convolved with specular solar image:

yields specular intensity distribution:

0.1

Wave−smeared specular

Fig. 3. This diagram shows a visual representation of the wave convolution process
for an assumed Gaussian wave distribution with r = 0.05� on T58. Each of the
images appears as in a cylindrical map centered on southwestern Jingpo Lacus. The
Sun is to the south-southeast in this image, and the spacecraft direction is toward
the north-northwest, causing the tilted image. The image is squeezed along the
specular reflection direction because wave tilt in the direction of the reflection are
amplified by a factor of two because in increases both the angle of incidence and the
angle of reflection by the same amount.
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elevation is below that of the moon’s triaxial figure as determined
by Zebker et al. (2009); the difference arises from Jingpo’s location
at a local minimum below the surrounding topography. At any
rate, the specular location shift caused by changing the local radius
by less than a kilometer is negligible.

Given the distances involved, our calculated specular position
would be incorrect if we were to use the vectors S

!
and C

!
as calcu-

lated from Titan’s center (though using S
!

from Titan’s center would
be a quite good approximation). We therefore use the vector from
the surface point to the Sun, PS

!
� S
!
� P
!

, and the vector from the
surface point to Cassini, PC

!
� C
!
� P
!

, instead. The surface point is
specular if the sum of the unit vectors cPS and cPC points in the
direction of the surface normal, bN . The algorithm assesses the spec-
ular point to be the one where the angle between bN and cPS þ cPC is
zero. Refraction by Titan’s atmosphere can be ignored if Titan’s
atmosphere is assumed to be locally invariant with latitude and
longitude (Soderblom et al., 2010).

To calculate the specular footprint of the solar disk, we find the
Sun’s edge by rotating S

!
vector by the Sun’s angular radius (0.05�).

Then we rotate the edge vector around S
!

to define a set of edge
points (usually 30). We calculate the specular point on the surface
for each of those edge points separately, and assign the solar disk
footprint as a filled polygon defined by the set of these specular
points. For a perfectly smooth sea, the solar footprint defines the
distribution of specular reflection. We assume no solar limb-dark-
ening, which is a very good (Seager and Mallén-Ornelas, 2003) but
not perfect (e.g., Knutson et al., 2007; Agol et al., 2010) assumption
at 5 lm.

For a roughened sea surface, the distribution of specular reflec-
tion is spread out by an amount that depends on the two-dimen-
sional distribution of surface facets. Cox and Munk (1954) found
that the surface facets on Earth’s oceans fit a symmetric Gaussian
distribution reasonably well. Therefore we assume a two-dimen-
sional Gaussian distribution of surface facets with a tunable char-
acteristic width r in radians which corresponds to the average
slope on the sea surface. To simulate the geographic flux distribu-
tion for the specular reflection of a point-source Sun, we assemble
a series of uniform ‘‘tuna-can’’ distributions with progressively lar-
ger angular width (Fig. 6, assigning the intensity of each new annu-
lus the Gaussian intensity for that corresponding angle relative to
r (see Fig. 3, top). We determine the geographic boundaries of each
tuna-can with a method similar to that for finding the Sun’s foot-
print. We assemble a 30-point polygon of angular deviations from
the local surface normal that are equal in magnitude but have
directions that vary in a circle. Then we find the specular points
for each of those polygon vertices by incorporating that deviation
from the local surface normal in the iterative specular algorithm
described above.
In the extended-source case with facet distributions with r sim-
ilar to the angular diameter of the Sun, the surface distribution is
more difficult to calculate. The geographic specular flux distribu-
tion could then be calculated by determining the fraction of facets
in each pixel whose geometry is specular. Explicitly calculating the
fraction of each pixel that is specular with respect to an extended-
source Sun separately, however, becomes computationally
prohibitive.

Instead, we approximate the distribution as a convolution of the
solar footprint and the facet distribution footprint for a point
source (Fig. 3). This approximation breaks down only when the
geometry changes significantly over the relevant Titan surface
positions. Given the small angles and differences in latitude and
longitude involved with the T58 observation, the errors introduced
by the approximation are well less than the errors that result from
having quantized pixels in the calculation instead of a continuum.
For facet distributions whose deviation from the local surface nor-
mal is much greater than the apparent angular size of the Sun, the
resulting surface specular intensity distribution becomes indistin-
guishable from that of the facet distribution itself.

