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ROE ET AL.: TITAN’S SURFACE AT 1.6 µM X - 3

Figure 2. (a) Surface map of Titan. The typical spa-
tial resolution at the center of Titan’s disk in these data
is indicated by the circle in the upper right corner. (b)
Fractional standard deviation (a). (c) Map of observing
coverage. (d) Surface map with Huygens entry target and
positions of the Campbell et al. [2003] radar measure-
ments. Radar measurements were performed at points
marked with +’s. Positions where a statistically signif-
icant specular reflection was measured are marked with
boxes.

An alternative approach to creating a map of Titan was
taken by Smith et al. [1996] who first subtracted an aver-
age image of Titan in an attempt to remove the effect of
the haze. This approach suffers from the same degeneracy
between haze and surface albedo as the technique we used
to construct our new map. By doing a Smith et al. [1996]
style quasi-subtraction of the atmosphere we find we can fit
our map of Titan’s surface with a value of k closer to unity,
which was used by Smith et al. [1996].

The performance of the AO system varies from epoch to
epoch and is extremely difficult to measure at the necessary
level of accuracy. While the resolution, full width half max-
imum (FWHM) of the spatial point spread function (PSF),
stays roughly the same, another metric of image quality,
Strehl ratio, varies considerably from image to image. With-
out AO the PSF of a telescopic image is roughly a gaussian
with a FWHM of 0.5-1.0” depending on the atmospheric
‘seeing’. The AO system takes a fraction of that light and
pulls it into a narrow diffraction limited core (∼0.04-0.05”
for these data). Thus the PSF of an AO image is more com-
plicated than in typical imaging data and includes a broad
halo as well as a narrow near-diffraction-limited core. Strehl
ratio is a measure of how well the AO system is performing
at pulling light from the broad halo into the narrow core and
is equal to unity when the AO system is achieving its the-
oretically optimum performance. Typical estimated Strehl

ratios for the presented data are 0.1-0.4 and the higher the
Strehl ratio the better the contrast in the resulting image.
Careful modeling of the varying AO performance and the
use of diffraction limited spectroscopy [Adamkovics et al.,
this issue] should allow the absolute calibration of this map
in the future.

Few maps of Titan with complete longitude coverage have
been published previously. These are: Hubble Space Tele-
scope (HST) at 0.94 and 1.08 µm with spatial resolution of
∼470 km [Smith et al., 1996], HST at 1.1, 1.6, and 2.0 µm
with spatial resolutions of 550, 800, and 1000 km [Meier
et al., 2000], and speckle imaging with the Keck I telescope
at 2.1 µm with spatial resolution of ∼350 km [Gibbard et al.,
2004, and Gibbard et al., this issue.]. Bouchez at al. (in
prep.) have a forthcoming map made using adaptive optics
imaging with the Keck II telescope at 2.1 µm with spatial
resolution of ∼250 km. In every case the cited resolution
is the full width half maximum of the spatial point spread
function at the center of Titan’s disk. Our new map pre-
sented here has a similar resolution to that of Bouchez et
al., although with somewhat lower contrast due to the de-
creased performance of the adaptive optics system at shorter
wavelength. Comparison of the longer wavelength map of
Bouchez et al. with our 1.6 µm map reveals no obvious color
differences across Titan’s surface to within 20-40% albedo
ratio. Most regions agree to within 20% or better, while the
larger differences are primarily at far southern latitude.

The resolution of our Titan data (∼20-25 resolution el-
ements across Titan’s apparent disk) is similar to the res-
olution of typical human naked eye viewing of the Moon
(∼30 resolution elements across the lunar disk). Even with
the new improved view of Titan’s surface, the nature of the
dark and bright areas remains mysterious. No obviously
recognizable craters, valleys, lakes, mountains, or other ge-
ographic features appear on the map, although there are a
number of very suggestive features, several of which may

Figure 3. Observed intensity from the new 1.6 µm
map versus Campbell et al. [2003] radar specular cross
section. Note the four points where no statistically sig-
nificant specular reflection was detected. Uncertainties
on these radar non-detections are assumed to be similar
to the uncertainties for the detected cases. Note that
albedo is proportional to this observed intensity minus
an unknown constant.

