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!   Cassini performed a series of maneuvers to take it out 
of an equatorial orbit for the last time, raising the 
inclination and setting up to perform 20 orbits that 
approach just outside the F-Ring followed by 22 orbits 
that approach between the rings and Saturn's 
atmosphere for Cassini's Grand Finale 

!   From a Titan perspective, these high-inclination orbits 
are perfect for observing Titan's high latitudes! 
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!   2004-2008: Prime mission (green) 
!   2008-2010: Equinox mission (orange) 
!   2010-2012: Solstice mission (purple) 

!   2012-2017: Solstice mission – Grand Finale (grey) 
!   Starting April 2017, Cassini's orbits will pass between Saturn's 

atmosphere and its innermost ring 

Cassini's orbits of Saturn: 30 June 2004 – 15 Sept 2017 

Titan's orbit 
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Titan Flybys: July 2015-July 2016 

T112, 7 July 2015  
T113, 28 Sep 2015 
T114, 13 Nov 2015 
T115, 16 Jan 2016 
T116, 1 Feb 2016 

T117, 16 Feb 2016 
T118, 4 April 2016 
T119, 6 May 2016 

T120, 7 June 2016 
T121, 25 July 2016 
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Updated map of Titan's surface (938 nm) 
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!   Equidistant projection at 4 km pixel scale 
!   Data through T100 (7 April 2014) 
! http://photojournal.jpl.nasa.gov/catalog/PIA19658 

Distant flybys in 
Revs 253 & 264 

have geometry to 
fill remaining gap 



Updated map of Titan's surface (938 nm) 
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!   Polar projections at 1.4 km pixel scale 
!   Data through T100 (7 April 2014) 
! http://photojournal.jpl.nasa.gov/catalog/PIA19657 

Distant flybys in 
Revs 253 & 264 
have geometry to 
fill remaining gap 



Cassini RADAR (TA-T104=Aug 2014; 2.2 cm) and VIMS 
(2011; red = 4.8-5.2µm, green = 2.0µm, blue = 1.28µm) 
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Titan’s surface but demonstrate unique characteristics in the
microwave that suggest the presence of water ice. We use the con-
straint for the volume scattering parameter fvol > 0.08 to identify
the general boundary between these regions and the rest of Titan,
and determine that they occupy about 10% of Titan’s total area. The
evidence for ice in these terrains is circumstantial but compelling.
Observationally, water ice under Titan-relevant conditions is
known to be a strong volume scatterer from radar observations
of the icy satellites of Saturn and Jupiter (Ostro et al., 2006), even
though the mechanism for this is not well understood (Black
et al., 2001; Janssen et al., 2011). In any case, volume scattering
is proportional to the dielectric contrast provided by the scattering
components of the subsurface, most plausibly provided by ice, with
a dielectric constant of 3.1 compared to the value of !2 for organ-
ics. It requires a low-loss medium, and the absorptivity of ice has
been reported to yield penetration depths at 2 cm wavelength
ranging from 5 to 100 m (Paillou et al., 2008; Petrenko and
Whitworth, 1999; Whalley and Labbé, 1969; Lamb and Turney,
1949), the variation probably depending on ice purity. Lacking
both evidence for, and a plausible organic alternative to ice, it
remains the best candidate to explain why Hummocky/mountain-
ous terrains behave so differently from other terrains in the
microwave region.

In examining the emissivity map, several additional small
low-emissivity features stand out and provide possibly more direct
evidence of the presence of ice. Fig. 16 shows a few extremely low-
emissivity areas associated with the crater rims of Menrva, Selk,
Forseti, and the ejecta blanket of Sinlap. The impacts that caused
these features can be expected to expose material from the deep
subsurface, certainly bringing large quantities of ice to the surface
if this is the main constituent of Titan’s crust (e.g., Tobie et al.,
2005). The presence of high volume-scattering features associated
with craters shows no apparent trend with the degree of crater
degradation, being present in craters that are both relatively
eroded (e.g., Forseti) and fresh (e.g., Sinlap), indicating a story that
needs more development. One explanation for the observations is
that we are viewing terrains that are modulated by a variable

covering of atmospheric deposit. Based on our results only a rela-
tively thin layer of deposit is required to significantly reduce the
radar reflection. For example, a 10-cm layer of compacted labora-
tory tholin would reduce the reflection by a factor of two, while
in powder form (Paillou et al., 2008) this would become 50 cm. A
much smaller thickness (one to a few wavelengths) of uncom-
pacted powder could also explain the very low or absent thermal
polarization seen in extended radar-bright areas such as Xanadu.