The Sun as viewed from Titan is �0.05� (1 milliradian) across.
Hence for wave facet distributions with width of order �0.05�
we convolve the facet distribution footprint with the solar foot-
print to arrive at a suitable representation of the true specular
intensity distribution.

To further speed the forward calculation, we also assume that
the geographic distribution of the net specular reflection does
not change relative to the spectral point of the center of the Sun
over the course of the observation (i.e., that the shape of the spot
does not change). The speedup is not necessary when calculating
an individual lightcurve, but it improves the computation time
for the least-squared fits by a hundredfold.
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Fig. 4. Here we show the raw I/F values, coadded across the 16 VIMS channels in
the 5-lm window, for VIMS cubes 1–4 from T58.

J.W. Barnes et al. / Icarus 211 (2011) 722–731 725
3. Jingpo Lacus

3.1. Model fits

Four separate cubes comprise the VIMS T58 specular observa-
tions (Stephan et al., 2010). The specular reflection is visible only
within the 5-lm atmospheric window; hence we use data from
this window exclusively in our analysis. The total elapsed time
from the first to the last cube is 2.25 h. Points 1 and 2 are
�20 min apart, followed by a long gap of �2 h, and then points 3
and 4 are another �20 min apart. For details about each T58 obser-
vation see Stephan et al. (2010) and Table 1.

For each cube the specular reflection is spread over 2 adjacent
pixels by the instrumental point spread function. The specular
intensity distribution is not spatially resolved. In order to separate
the specular contribution within the two specular pixels, we sum
the two specular pixels and then subtract off the values of the
two neighboring pixels with similar phase angle as a proxy for
the background (see Fig. 4). The other surrounding pixels have sig-
nificantly different geometry with VIMS’ large pixels in this cres-
cent view, and are not good representations of the non-specular
background (see Fig. 5). The resulting lightcurve can be seen as
the data points marked with a ‘*’ in Figs. 7 and 8. Because we as-
sume that the background pixels are free of specular reflection
and that no other pixels contain any specular flux, our measured
values may not represent the entirety of the specular signal.

We think that the dominant noise source for each photometric
data point is likely this background subtraction step. Therefore we
assign error bars to each measurement based on the difference be-
tween the two pixels from which we derive the background. The
time assigned to each observation corresponds to the time at
which the brightest of the two specular pixels was acquired by
the instrument (the total time difference between the two is equal
to the image’s X dimension plus 1 times the integration time – i.e.
from 1.5 up to 42 s depending on the cube).

The specular point on Titan lies, at those times, in the south-
western end of a lake that the IAU has named Jingpo Lacus. It is
named after Jingpo lake in China, whose name means ‘‘Mirror’’,
in reference to this observation. This lake is �200 km in length
from north to south, and perhaps �70 km wide (Fig. 9). RADAR
has shown almost all of the shoreline, but the eastern margin has
not yet been mapped. The lake’s center is 73N 24E. It lies to the
west of Kraken Mare.

Fig. 10 shows the location and shape of the specular solar
images for each of the points. Each of points 1–3 lies near an appar-
ent shoreline in the RADAR view. Hence with wave smearing, dif-
ferent amounts of the specular intensity pattern will fall on land
relative to that on liquid. We assume that RADAR pixels with
reflectivity 60.05 correspond to liquid surfaces, and the rest to so-
Table 1
VIMS specular observations.

Flyby Date Range
(km)

i = e
(�)

Integration
time (ms)

Geometry
(pixels)

Cubes

T58 2009
July 8

233,500–
194,300

73 160 52 � 52 2

640 64 � 64 2

T59 2009
July 24

334,721–
223,512

76–
82

640 64 � 64 2

640 48 � 48 3
220 6 � 38 2
220 6 � 42 4
160 48 � 48 3
80 64 � 64 1

Note: Since we are in the specular regime, the incidence angle (i) is equal to the
emission angle (e), and the total phase angle u = i + e.
lid surfaces that produce no specular reflection. While changes in
the location of the Jingpo Lacus shoreline between T19 and T58
are possible given evidence for lake-level changes in Ontario Lacus
(Barnes et al., 2009), the steeper slopes of Jingpo’s jagged shoreline
imply that lake-level changes of similar magnitude would affect
this lake less than shallow Ontario. We median-filtered the T19
SAR image with a radius of 0.02� in order to smooth out RADAR’s
inherent speckle noise.