Keck II w/ AO, 1.6 µm
(Roe et al. 2005)

Keck II AO
2.1 µm

(Roe et al. 
2002)



Imaging Science Subsystem (ISS), primarily 938 nm

Visual & Infrared Mapping Spectrometer (VIMS), 0.3 – 5.1 µm

Titan 
spectrum

CB3

Titan’s atmospheric windows at 2.0, 2.7 and 5.0 mm are amenable
to surface composition studies13,18–20, and within these three windows
we find spectral features diagnostic of the composition of the con-
tents of Ontario Lacus. Our I/F (or radiance factor) spectra of the
dark interior of Ontario Lacus (Fig. 2) show strong absorptions that
are due mostly to methane gas in Titan’s atmosphere, as well as subtle
variations within the windows at 2.0, 2.7 and 5.0 mm as a result of
photons scattered by Titan’s surface. To isolate the spectral differ-
ences between Ontario’s interior and its shoreline, and to remove
atmospheric absorptions, we have constructed a ratio of represent-
ative spectra of the Ontario Lacus interior and a nearby area (with
nearly identical viewing geometry) outside of the lake.

There are four apparent absorption features in the ratio spectrum
(Fig. 2) that appear in only three of seven of Titan’s atmospheric win-
dows, indicating that the detailed shapes of the atmospheric windows
introduce no artefact absorptions. Thus, the remaining absorptions
seen in the ratio are almost certainly associated with Ontario Lacus.

In order of increasing wavelength, the first of these bands is centred
at 2.018 mm, with a roughly gaussian profile. There is a second feature
centred near 2.11 mm that is quite weak and shows mostly as a depres-
sion in the long-wavelength wing of the 2.018-mm band. The third
band is centred near 2.79 mm and is also roughly gaussian. The fourth
feature is a very steep decline in reflectance near 4.8 mm, which con-
tinues downwards out to 5.17mm. Within the region 4.8–5.17 mm
there also exist apparent narrow absorption features near 4.9 and
5.05 mm whose significance is not clear.

An important indicator of whether a given absorption band in the
Ontario Lacus spectrum pertains to material within the lake is
whether the band is spatially correlated with the lake. In the 5-mm
image of Ontario Lacus (Fig. 1), the interior of the lake and the
‘beach’ are congruent to, but clearly have a much lower reflectivity
than, the shoreline. Maps of the depths of the bands at 2.018 and
2.79 mm have similar characteristics, although the weaker and noisier
2.79-mm band shows much less correlation with the lake. We are
therefore not convinced that the 2.79-mm feature is real and do not
discuss it further here.

The I/F at 5 mm of the central, dark interior of Ontario Lacus
approaches zero when extrapolated to zero airmass, indicating that
almost all photons incident on the lake interior at this wavelength are
absorbed (Fig. 3). In contrast to the finite reflectivity of a nearby area
outside the lake (Fig. 3), the lake can only have zero reflectivity if its
surface is smooth and free of scattering centres greater than about
5 mm in size, the surface is viewed in non-specular geometry, and
there are no slopes or facets allowing partial specular reflection along
the line of sight. It is highly unlikely that any solid surface in the lake
interior could adhere to such constraints, thus indicating that
Ontario Lacus is filled with a quiescent liquid, free of particles larger
than a few micrometres.

In view of the widespread evidence for precipitation on Titan8–10,
an obvious question is whether liquid methane exists in Ontario
Lacus. Unfortunately, because methane gas is so abundant in
Titan’s atmosphere, and because the rotational–vibrational spectrum
of liquid methane is nearly identical to that of methane gas (except
for wavelength shifts that cannot be readily resolved in the VIMS
data21), most features due to liquid methane would not be detectable
in our spectra. Nevertheless, the steep decline in reflectance of
Ontario Lacus within the 5-mm window is consistent with the pres-
ence of other liquid alkanes such as ethane, propane and butane21–23.
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Figure 2 | Spectra of regions in and around Ontario Lacus. a, The I/F
spectra (I is the observed specific intensity and pF is the incident solar flux)
have been normalized to 1.0 at 2.0178mm, and the scale is on the left axis.
The scale for the ratio spectrum is on the right axis. Even though the lake is
intrinsically darker than its surroundings, the ratio is greater than 1.0
because of the normalization. This was done for clarity in the figures. b, A
similar approach was used and a ratio spectrum for the ‘beach’ area is