4.5. The seasonal wave and microwave penetration depth

The relationship between the infrared and microwave seasonal
temperature variations allows us to estimate the emission depth at
2-cm wavelength. Taking the CIRS results to provide a boundary
condition for the seasonal surface temperature variation, we
assumed a sinusoidal surface temperature variation with a period
of one Saturn year and estimated the depth at which this variation
is reduced by a factor of 0.87 based on expected thermal properties
of regolith materials.

We used the one-dimensional thermal diffusion equation

@T
@t

¼ a @
2T

@x2
ð22Þ

to compute the seasonal variation of temperature as a function of
depth for likely values of the thermal diffusion coefficient a (e.g.,
Carslaw and Jaeger, 1959). Here a ¼ K=cpq, with K being the ther-
mal conductivity, cp the specific heat, and q the density of the sub-
surface, all of which we assume to be constant with depth. The
thermal conductivity of pure water ice (Ice I) at 94 K is !8Wm%1 K%1

(Klinger, 1981), substantially higher than the near-melting
point value commonly encountered on Earth (!2.2 Wm%1 K%1).
All other plausible candidates have much lower thermal conductiv-
ities. A dry water–ice sand with a porosity of !30% might be
expected to have a conductivity about equal to a tenth of the bulk
value (this is also true of silicate sands on Earth), or about
0.8 Wm%1 K%1 (see e.g. Lorenz et al., 2006a). However, most organic
materials have a bulk thermal conductivity at room temperature of

Fig. 16. The emissivity mosaic with inserts showing blowups of the emissivity and corresponding SAR map of the indicated areas, each of which contains a crater with high
volume-scattering features.

456 M.A. Janssen et al. / Icarus 270 (2016) 443–459

Cassini RADAR emissivity map 
!   Small regions of low emissivity near impact craters attributed to 

presence of near-surface (~m) water ice (Janssen et al. 2016) 
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Updated map of Titanian mountains 
(named for mountains & peaks in Tolkien's Middle Earth) 
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Titan's highest peak 3337 m (10948 ft) in Mithrim Montes 
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T43, 12 May 2008 



Tectonics 
!   Map of mountain ridges (Liu et al. 2016) overlain on 

interpolated RADAR topography data (Lorenz et al. 2013) 
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2575 km sphere). This global topographic map allows us to exam-
ine the correlation between elevation and ridge belts.

We overlay our structural map (Fig. 3) onto the topographic
map in Fig. 5a. All mapped structures are shown in black. The ten-
dency of most ridges to lie at higher elevation (red1) is apparent,
but large areas have poorly constrained elevations. To test this cor-
relation more rigorously, we sorted the ridges into elevation bins

of 100 m, ranging from !1500 m to 500 m, where the zero elevation
is the 2575 km radius sphere, and compared the ridge elevations
with a histogram of Titan’s global topography (Fig. 6a), following
the procedure of Neish and Lorenz (2014) who examined the eleva-
tion distribution of Titan’s impact craters. Iess et al. (2010) showed
that Titan’s gravity field is consistent with a hydrostatically relaxed
body shaped by tidal and rotational effects, making it slightly oblate.
Thus, it is necessary to subtract an oblate spheroid from the topog-
raphy to obtain the geopotential (Fig. 5b). The geopotential is com-
posed of the sum of the gravitational potential produced by the
monopole potential, the tidal potential due to Saturn, and the rota-

Fig. 5. (a) Titan’s ridges (black lines) plotted on a global topographic map (Lorenz et al., 2013). Elevation uncertainty is "100 m. The ridges are concentrated in
topographically high regions. Cassini SAR swaths are shown shaded. (b) Geoid subtracted topographic map of Titan (see Section 4.5).