We then fit the four different photometric points as a timeseries
in order to constrain wave activity. We leave the total maximum
intensity of a pure liquid specular reflection as a free parameter
in the fit. Although the RADAR maps use the updated position of
Titan’s rotational pole, the small residual shifts (of order a few RA-
DAR pixels, or up to a kilometer) in our knowledge of the absolute
location of the RADAR observations (Stiles et al., 2008) becomes
significant when compared to the size of the specular footprint
(also of order 1 km). We therefore also fit for the relative offset
in latitude and longitude of the T19 RADAR strip.

We fix the wave facet distribution to be a Gaussian with a par-
ticular width r each time that we fit the lightcurve. With just four
data points, the reduced v2 would be meaningless if we were to fit
for more than three parameters simultaneously. We use a Leaven-
berg–Marquardt v2 minimization algorithm from Press et al.
(2007) to fit the data.

Figs. 7 and 8 show the best-fit lightcurves as a function of the
characteristic wave angle r, and the best-fit parameters are shown
in Table 2. For r 6 0.15� we find good fits to the data (Fig. 7). With
waves having r P 0.20�, the model cannot adequately reproduce
the data, with fits using greater wave angles showing progressively
worse fits (Fig. 8).
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Fig. 5. Here we show (A) the raw I/F of 64 � 64 VIMS cube 2 from T58 in non-interpolated pixels; (B) the incidence angle for VIMS cube 2 from T58, stretched from 0� to 180�;
and (C) the emission angle for VIMS cube 2 from T58, stretched from 0� to 90�. The gradient for both the incidence and emission angles is greatest from left-to-right across the
image, so we use only the pixels to the top and bottom of the specular pixels to subtract off as background (see Fig. 4).
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Fig. 11 depicts the location of the specular footprints and their
intensity distributions for selected best-fit solutions. In the no-
waves case, footprint 1 lies mostly on a peninsula of land, with just
the northeastern corner on liquid in order to reproduce the rela-
tively small specular flux from that point. Point 2 lies just to the
west of a shoreline with its easternmost portion falling on land.
Point 3’s slightly higher flux compared to point 2 gets reproduced
with the footprint falling entirely on liquid surface. The best-fit
curve goes through points 1–3, but misses point 4 because point
4 lies entirely on land.

For small waves with 0� < r < 0.15� the specular intensity distri-
bution on the surface becomes too large to be entirely on liquid.
The fitting algorithm reproduces the lightcurve with these wave
distributions by increasing the maximum intensity to compensate
for the fractional loss of reflection on land. These fits are statisti-
cally indistinguishable in quality from the no-waves case (Fig. 12).

In the larger wave case, r > 0.15� (Fig. 8), the surface intensity
distribution grows so wide that only a fraction of the specular foot-
print occurs over liquid at any given time. Because of this, the
lightcurve model fit cannot change aggressively enough to simulta-
neously go through points 1 and 2 and points 3 and 4. Each of these
points differ significantly from each other in specular flux, but their
footprint centers lie only a few kilometers apart on the surface. The
fits grow progressively worse with increasing r (Fig. 12).
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Fig. 9. Overview map of the Jingpo Lacus/Kraken Mare region near Titan’s north
pole. RADAR T19 (left), T28 (top), and T30 (bottom-right) are superposed on a VIMS
5-lm basemap from T54. The area is shown in orthographic projection from above
Jingpo Lacus (73N 24E), with north directly to the top of Jingpo Lacus. The larger box
at bottom left delineates the portion of southwestern Jingpo Lacus shown in Fig. 10;
the smaller, inset bottom-left box delineates the T58 specular area of southwestern
Jingpo Lacus shown in detail in Fig. 11; the top-right box delineates the T59
specular area of Kraken Mare shown in Fig. 14.
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Fig. 10. This map shows southwestern Jingpo Lacus, giving a detailed look at the
location of the solar specular footprints from T58 in context with a RADAR T19 SAR
image. Points 1–3 are all in close proximity to shorelines. This is a cylindrical map
that has been squeezed by a factor of 4 in longitude in order to more accurately
represent shapes and areas at this northerly latitude (�71�N). The solar images are
compressed in the down-Sun direction; see Soderblom et al. (2010) for the theory of
specular images on planetary surfaces.

Table 2
T58 best-fit parameters.