included with a split right axis, again for the sake of clarity. Error bars have
been shown for only every third point, again to improve clarity. The
effectiveness of the atmospheric band removal is confirmed because the
strong methane absorptions are nearly cancelled in the spectral ratio. The
vertical grey bands in both panels denote the spectral channels within
atmospheric windows through which VIMS can resolve surface detail. Error
bars are 1s.
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Figure 3 | Plot of 5-mm brightness against airmass for the lake interior and
an adjacent region outside of Ontario Lacus. The lake interior is denoted
with diamonds (lower curve) and the adjacent area by triangles (upper
curve). The lines show simple photometric models fitted to the points.
Airmass here is the classical astronomical definition of atmospheric path
length, commonly called sec(z), where z is the zenith angle referenced to the
surface normal. Error bars are 1s.
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Surface liquids
T25, 25 February 2007

21 July 2006
Stofan et al. 2007

T0, 3 July 2004 6 June 2005

T25, 22 February 2007

Titan’s atmospheric windows at 2.0, 2.7 and 5.0 mm are amenable
to surface composition studies13,18–20, and within these three windows
we find spectral features diagnostic of the composition of the con-
tents of Ontario Lacus. Our I/F (or radiance factor) spectra of the
dark interior of Ontario Lacus (Fig. 2) show strong absorptions that
are due mostly to methane gas in Titan’s atmosphere, as well as subtle
variations within the windows at 2.0, 2.7 and 5.0 mm as a result of
photons scattered by Titan’s surface. To isolate the spectral differ-
ences between Ontario’s interior and its shoreline, and to remove
atmospheric absorptions, we have constructed a ratio of represent-
ative spectra of the Ontario Lacus interior and a nearby area (with
nearly identical viewing geometry) outside of the lake.

There are four apparent absorption features in the ratio spectrum
(Fig. 2) that appear in only three of seven of Titan’s atmospheric win-
dows, indicating that the detailed shapes of the atmospheric windows
introduce no artefact absorptions. Thus, the remaining absorptions
seen in the ratio are almost certainly associated with Ontario Lacus.

In order of increasing wavelength, the first of these bands is centred
at 2.018 mm, with a roughly gaussian profile. There is a second feature
centred near 2.11 mm that is quite weak and shows mostly as a depres-
sion in the long-wavelength wing of the 2.018-mm band. The third
band is centred near 2.79 mm and is also roughly gaussian. The fourth
feature is a very steep decline in reflectance near 4.8 mm, which con-
tinues downwards out to 5.17 mm. Within the region 4.8–5.17 mm
there also exist apparent narrow absorption features near 4.9 and
5.05 mm whose significance is not clear.

An important indicator of whether a given absorption band in the
Ontario Lacus spectrum pertains to material within the lake is
whether the band is spatially correlated with the lake. In the 5-mm
image of Ontario Lacus (Fig. 1), the interior of the lake and the
‘beach’ are congruent to, but clearly have a much lower reflectivity
than, the shoreline. Maps of the depths of the bands at 2.018 and
2.79 mm have similar characteristics, although the weaker and noisier
2.79-mm band shows much less correlation with the lake. We are
therefore not convinced that the 2.79-mm feature is real and do not
discuss it further here.

The I/F at 5 mm of the central, dark interior of Ontario Lacus
approaches zero when extrapolated to zero airmass, indicating that
almost all photons incident on the lake interior at this wavelength are
absorbed (Fig. 3). In contrast to the finite reflectivity of a nearby area
outside the lake (Fig. 3), the lake can only have zero reflectivity if its
surface is smooth and free of scattering centres greater than about
5 mm in size, the surface is viewed in non-specular geometry, and
there are no slopes or facets allowing partial specular reflection along
the line of sight. It is highly unlikely that any solid surface in the lake
interior could adhere to such constraints, thus indicating that
Ontario Lacus is filled with a quiescent liquid, free of particles larger
than a few micrometres.