1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.

22 Z.Y.-C. Liu et al. / Icarus 270 (2016) 14–29



liquid and has the appearance of a riverbed. To distinguish it from
the river area north of the landing site we refer to this terrain as
lakebed. Note that the landing site may not be representative of
the lakebed since Huygens landed right at the edge of a feature that
looks like a minor ridge. The first DTM shows the bright land area
beyond the coast to be very rugged and incised by deep channels,
with peaks of up to 200 m in height (Fig. 7a). Two bright islands in
front of the coast stand 100 m above the lakebed. The typical error
was estimated to be 30 m. We confirm the hilly nature of the land
area beyond the coast line, but find the islands, including one in an
inlet, to be essentially flat and not elevated above the lakebed
(Fig. 7b–d), consistent with Schröder (2007) and Keller et al.
(2008).

The second DTM has a lower accuracy (30–50 m), and shows
bright ridges standing 100 m above the lakebed and a 180–200 m
high plateau. We confirm the elevated nature of some of the ridges,
for example those in the center of the DTM, but find no evidence
for a plateau down to the detectability limit of about 50 m. The
majority of the bright features in the lakebed are essentially flat
and not significantly elevated. The reliability of our stereoscopic
determination of the topography naturally depends on the
image coverage. But the fact that we consistently find lakebed
features not elevated across the landing site suggests that in both
cases the DTM construction was only partially successful, with

systematic errors affecting the reconstructed height of bright fea-
tures in the lakebed. The unusual illumination by Titan’s sky may
have made the task more difficult.

5.3. Maps

Fig. 8 shows the difference between the side-looking and down-
looking view. The most striking difference between both views is
that most of the bright highland in the down-looking view
becomes dark in the side-looking view. This was already well doc-
umented in Fig. 3 of Keller et al. (2008), and we discussed this in
Section 3. The observed contrast change in the bright highland area
is associated with brighter areas have smaller values of f, and this
anti-correlation is clear in Fig. 6 too. One can identify several other
regions with similarly small f in other parts of our mosaic. Note,
however, that the darkening toward the side-looking view varies
greatly across the bright highland indicating significant variations
of surface roughness.

Figs. 9 and 10 display our determination of f in a color coded
way with two different projections. Again, the anti-correlation is
evident in the general trend that brighter areas are typically green
or red (small f) and dark areas are typically blue (large f). Yet, these
maps also show that different areas with similar brightness can
have significantly different values of f. Fig. 6 suggests that the

Fig. 8. The DISR imaging mosaic for a side-looking view (l = 0.2, top) and down-looking view (l = 1, bottom). Directions (top) and distance in km (left) from the landing site
are indicated.

E. Karkoschka, S.E. Schröder / Icarus 270 (2016) 307–325 317

Huygens Landing Site 
!   Photometrically 

calibrated 
mosaic; side-
looking (top) 
and down-
looking 
(bottom), with 
range from 
landing site 
indicated at 
left, direction 
indicated at top 
(Karkoschka 
and Schröder 
2016) 
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period. This allowed more and more areas illuminated by the lamp
to be visible as they became unsaturated. Areas far from the lamp
were well exposed in the beginning, but became noisy later. There
was a small sub-pixel motion visible during that period, but it is
not clear whether part of the probe support slowly gave way in

the soft soil, or whether temperature changes in the instrument
caused flexure in the support of the fiber conduit (Karkoschka
et al., 2007, Section 8.4). Additional random motion was probably
caused by rising warm air in front of the cameras from the warm
probe or from the illuminated spot (their Section 8.6). The nominal

Fig. 16. Our colorized image taken after landing. The estimated distance in meters is shown at the left. The left image is in true color, the center image is enhanced, and the
right one an image from the Moon at similar scale. The white oval at bottom right is the saturated area due to strong lamp illumination. The far bottom area is from the HRI
image that was not in focus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