Wave angle r (�) I/Fmax X offset (�) Y offset (�) v2

0.00 3.194 +0.2171 +0.0069 816
0.05 3.786 +0.1695 +0.0153 796
0.10 6.035 +0.0761 +0.0540 767
0.125 19.18 +0.0235 +0.1488 865
0.15 20.85 +0.0770 +0.1719 104
0.18 13.72 +0.1031 +0.1557 1641
0.20 13.88 +0.1192 +0.1752 5823
0.22 12.46 +0.1403 +0.1797 14,070
0.25 10.08 +0.1697 +0.1870 20,650
0.30 8.089 +0.2897 +0.2028 54,510
0.40 6.775 +0.6842 +0.2571 95,309
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The v2 for the r = 0.15� case reaches a minimum. For this wave
angle the algorithm can still fit points 1–3, barely, but now the sur-
face distribution is wide enough to have a corner on liquid for point
4 as well. Hence this is the only Gaussian wave distribution that
can simultaneously fit all four points. As discussed in the next sec-
tion, however, this particular fit is suspect.

3.2. Implications

The bad fits for Gaussian wave distributions with r > 0.15� lead
us to place an upper limit on the waves at southwestern Jingpo
Lacus on T58 of r 6 0.15�. Based on our assumptions, the con-
straint applies only to waves with wavelength much smaller than
the size of the solar specular image – a few km across. There are no
other empirical constraints on the potential wavelength of the
waves that VIMS would measure. Without knowledge of the wave-
length, we cannot make a direct comparison between the VIMS
gradient constraint and the Wye et al. (2009) measurement at On-
tario Lacus in RADAR height constraint. They are both, however,
consistent with lower-than-expected wave activity.

More elaborate wave distribution profiles (other than Gaussian)
may be able to fit the data better. However given our paucity of
data points, a more elaborate scheme is unwarranted at present.
A future observation with a more densely sampled lightcurve could
help to resolve the issue of wave distributions.
Such low wave activity is somewhat surprising, given the size of
Jingpo Lacus and expected wind thresholds for wave instigation
(Lorenz et al., 2010). Nevertheless, the VIMS measurement is con-
sistent with previous observations with RADAR (Stofan et al., 2007;
Wye et al., 2009) and VIMS (Brown et al., 2008) that showed
smooth liquid surfaces on other Titan lakes.

Lorenz et al. (2010) analyze the lack of wave activity on Titan,
pointing to viscous dissipation which may be inhibiting wave
activity. Lorenz et al. (2010) also point out that shallow bathyme-
try can smooth over sea surfaces. While Jingpo Lacus is approxi-
mately the same size as south polar Ontario Lacus (Barnes et al.,
2009; Turtle et al., 2009), its morphology differs. Jingpo has a
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distribution, r. The minimum at r = 0.15� is suspect (see text); hence we place an
upper limit of r 6 0.15� for the waves on Jingpo Lacus at the time of this
observation.
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complex shoreline of bays and jutting land, while Ontario’s shore-
line is smooth (Wall et al., 2010), similar to shallow terrestrial pla-
yas (Lorenz et al., 2010). Therefore we suspect that the liquid at
Jingpo is substantially deeper than at Ontario. Near-shoreline shal-
lows may still affect our measurement (Lorenz et al., 2010, Fig. 2),
given that all of our specular footprints are within 3 km of land.

While formally the r = 0.15� wave distribution fits the data the
best, we find this fit to be suspect. In order to achieve agreement,
the fitting algorithm determined the maximum flux, i.e. the full
flux of a specular reflection off of pure liquid, in the r = 0.15� to
be greater than I/F = 18.

But that value is inconsistent with theory. Soderblom et al.
(2010) show that the maximum intensity of a specular reflection
from a planetary surface liquid depends on the three parameters:
(1) the relative curvature of the reflecting surface; (2) the liquid’s
index of refraction; and (3) and the atmospheric transmission.
Using the flyby geometry for T58, assuming a hydrocarbon liquid
for the refractive index, and a the radiative transfer atmosphere
from Griffith et al. (2009) and predict a maximum I/F between
1.0 and 3.0 for the VIMS T58 observation. That theoretical value
matches our fit for the no-wave case very well. I/F near 18, as from
the r = 0.15� fit, is impossible based on present understanding.
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Hence while we cannot empirically rule out r = 0.15�, we can dis-
miss this result on theoretical grounds. If we take into account the
theoretical specular I/F range of 1–3 from Soderblom et al. (2010),
then waves with r > 0.05 are ruled out.