In view of the widespread evidence for precipitation on Titan8–10,
an obvious question is whether liquid methane exists in Ontario
Lacus. Unfortunately, because methane gas is so abundant in
Titan’s atmosphere, and because the rotational–vibrational spectrum
of liquid methane is nearly identical to that of methane gas (except
for wavelength shifts that cannot be readily resolved in the VIMS
data21), most features due to liquid methane would not be detectable
in our spectra. Nevertheless, the steep decline in reflectance of
Ontario Lacus within the 5-mm window is consistent with the pres-
ence of other liquid alkanes such as ethane, propane and butane21–23.
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Figure 2 | Spectra of regions in and around Ontario Lacus. a, The I/F
spectra (I is the observed specific intensity and pF is the incident solar flux)
have been normalized to 1.0 at 2.0178mm, and the scale is on the left axis.
The scale for the ratio spectrum is on the right axis. Even though the lake is
intrinsically darker than its surroundings, the ratio is greater than 1.0
because of the normalization. This was done for clarity in the figures. b, A
similar approach was used and a ratio spectrum for the ‘beach’ area is

included with a split right axis, again for the sake of clarity. Error bars have
been shown for only every third point, again to improve clarity. The
effectiveness of the atmospheric band removal is confirmed because the
strong methane absorptions are nearly cancelled in the spectral ratio. The
vertical grey bands in both panels denote the spectral channels within
atmospheric windows through which VIMS can resolve surface detail. Error
bars are 1s.
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Figure 3 | Plot of 5-mm brightness against airmass for the lake interior and
an adjacent region outside of Ontario Lacus. The lake interior is denoted
with diamonds (lower curve) and the adjacent area by triangles (upper
curve). The lines show simple photometric models fitted to the points.
Airmass here is the classical astronomical definition of atmospheric path
length, commonly called sec(z), where z is the zenith angle referenced to the
surface normal. Error bars are 1s.
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The identification of liquid ethane in Titan’s
Ontario Lacus
R. H. Brown1, L. A. Soderblom2, J. M. Soderblom1, R. N. Clark3, R. Jaumann4, J. W. Barnes5, C. Sotin6, B. Buratti6,
K. H. Baines6 & P. D. Nicholson7

Titan was once thought to have global oceans of light hydrocar-
bons on its surface1–5, but after 40 close flybys of Titan by the
Cassini spacecraft, it has become clear that no such oceans exist6.
There are, however, features similar to terrestrial lakes and seas7,
and widespread evidence for fluvial erosion8,9, presumably driven
by precipitation of liquid methane from Titan’s dense, nitrogen-
dominated atmosphere10. Here we report infrared spectroscopic
data, obtained by the Visual and Infrared Mapping Spectrometer11

(VIMS) on board the Cassini spacecraft, that strongly indicate that
ethane, probably in liquid solution with methane, nitrogen and
other low-molecular-mass hydrocarbons, is contained within
Titan’s Ontario Lacus.

Saturn’s moon Titan has a thick atmosphere that makes studies of
its surface difficult, except through specific atmospheric win-
dows12,13, as a result of strong atmospheric absorptions and a ubi-
quitous haze10,14,15. Imaging spectroscopy is used to determine the
chemical composition of the surfaces and atmospheres of planetary
bodies16, and the VIMS11 instrument on board the Cassini spacecraft
is capable of such measurements. VIMS was used during Cassini’s
38th close flyby of Titan (T38) to observe Ontario Lacus, a lake-like

feature in Titan’s south-polar region found with the Cassini Imaging
Science Subsystem (ISS) narrow-angle camera in mid-2005. During
Cassini’s T25 flyby, both VIMS and Cassini’s radar instrument were
used to observe a northern lake near 78uN, 250uW (ref. 17).

The spectral data obtained for the northern lake were too noisy for
compositional analysis, but they indicate that it has an extremely low
reflectance in the near-infrared (Fig. 1), consistent with that of
Ontario Lacus. Further compositional studies of this lake and others
in the north will have to wait until they are directly illuminated in
northern spring during Cassini’s extended missions.

In contrast, the observations of Ontario Lacus with VIMS were of
much higher quality, and were obtained in favourable viewing geo-
metry and at much higher spatial resolution. The ‘shoreline’ of
Ontario Lacus (Fig. 1) is quite bright both in the visible and at
5 mm relative to the much darker interior of the lake. There is also
an annular area (hereafter referred to as the ‘beach’) just inside the
shoreline that is intermediate in brightness and whose inner edge
roughly follows the shape of Ontario’s shoreline. The reflectivity of
this region at 2 and 5mm is intermediate to that of the interior of
Ontario Lacus and its shoreline.