E. Karkoschka, S.E. Schröder / Icarus 270 (2016) 307–325 323

Huygens Landing 
Site 
!   True color (left), 

enhanced (middle), 
Moon to scale (right) 
Side-looking (top) and 
down-looking 
(bottom), with range 
indicated at left 
(Karkoschka and 
Schröder 2016) 
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Ligeia Mare: composition, bathymetry, and 
nature of the seafloor (Le Gall et al. 2016)  
!   False color SAR (left) and surface emissivity (right) 
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in the SAR mode of operation of the Cassini RADAR except for one that occurred on 23 May 2013 during the
T91 flyby as the instrument was operating as a nadir-looking altimeter. In this paper, particular attention is
paid to the data collected during that flyby. Since December 2013, Ligeia Mare has been closely observed
two more times, but because the near-polar temperatures may be changing differently than described by
equation (9) (derived from CIRS data accumulated through December 2013; see section 3.1), the analysis of
these observations must be conducted with caution (see section 4.1). One additional SAR observation of
the sea is scheduled before the end of the Cassini Solstice mission, during Titan flyby T126 (22 April 2017).

The global emissivity mosaic of Titan’s north pole is displayed in Figure 3. It was obtained from the brightness
temperature mosaic using equation (8) assuming that the seas share the same temperature as the lands

Figure 3. North pole of Titan as seen by the (left) active and (right) passive observations of the Cassini RADAR accumulated
from 2004 to February 2014. The radiometry mosaic shows the surface emissivity at 2.2 cm corrected to normal incidence
(derived from equation (8)). It is absolutely calibrated to 1% [Janssen et al., 2016]. All Ligeia Mare has now been observed
by the Cassini radiometer at high spatial resolution (5–50 km). Randy Kirk, a RADAR team member at the U.S. Geological
Survey, made the radar mosaics, which use false color to distinguish liquid from dry land and have been cosmetically
modified to minimize the appearance of seams.

Figure 4. (a) T91 altimetry track over Ligeia Mare. Radiometry footprints that are lying entirely within the sea are shown in
black. (b) Bathymetry profile of Ligeia Mare (adapted from Mastrogiuseppe et al. [2014]). The dashed line indicates the
fourth-order polynomial fitting the depth values. (c) Emissivity profile recorded during the T91 altimetry pass. The emissivity
values measured over Ligeia Mare are in black.

Journal of Geophysical Research: Planets 10.1002/2015JE004920
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Ligeia Mare: composition, bathymetry, and 
nature of the seafloor (Le Gall et al. 2016)  
!   Bathymetry inferred from radiometry observations (left) and 

schematic overview of delivery of material to the seafloor (right) 
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sludge layer should be thicker in a
methane-dominated sea compared
to an ethane-dominated sea given
the same amount of material input.

Once deposited in the sea bottom,
any material not subjected to dissolu-
tion will become part of the sludge
layer and, if the material has appreci-
able cohesion, will remain there. More
specifically, Tokano and Lorenz [2015]
report that bottom currents in Ligeia
Mare predicted by the circulation
model frequently exceed 2mm/s,
enough to suspend sand-sized
(100μm) particles in liquid hydrocar-

bons in Titan gravity [Burr et al., 2006]. Thus, loosely bound fine-grained sediments may be frequently mobi-
lized and could in principle be washed out of the sea.

Candidates for the composition of the solid substrate of Titan’s seafloor are therefore based on a combina-
tion of species abundance and solubility. Based on photochemical models [Lavvas et al., 2008; Krasnopolsky,
2009], acetylene (C2H2) and hydrogen cyanide (HCN) are produced in large amount in the atmosphere. As
such, they may saturate the seas even though their solubilities in liquid hydrocarbons is relatively high
[Raulin, 1987; Cordier et al., 2009]. Due to their abundance, they should also dominate the composition of eva-
porites [Cordier et al., 2013b]. Furthermore, deposits of acetylene and HCN have the potential to be chemical
feedstocks for the formation of insoluble polymers, although at Titan’s low temperatures it is not clear if sur-
face chemistry will play a dominant role. In the Krasnopolsky [2009] atmospheric model, polymeric materials
make up a significant fraction of the downward surface flux deposited on the surface. Likely insoluble com-
pounds include haze particles previously mentioned (thought to be similar to laboratory tholins), polyaro-
matic hydrocarbons, and highly polar molecules resulting from hydrolysis in impact melts [Neish et al.,
2009], and water ice (atmospheric infall from exogenic sources).