So now we have cast doubt on r = 0.15�, the only wave distribu-
tion that fits point 4. Why does this point not fit the lower-angle
wave facet distributions? It could be that our assumption of a 2D
Gaussian distribution is at fault. If the true distribution had a wide
tail at high wave angles, then that could explain the nonzero spec-
ular flux seen for point 4, whose no-waves specular solar image
falls entirely on land.

Alternatively, point 4 may be showing specular reflection from
unresolved puddles within the specular footprint. If that were the
case, then the fill fraction of liquid would need to be �5% in order
to explain the I/F that VIMS observes.

Finally, the land itself may be wetted, similar to but more so
than Huygens sniffed at its landing site (Niemann et al., 2005). Wet-
ted solids will also show specular reflections, but ones whose
intensity is diminished from that of a pure liquid, especially if
the solid surface is rough.

The present dataset is sufficiently limited that this single land
measurement may be affected by systematic error introduced from
the background subtraction. Future observations specifically tai-
lored to generating a specular lightcurve will generate data of high
enough quality to allow us to fit for the puddle fraction directly in
our models, which would then be less influenced by potential sys-
tematic errors.
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4. Kraken Mare

During the Titan flyby subsequent to the Jingpo Lacus observa-
tion, T59 (2009 July 24), VIMS recorded another specular sequence.
This sequence is much less spectacular than that on T58 (Fig. 13).
The maximum I/F of the specular signal is lower by a factor of
5.0 due to the spacecraft being farther from Titan. The curvature
of Titan’s surface causes this effect. The curvature causes an
impinging specular reflection to be spread out more than it would
be from a flat surface. The effect depends on the surface curvature
Fig. 13. VIMS 5-lm view of the specular glint off of Kraken Mare on the T59 flyby.
Cassini was at higher range from Titan than for the T58 specular reflection, and the
higher phase angle reduces the intensity as well such that this specular reflection is
more than 5 times less intense than that on T58.
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Fig. 15. The VIMS lightcurve from the T59 lightcurve. The total specular flux
changes rapidly as a function of time, implying both low wave activity and a
mixture of land and liquid surfaces in the specular footprints (see text). We did not
calculate errors separately on individual data points; the statistical errors for all of
the points are �0.04 in dimensionless units of I/F.
relative to the angular size of the Sun projected on the curved sur-
face – hence the specular reflection from greater distance has more
curvature within a projected solar diameter, and appear dimmer
(see a more detailed description of why in Soderblom et al.
(2010)). In essence, this is the same reason that objects in your
side-view mirrors are larger than they appear.

The specular solar images as viewed from Cassini lie in and on-
shore from northwestern Kraken Mare on T59. The no-wave foot-
prints are shown in Fig. 14.

The T59 sequence has 15 VIMS cubes that contain the specular
point. We show a lightcurve derived from these cubes in Fig. 15.
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These points span a total of almost 14 h in time. The time separa-
tion between data points varies, with the shortest interval being
just 64 s between points 3 and 4, points 5 and 6, and then between
points 7 and 8. The larger number of points and variable time sep-
arations allow us to probe different properties than we did for T58.

The lightcurve is, as one of us (LAS) put it, bizarre. In the 64 s
between points 5 and 6, the specular flux rises by more than a fac-
tor of 2. A close look at these two data points’ solar specular foot-
prints shows that they overlap by 93%. Under the assumptions that
we made in Section 3, among these that the specular intensity de-
pends on the fractional land and liquid coverage in the specular
footprint, such a large and rapid change in specular intensity is
impossible.

Looking back at those assumptions gives us a few possibilities
as to what could explain the bizarre T59 specular lightcurve.

Wind gusts: It is possible that active winds were blowing at the
time of point 5. These would have incited small capillary waves
across the sea surface. If those winds ceased in the intervening
64 s before point 5, those capillary waves may have dissipated suf-
ficiently so as to result in an increased specular reflection. The dif-
ficulties with this scenario lie in having near-surface winds change
over a few kilometers’ distance within 64 s and in dissipating the
wave energy rapidly. Regional transient near-surface winds that
generate capillary waves are common on Earth, however, and are
referred to as ‘‘catspaw’’. High viscosity liquid, as suggested by Lor-
enz et al. (2010), could dissipate the wave energy. But in that case
how would the winds be strong enough to incite the waves in the
first place?