1Department of Planetary Sciences, University of Arizona, Tucson, Arizona 85721, USA. 2US Geological Survey, Flagstaff, Arizona 86001, USA. 3US Geological Survey, Denver,
Colorado 80225, USA. 4Deutsches Zentrum für Luft- und Raumfahrt, 12489 Berlin, Germany. 5NASA Ames Research Center, Moffett Field, California 94035, USA. 6Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, California 91107, USA. 7Department of Astronomy, Cornell University, Ithaca, New York 14853, USA.

a b

Figure 1 | VIMS and radar images of the lake at 786 N, 2506 W, and ISS and
VIMS images of Ontario Lacus. The red arrow indicates the same lake-like
feature seen in radar (left side of a) and VIMS (right side of a). The VIMS
image is congruent with the boundaries of the lake as seen in the radar image.
The data were obtained at very large illumination angles (the lake was
actually 5–10u past the terminator). VIMS observations of the northern lake
were possible only because it was illuminated by light scattered past the
terminator by Titan’s atmosphere. Although the VIMS observations were far
from ideal, the northern lake is well defined and is quite clearly the same lake
as that imaged at much higher spatial resolution by the Cassini radar7. Note
that the brightness distribution in the lake’s interior as seen in the VIMS
image roughly matches the intensity of the radar return as indicated in

shades of blue in the radar image. Colour in the VIMS image was constructed
by assigning a band near 1.3 mm to the blue channel, a band near 1.6 mm to
the green channel and a band near 2.0 mm to the red channel. The ISS image
(left side of b) from mid-2005 is compared with the VIMS image (right side
of b). The VIMS image (taken during the T38 flyby, which occurred on 2007
December 4, at a closest approach altitude of 1,100 km, yielding a maximum
resolution of about 500 m per pixel) is a co-addition of 11 channels in the
5-mm window. The ‘beach’ is the thin annular area in the lower right of the
image in b. It is intermediate in albedo between the lake interior and the
surrounding shoreline, and is roughly congruent with the dark boundary of
the lake interior and with the bright line delineating the shoreline.
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Cassini Titan observations document seasonal changes 
over almost half a year (Saturn’s axial tilt 26.7°)

Prime mission: 2004-2008
Equinox mission: 2008-2010
Solstice mission: 2010-2017
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ISS reprocessed map
(Karkoschka et al. 2017)

Makes use of all ~20,000 ISS images at 938 nm (~100 images / km2)

Improves signal-to-noise ratio by factor of 4-5 along with effective resolution

Albedos calibrated to Huygens DISR range from 0.25 (dunes) to 0.9 (Hotei Arcus)
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VIMS compositional mapping

Thus the Dragonfly mission concept is a quadcop-
ter designed to take advantage of Titan's environment 
to be able to sample materials and determine the sur-
face composition in different geologic settings (Fig. 1). 

Science Objectives:  The compositions of the solid 
materials on Titan's surface are still essentially un-
known. Measuring the composition of materials in 
different geologic settings will reveal how far prebiotic 
chemistry has progressed in environments that provide 
known key ingredients for life. Areas of particular in-
terest are sites such as impact melt sheets [13] and po-
tential cryovolcanic flows where transient liquid water 
may have interacted with the abundant (but oxygen-
poor) photochemical products that litter the surface [2]. 

Bulk elemental surface composition can be deter-
mined by a neutron-activated gamma-ray spectrometer 
[14] at each site. Surface material can be sampled with 
a drill and ingested using a pneumatic transfer system 
[15] into a mass spectrometer [16] to identify the 
chemical components available and processes at work 
to produce biologically relevant compounds. Meteor-
ology and remote sensing measurements can character-
ize Titan's atmosphere and surface – Titan's Earth-like 
system with a methane cycle instead of water cycle 
provides the opportunity to study familiar processes in 
a different environment and under different conditions. 
Seismic sensing can probe subsurface structure and 
activity. 

Dragonfly is a truly revolutionary concept provid-
ing the capability to explore diverse locations to char-

acterize the habitability of Titan's environment, inves-
tigate how far prebiotic chemistry has progressed, and 
search for chemical signatures indicative of water-
based and/or hydrocarbon-based life. 