Other materials are predicted to be produced in much lesser quantities in the atmospheric chemistry models
compared to acetylene and HCN but are also thought to be significantly less soluble. These include nitriles
such as acetonitrile (CH3CN), acrylonitrile (C2H3CN), and cyanoacetylene (HC3N) as well as benzene (C6H6)
that has been detected by VIMS at the surface of Titan [Clark et al., 2010]. The solubility of benzene has been
measured in both liquid methane and ethane at cryogenic temperature in Titan conditions and found to be
low, on the order of 10mg/L and 100 times lower than this concentration for methane [Diez-y-Riega et al.,
2014; Malaska and Hodyss, 2014]. For a 100m deep ethane sea, Malaska and Hodyss [2014] estimated that
saturation from benzene air fall alone, no fluvial transport required, would be reached on the order of
100Myr. It should be even faster for a methane-rich sea.

All the compounds previously mentioned have a bulk dielectric constant in the range 2–3 (see Table 3) and
could thus well explain the inferred range of values for the dielectric constant of the seafloor. If the dielectric
constant of the seafloor was proven to be larger than that in the shores of Ligeia Mare (as suggested by the
inferred mean values in Table 2), it would suggest that the depositional organic layer at the bottom of Ligeia
Mare is more compacted and/or more nitrile rich than that on the shores (see Table 3).

4.5. Low-Resolution Bathymetry Map

Using the two-layer model with the inferred values of ε1, ε2, and tan δ as inputs and assuming that the
compositions of the liquid and of the seafloor are uniform across the sea, the emissivity map of Ligeia
Mare can be converted into a low-resolution bathymetry map. However, given the fact that the emissivity
is expected to vary by at most 1% with depth (see section 2 and Figure 2) which is the order of magnitude
of the systematic error in the emissivity mosaic (see section 3.1), we chose to limit the sources of measure-
ment deviation by building this map using only data collected closely in time, with low or moderate emission
angles and with a relatively stable parallel polarization. This left us with only two data sets: T28 and T29

Figure 11. Diagram showing processes bringing solidmaterial on the seafloor
of seas and lakes.

Journal of Geophysical Research: Planets 10.1002/2015JE004920
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(see Table 1). The resulting map is
shown in Figure 12. It was obtained
using the best fit mean values
inferred for the case of an isothermal
smooth sea (first case in Table 2),
and it was absolutely calibrated using
the T91 bathymetry/emissivity profile.

Despite the limited data set we consid-
ered, this mapmust be taken with cau-
tion and mainly offers a qualitative
indication of the variation of the sea-
floor depth across Ligeia Mare at the
resolution of the Cassini radiometer
(12–15 km and 15–79 km, respectively,
along and across the T28 and T29
swaths; see Table 1). The depth of sea
bottom probably may vary signifi-
cantly within each radiometry foot-
print; the inferred bathymetry map
provides an average depth. The largest
depths are thus not likely to be cap-
tured unless they extend over an area
comparable in size with the footprint.
We also emphasize that the depths
inferred outside the white contour in
Figure 12 are underestimated because

the radiometry measurements there include contribution from themore emissive shores and/or nearby islands.

Nevertheless, Figure 12 contains some information. First, it reveals that the central part, and more specifically
the north central part of the sea, is most probably the deepest section of Ligeia Mare. In this area, the depth of
the seafloor likely exceeds 200m, consistent with the maximum depths found in the high-resolution bathy-
metry map reported in Hayes [2016] using the SAR active observations of Ligeia Mare. Second, this map can
be used to provide a lower bound for the volume of liquid in the sea. According to the radiometry-derived
bathymetry, the volume is >5000 km3 considering all available pixels (that cover 87% of Ligeia Mare’s plan
view surface) and>7000 km3 if we assume that invalid pixels (i.e., missing pixels and pixels outside the white
contour in Figure 12) have depths equal to the average depth, namely, ~50m. This is consistent with the esti-
mate of 14,000 km3 reported by Hayes [2016], which is equivalent to 55 times the volume of all proven natural
gas reserves on Earth.