Long-wavelength waves: If there are waves on Kraken Mare with
wavelength comparable to or larger than the scale of the specular
reflection (of order a kilometer), then these waves could be causing
the local specular point to dance around on relatively short time-
scales, resulting in rapidly changing specular intensities. Such a
gravity wave travels at a speed

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk
2p

tanh
2pd
k

r
ð1Þ

where c is the phase speed of the wave, k is its wavelength, g is the
local gravitational acceleration, and d is the liquid depth. If Kraken
Mare is more than a few hundred meters deep, then a wave with
k = 1 km would travel at c � 16 m/s. It would propagate a 1.02 km
over 64 s. Perhaps Kraken Mare, with its larger fetch and probable
deeper bathymetry, is different than Ontario. There is also the prob-
lem of generating kilometer-scale waves. If they build up from cap-
illary waves, as happens on Earth (Lorenz et al., 2010), then why do
not we see the capillary waves? Maybe these long-wavelength
waves are incited seismically or tidally instead.

Clouds: Methane cloud activity is common over Titan’s north
polar lake district (Rodriguez et al., 2009; Brown et al., 2009). If
clouds were blocking the specular signal for point 5, and were
not blocking point 6 64 s later, then they could account for the dif-
ference in specular flux between the two observations. Given the
small change in geometry between the two points, and therefore
the small shift in the specular solar footprint, this mechanism
would require clouds to either dissipate rapidly or to move fast en-
ough to get out of the way in 64 s. Assuming the clouds would have
to move 1 km, they would need to be moving at 16 m/s. While
winds near Titan’s surface were less than 0.2 m/s at the Huygens
Landing Site (Lorenz, 2006), they reach 16 m/s near the tropopause
at 40 km altitude (Bird et al., 2005). Titan’s convective clouds do
reach 40 km height (Griffith et al., 2005), so this is a viable mech-
anism to explain short-timescale specular brightness changes.

None of these hypotheses can be shown to be correct with the
present dataset. However a future specular lightcurve with dense
temporal sampling of points, at least every 10 s, would either allow
us to decide between these mechanisms or could possibly indicate
other possibilities. We recommend using at least a 4 � 4 pixel
VIMS aperture, and preferably more like 8 � 8 in order to facilitate
subtracting off the non-specular background signal. VIMS exposure
times should be set based on an expected maximum I/F calculated
theoretically (Soderblom et al., 2010). Such an observation should
be attempted any time that the specular point on Titan lies within
10 km of a liquid body, as sufficiently large waves would allow a
specular reflection even if the specular point lies on-shore.
5. Conclusion

Pursuant to the first detection of solar specular reflection from
the surface of Titan (Stephan et al., 2010), we develop a model
for the intensity of the specular reflection as a function of time.
The model accounts for the spacecraft/Titan/Sun geometry to
numerically generate the geographic extent of the reflected solar
image. We account for waves assuming a 2D Gaussian facet distri-
bution. We represent the net reflection as a convolution of the so-
lar image and the point-source wave smearing effect. Using Cassini
RADAR for reference, we take locations with SAR single-scattering
cross-section r0 less than 0.05 to be sea, and those with radar
reflectance above 0.05 to be land.

This model can reproduce the VIMS 5-lm photometric light-
curve for the T58 specular reflection adequately for wave slopes
r 6 0.15�. Allowing the theoretical specular reflection properties
from Soderblom et al. (2010) to constrain the model brings that
upper limit down to r 6 0.05�. All factors considered, the zero-
wave-slope scenario seems to be the most likely. The specular
point for T58 lies in the southwestern portion of Jingpo Lacus, a
roughly Ontario Lacus-sized northern lake. The final photometric
point from this sequence has a specular point that lies on land.
That point does not match the model. Possible reasons include a
too-simplified wave facet distribution, wetted land surface, or
unresolved puddles.

VIMS saw another, less intense specular reflection during the
T59 flyby. That specular point was in northwestern Kraken Mare.
The resulting lightcurve cannot be understood in terms of the mod-
el that we developed for T58. The specular reflection intensity
changes by over a factor of 2.0 in just 64 s. We suggest three
hypotheses for such rapid variation in the specular intensity:
changing wind conditions, kilometer-plus wavelength waves, and
moving clouds.

The utility of these specular observations leads us to recom-
mend that more observations be made whenever the opportunity
presents itself on future flybys. Such observations should be made
with an aperture large enough to allow confident background sub-
traction and should acquire photometric points every 10 s. This
type of observation could verify the unusual variability over Titan’s
larger Maria, allowing us to determine whether it is caused by
wave activity. These observations could then be used to back out
the near-surface wind environment, as has been done on the Earth
(e.g. Fox et al., 2007).
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