References: [1] Raulin F. et al. (2010) Titan's As-
trobiology, in Titan from Cassini-Huygens Brown et 
al. Eds. [2] Thompson W. R. and Sagan C. (1992), C. 
Organic chemistry on Titan: Surface interactions , 
Symposium on Titan, ESA SP-338, 167-176. [3] Neish 
C. D. et al. (2010) Astrobiology 10, 337-347. [4] 
https://astrobiology.nasa.gov/research/life-
detection/ladder/. [5] Chyba, C. et al. (1999) LPSC 30, 
Abstract #1537. [6] Lorenz, R. D. (2000) Journal of 
the British Interplanetary Society 53, 218-234. [7] 
Leary J. et al. (2008) Titan Flagship study 
https://solarsystem.nasa.gov/multimedia/downloads/Tit
an_Explorer_Public_Report_FC_opt.pdf. [8] Stofan E. 
et al. (2013) Proc. Aerospace Conf. IEEE, DOI: 
10.1109/AERO.2013.6497165. [9] Golombek M. P. et 
al. (1997) JGR 102, 3967-3988. [10] Lorenz R. D. 
(2001) Journal of Aircraft 38, 208-214. [11] Langelaan 
J. W. et al. (2017) Proc. Aerospace Conf. IEEE. [12] 
Barnes J. W. et al. (2012) Experimental Astronomy 33, 
55-127. [13] Neish C. D. et al. (2017) LPSC 48. [14] 
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al. (2017) LPSC 48. [16] Trainer M. G. et al. (2017) 
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Figure 1.  Cassini VIMS map of Titan showing the spectral diversity of the surface, with higher resolution inset 
from the T114 flyby in November 2015: red = 5 µm, green = 2 µm, and blue = 1.3 µm. Areas that appear dark blue 
indicate higher water-ice content compared to the dark organic sands and bright organic material seen elsewhere [17, 
18]. The 5-µm bright unit has characteristics consistent with evaporitic material [19]. 
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Representative colors 
highlighting dunes

VIMS global-scale 
hyperspectral map 
Le Mouélic et al. 
Cassini Science 
Symposium and 
manuscript in review
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RADAR map
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Figure 2. Top: Stereographic polar projections of Titan’s topography with the South Pole left and the North Pole right.
Ontario Lacus and the each of the large northern seas are found in local depressions. Bottom: Equicylindrical projection
of Titan’s topography. All maps have been corrected for the geoid, derived from the parameters defined in Table 1,
SOL1a of Iess et al. (2012). Regions of altimetry and SARtopo data that were used in the interpolation are over-plotted in
grey. Most noticeable is the asymmetry of the southern hemisphere. Xanadu is measured to be more elevated than
previously measured by Lorenz et al. (2013), more similar to its antipodal complement.

To understand the effects of these errors, we ran a Monte Carlo simulation of 1,000 realizations at 1PPD for
the topography interpolation and 4PPD for the spherical harmonic fitting. For each realization, a modulated
data set was created in two steps. First, a systematic offset was selected for each flyby drawn from appro-
priate Gaussian distributions with standard deviations equal to the average systematic error for each flyby.
Second, each observation point was further modulated using the same approach, but with a standard devi-
ation corresponding to the uncorrelated random error in the individual measurement. Error maps were then

Figure 3. As in Figure 2 but using an eighth-order spherical harmonic fit to Titan’s topography and corrected for the
geoid. Large-scale topographic variations are captured well. An eighth-order fit was chosen as it is the highest order
for which there is global sampling in the topography data set as determined from the distance between samplings
(see Figure 1). Maps of individual orders can be found in the supporting information.
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Radar surface properties
Janssen et al. 2016
Effective dielectric constant
Scattering
Emissivity

White and Cogdell (1973) model and would in effect be a volume
scatterer. The only realistic possibility is therefore volume scatter-
ing, which provides a means to increase reflectivity and reduce
emissivity. Let us consider the simple volume scattering model
used in J2009 that employed a smooth dielectric interface separat-
ing free space from an isotropically scattering subsurface. We
define a parameter fvol as the probability that a photon that enters
the surface escapes back to free space through multiple scattering
before it is absorbed. For the sake of simplicity we ignore possible
dependence of this parameter on incidence angle. Fig. 14 illustrates
the flux balance for an incident wave and its effect on the emissiv-
ity. At normal incidence we may write

f vol ¼ 1" Emeas=Emodel ð20Þ

where Emeas is the measured emissivity at a given point, and Emodel is
the equivalent emissivity at normal incidence for a Fresnel surface