5. Conclusion

In this paper, we have shown that radiometry observations of Titan’s surface can provide valuable constraints
on the composition of the seas and lakes. Our results on Ligeia Mare add to the confidence of the results
obtained in the active mode of the Cassini RADAR and in particular to the loss tangent found for the liquid
contained in the sea [Mastrogiuseppe et al., 2014] (submitted manuscript, 2015). We emphasize that our result
on the loss tangent is independent from that of the active radar because the only information we use from the
radar is the bathymetry profile, which does not vary with the loss tangent and only slightly with the dielectric
constant. Both passive and active observations point to a composition largely dominated by methane [Mitchell
et al., 2015]. More definitive and detailed conclusions on the sea composition now await experimental study of,
for instance, nitrogen dissolution in a methane-ethane mixture under cryogenic conditions. Measuring the
microwave thermal emission of Ligeia Mare also allowed us to provide the first estimation of the dielectric
constant of a seafloor, possibly revealing a small but significant difference with that of the shores.

Recently, altimetry profiles were obtained for the two other seas of Titan, namely, KrakenMare and PungaMare.
In both cases, portions of the altimetry track exhibited double-peaked echoes, indicating that the seafloor was

Figure 12. Bathymetry map of Ligeia Mare inferred from two radiometry
observations at closest approach of the sea, namely, T28 and T29. The
resolution of this map is that of the radiometer, i.e., 12–15 km and 15–79 km,
respectively, along and across the T28 and T29 swaths (see Table 1). Data
acquired in areas outside the white line are likely to be contaminated by
the thermal emission from nearby shores and/or islands because the
corresponding radiometry footprints are not filled with 100% of sea; the
average depth is underestimated here.

Journal of Geophysical Research: Planets 10.1002/2015JE004920
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Hydrocarbon inventory in lakes and seas ~70,000 km3 = 
35x all terrestrial fossil fuel reserves (Hayes 2016) 

!   Ligeia Mare & Ontario Lacus bathymetry derived from SAR data 
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EA44CH04-Hayes ARI 17 May 2016 14:59

detected subsurface reflections and retrieved depths of up to 50 m across the observed transect
(Figure 7). These results are consistent with the near-shore depths reported by Hayes et al.
(2010), which extended shoreline slopes into the lake. The loss tangent for Ontario derived by
Mastrogiuseppe et al. (2016a) is tan ! = (7.0 ± 3.0) × 10−5. This is ∼45% greater than the loss
tangent reported for Ligeia Mare but an order of magnitude less than the absorptivity suggested by
Hayes et al. (2010) from analysis of near-shore off-axis SAR. This discrepancy could be explained
by an increase in microwave absorptivity near the shore resulting from an increased concentration
of solutes or suspended particles as compared to the center of the lake. This is consistent with the
observation that the near-shore ethane bands, unlike in central Ontario Lacus, are not saturated
in VIMS (Brown et al. 2008). This suggests that photons are scattered before traveling through a
path length sufficient to saturate the ethane absorption.

Prior to the work of Mastrogiuseppe et al. (2014), the unknown dielectric properties of both
the liquid and the seabed limited the utility of SAR backscatter as a tool for estimating the depth
of Titan’s lakes and seas (Lorenz et al. 2010a, Notarnicola et al. 2009, Paillou et al. 2008a). With
the bathymetry profile and liquid loss tangent of Ligeia Mare in hand, SAR data can be calibrated
and used to generate bathymetric maps (Figure 9a). Hayes et al. (2016b) derived an empirical
backscatter function for the seabed using SAR backscatter in the altimetry footprints of Ligeia
Mare. This empirical function was used to derive depths for all of the mare observations that have
SAR returns above the instrument noise floor, assuming uniform seabed reflectivity. A similar
analysis was performed for Ontario Lacus, revealing that the lake reaches depths of up to 90 m
(Figure 9b). Lorenz et al. (2014) calculated a liquid volume by assuming that sea depth was linearly

aa bb

100 km 200 km

Depth (m)

0 40 80 120 160 200

Depth (m)

0 18 36 54 72 90

Figure 9
Synthetic Aperture Radar (SAR)-based bathymetric maps of (a) Ligeia Mare and (b) Ontario Lacus generated assuming a uniformly
scattering seabed using the techniques and algorithms described by Hayes et al. (2016b). Ligeia Mare has an estimated volume of
14,000 km3, equivalent to 2.8 times the volume of Earth’s Lake Michigan. Ontario Lacus has an estimated volume of 560 km3,
equivalent to one-third the volume of Earth’s Lake Ontario.
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Modeling circulation of Titan's seas 
(Tokano and Lorenz 2016) 

!  Sea surface currents with low (left) and high (right) 
precipitation rates 
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observations (Stephan et al., 2010) and radar altimetry (Zebker
et al., 2014). More recently, spatially-localized transient brighten-
ings have been detected in repeat radar imaging of Ligeia Mare
(Hofgartner et al., 2014). Generally, the cause of these brightenings
cannot be uniquely attributed. Local wind-wave roughening (‘cat-
spaw’) is one appealing possibility, since the predicted freshening
of winds towards summer solstice is expected to exceed the
wave-generation threshold (Lorenz et al., 2010; Hayes et al.,
2013). Floating material, analogous to pumice rafts on Earth, may
be another explanation (like rock on Earth, Titan solids are denser
than the liquid, but porosity could lead to buoyant materials). Sus-
pended sediments or bubble clouds could perhaps explain radar

reflectivity enhancements, but near-infrared data sense only the
surface of the liquid and those brightenings therefore require a sur-
face perturbation.

The fact that the radar transients are being observed at the
present season – previously-bright features have not disappeared –
suggests a seasonally-activated process. While tidal currents,
particularly when amplified (Tokano et al., 2014) by constrictions
such as Seldon Fretum, could lead to surface corrugations, as seen
in e.g. the whirlpools and tidally-excited waves in the
Corryvreckan channel off Scotland, such currents should be strictly
diurnal, with no seasonal variation. Tokano and Lorenz (2015)
examined the possibility of wind-generated currents in Titan’s seas,

Fig. 14. Map of sea surface and bottom currents at LS ¼ 90" (Case 4).

82 T. Tokano, R.D. Lorenz / Icarus 270 (2016) 67–84

and found that currents comparable with tides could be generated,
and would be large enough to cause roughening of the surface. It is
important to distinguish this non-local process (where the area on
which the wind stress has been applied, and where the currents are
most visibly manifested, need not be the same) from catspaw,
where they are simultaneous and coincident. Both wind-
generated currents and catspaw would be expected to have a sim-
ilar seasonal dependence, since they both depend on winds which
are stirred by the heating of the surface and atmosphere in summer.

Here we examine an additional process, which is also the result
of solar heating, but may have a different temporal variation than
wind. This is the generation of convective currents in the sea itself

by deposition of solar heating at depth. On Earth, this effect is gen-
erally small, although the mechanical mixing down (by hurricane
surface wind stresses) of warm near-surface waters at low latitude
may provide buoyancy to mechanically force the thermohaline
circulation.

6. Conclusions

Density-driven circulation in Titan’s seas associated with solar
heating and methane precipitation analogous to thermohaline
circulation in Earth’s oceans has been simulated by an ocean
circulation model.

Fig. 15. Map of sea surface and bottom currents at LS ¼ 90" (Case 5).
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Modeling circulation of Titan's seas 
(Tokano and Lorenz 2016) 

!  Sea surface CH4 mole fraction with low (left) and high 
(right) precipitation rates 

26 July 2016 CHARM: Cassini's 12th Anniversary -- Titan! 20 

cooling of the sea surface. Differences between Cases 4 and 5 with
respect to compositional stratification are only of quantitative
nature.