Emodel ¼ 4
ffiffiffi
!

p ffiffiffi
!

p
þ 1

" #$ 2 ð21Þ

where ! is taken to be the map effective dielectric constant. The top
panel of Fig. 15 shows the map of fvol that results when comparing
Titan’s emissivity and dielectric maps. A consequence of this model
is that it should correlate with reflectivity when illuminated by
radar at the same wavelength. The bottom panel shows a mosaic
of real aperture reflectivity (more correctly, the observed radar
backscatter) at approximately the same resolution as the emissivity
mosaic that was obtained from active observations of Titan by the
RADAR instrument taken through T77 (Wye, 2011). The two panels
demonstrate a clear correlation. We recognize that the comparison
is qualitative and that significant parameters are ignored; e.g., only
the radar backscattering is measured while the correlation depends
on the hemispherically integrated scattering represented by fvol. The
assumption of a smooth dielectric interface is relatively unimpor-
tant because the variations in the measured emissivity greatly
exceed those that can be obtained by any assumptions involving
the surface model. We conclude that no other mechanism can real-
istically explain the low emissivities, and that volume scattering
must therefore be the dominant source of the radar return from
the brightest regions as well as a significant component of the
return from much of the rest of the surface.

4.3. A southeast extension to Xanadu?

Together, the dielectric and emissivity maps show a surface with
most resolved features in common with those from observations

at visible and infrared wavelengths. One major feature, barely
evident at shorter wavelengths but clear in both active and passive
microwave maps, lies to the southeast of Xanadu, centered at 60W
and 32S. This region is smaller in extent than Xanadu but shows a
similarly strong contrast in radar brightness and emissivity. Both
regions show a reduced thermal polarization and a large increase
in volume scattering, consistent with a subsurface that is inhomo-
geneous on scales larger than the wavelength and most likely a
very rough surface boundary. Its only difference is that it is much
less apparent than Xanadu at short wavelengths, possibly due to
a surficial coating penetrated by microwaves that hides it from
visible and infrared observations. Nevertheless, given its properties
and proximity to Xanadu it should be included in any studies of the
nature, origin, and evolution of Xanadu.

4.4. The case for water ice in Titan’s near-surface

Water ice, or water–ice clathrate, is expected to be the domi-
nant constituent of Titan’s crust, so we can reasonably expect to
see some manifestation of its presence. Its actual expression on
the surface has proven ambiguous, however. Extensive exposed
ice surfaces that are relatively smooth are ruled out by the micro-
wave dielectric mosaic, but as noted in Section 4.1, such surfaces
are not limited on small scales; further, we have noted that
exposed ice fields of larger extent are allowed if they are cloaked
with a low-density layer or are otherwise sufficiently rough to
reduce the thermal polarization signal. Given that the surface is
apparently covered in most regions by a layer (or layers) of organic
materials, albeit of unknown thickness, the best chance for detect-
ing water ice is in the microwave region where we can probe more
deeply into the surface.

The radar-bright regions that correlate with the Hummocky/
mountainous terrains constitute a relatively small fraction of

Fig. 14. Flux balance schematic for volume scattering. The outgoing arrows
illustrate the relative powers from the surface and subsurface respectively for a
wave incident on the surface. The simple model described in the text assumes no
dependence on incidence angle. The numerical values indicate the ranges for
surface and volume reflections on Titan given by this model.

Fig. 15. Predicted and observed maps of scattering from Titan’s surface. The upper
panel is a map of the volume scattering parameter fvol for a simple surface model
composed of a smooth dielectric interface separating free space from an inhomo-
geneous and isotropically scattering subsurface. fvol is the probability that a photon
entering the surface (as determined by the effective dielectric constant) scatters
and escapes from the subsurface before it is absorbed. The map of fvol reconciles the
maps of effective dielectric constant and emissivity and predicts the overall
magnitude of the scattering. The lower panel is a global mosaic of Titan’s
normalized radar cross-section from all real aperture data through T71 (Wye,
2011), showing the actually observed scattering. The white arrows in the upper left
hand corner indicate two small regions that were not mapped.
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snow (Atkinson et al., 2010). Additionally, the upward-looking
optical instrumentation on the probe detected evidence of thinly
opaque material lofted for a few seconds after impact, likely
surface dust lifted by the turbulent wake of the probe (Schröder
et al., 2012).