The sea composition not only varies with depth but also with
latitude in rainy seasons (Fig. 12). A large latitudinal contrast in
the methane mole fraction is predicted in Case 4. The surface

methane mole fraction monotonically increases from south to
north, with a minimum in the southernmost basin Walvis Sinus
(65%) and maximum in the northernmost sea Punga Mare (80%).
This is a direct consequence of the prescribed precipitation distri-
bution (Eq. 3). The latitudinal gradient declines with increasing
depth. On the other hand, there is little horizontal variation in

Fig. 12. Map of sea surface methane mole fraction at LS ¼ 90" (Cases 4 and 5).
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Seasonal changes – still waiting for N summer storms… 

Event, Date Time in Titan’s year 
Voyager 1 flyby, Nov. 1980 29 March 
Voyager 2 Flyby, Aug. 1981 8 April 

Cassini SOI, 2 July 2004 Mid-January 
Dissipation of high-alt N.P. ethane cloud (VIMS), 2008-9 Late N. winter 

11 Aug 2009 N. vernal equinox 
Decrease in altitude of detached haze (ISS), 2009-2010 Early N. spring 

Low-latitude rainstorm (ISS), Sept.-Oct. 2010 Early April 
Rapid changes in south polar upper atmospheric 
temperatures and composition (CIRS), 2010-2011 N. spring 

South polar vortex, ~300 km (ISS, VIMS) 2011/2012… 
S.P. stratospheric nitrile ice cloud, ~200 km alt (CIRS) Onset in late April 

Development of northern clouds (model predictions) Spring…? 
Development of northern clouds (observations), 2016 Mid-June? 

May 2017 N. summer solstice 
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!   Cassini CIRS measurements at 19 µm (Jennings et al. 2016) animation: 
http://photojournal.jpl.nasa.gov/archive/PIA20020.gif 

!   T(max) = 93.6 K (-179.6°C, -292°F), T(min) = 90.1 K (-183.1°C, -298°F) 

Titan's surface temperatures, 2004-2016 
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southern summer equinox (matches 1980 
Voyager) 

northern spring 



!   Cassini CIRS measurements at 19 µm (Jennings et al. 2016) animation: 
http://photojournal.jpl.nasa.gov/archive/PIA20020.gif 

!   T(max) = 93.6 K (-179.6°C, -292°F), T(min) = 90.1 K (-183.1°C, -298°F) 

Titan's surface temperatures, 2004-2016 
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Recent results 

!  Special issue of Icarus on Titan's 
Surface and Atmosphere, Vol. 270, 
published 15 May 2016: 
http://www.sciencedirect.com/
science/journal/00191035/270 

!  Titan Aeronomy and Climate 
Workshop, 27-29 June 2016 
http://planeto.univ-reims.fr/tac/
images/TAC_2016-Abstract_book.pdf 
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!  T122, 10 Aug 2016 
!  T123, 27 Sep 2016 
!  T124, 14 Nov 2016 
!  T125, 29 Nov 2016 
!  T126, 22 Apr 2017 

Upcoming Close 
Titan Flybys: 

26 July 2016 CHARM: Cassini's 12th Anniversary -- Titan! 28 



Upcoming Titan Encounters: 
!   Rev 250, 29 Nov 2016 =T125 
!   Rev 253, 5 Dec 2016 
!   Rev 255, 31 Dec 2016 
!   Rev 259, 1 Feb 2017 
!   Rev 261, 17 Feb 2017 
!   Rev 264, 5 Mar 2017 
!   Rev 266, 20 Mar 2017 
!   Rev 268, 6 Apr 2017 
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!   Rev 270, 22 Apr 2017 = T126 
!   Rev 273, 7 May 2017 
!   Rev 275, 24 May 2017 
!   Rev 278 8 Jun 2017 
!   Rev 280, 25 Jun 2017 
!   Rev 283, 10 Jul 2017 
!   Rev 285, 26 Jul 2017 
!   Rev 288, 11 Aug 2017 
!   Rev 290, 28 Aug 2017 
!   Rev 292, 11 Sep 2017 



Upcoming Distant Titan Encounters: 
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Upcoming Distant Titan Encounters: 
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T114, 15 Nov 2015 