The assumption of a surface that obeys the Fresnel equations is
reasonable for at least two classes of geologic units seen on Titan:
the lakes/seas, and the dunes. Only the latter are of sufficient
extent to be fully resolved in the dielectric mosaic (Le Gall et al.,
2011). Analogous with the Earth, the dune surface is expected to

be composed of grains much smaller than the wavelength, which
we expect to present a relatively uniform dielectric interface with
the atmosphere based on their formation by aeolian deposition
(Lorenz et al., 2006b). After allowing for interdune areas having
possibly different characteristics, the average dielectric constant
of the dune fields is about 1.55 (updated from Le Gall et al.,
2011), which requires a low-dielectric constant material (e ! 2)
combined with significant porosity. In the Titan context this would
be consistent with a surface layer composed of organic grains with
a porosity ranging from 30% to as high as 50% as seen with Earth
dunes (Pye and Tsoar, 1990). Using the Rayleigh mixing formula
(Ulaby et al., 1986) such porosities yield a net dielectric constant
of 1.55 for grains composed of a substance of dielectric constant
ranging from 1.9 to 2.4. This is consistent with organics but
implausible for water ice grains with e = 3.1 unless the porosity
could be greater than 60%. Some fraction of water–ice grains is
allowed, although these cannot dominate the composition of the
dunes.

Because the lakes and seas are not well resolved by the dielec-
tric map we cannot say anything directly about their dielectric
properties. However, we do resolve the thermal emission of the
seas, which allows us to infer their emissivity. The absolute calibra-
tion of their brightness temperatures is based on observations of
the dune fields as discussed above, and their physical temperatures
are given by the seasonal temperature model (neglecting for now
the possibility of their cooling by evaporation), with the ratio

Fig. 11. The global emissivity map, obtained as the ratio of the final brightness mosaic in Fig. 5(e) and the temperature distribution with latitude at the epoch of equinox.

Table 3
The trend of observed microwave properties as a function of surface layer
characteristics. The first entry is for a smooth surface that obeys the Fresnel laws,
while the remaining entries are for more complex surface layers.

Surface characteristic Observable

Thermal
polarization1

Emissivity

Higher/lower bulk dielectric constant
(ideal surface)

Increased/
reduced

Reduced/
increased

Surface density gradient Reduced Increased
Roughness, scale < wavelength Reduced Increased
Roughness, scale > wavelength Reduced Reduced
Surface density gradient Reduced Increased
Subsurface volume scattering Reduced Reduced

1 i.e., effective dielectric constant.
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which we mean the relative difference in brightness parallel and
perpendicular to the plane of incidence at any given emission
angle. The algorithms used for this retrieval are described in
J2009 and not repeated here. For each paired footprint this
depends on emission angle and the components of the observed
angles parallel and perpendicular to the plane of incidence within
the footprint. For example, there is no polarization signal at normal
incidence or when the polarization angles lie at 45! to the plane of
incidence, hence there is no sensitivity to the polarization for these
cases and poor sensitivity for observations made near these condi-
tions. As a result, for a paired full disk raster scan, a useful solution
is obtained only in four quadrants that are symmetric around the
disk, with their extent determined by the ratio of the polarized sig-
nal to noise. Also, the solution is ignored when the emission angle
exceeds 60!, beyond which surface roughness becomes a signifi-
cant factor in the model.

A step has been added in this work to improve the retrieval,
and consists of a smoothing of the highest-resolution map to
match the lower resolution map of the second. While the J2009
algorithm gives a solution for a map that fits the data, it was
found to lead to emissivity artifacts on scales intermediate to
the individual resolutions of the paired maps. We accordingly
smoothed the high-resolution map of each pair to match that
of the paired low-resolution map before applying the J2009
algorithm.

Fig. 3 shows the resulting global mosaic of effective dielectric
constant eeff. Fig. 3a shows a complete map that includes a mosaic
of all of the partial maps within a signal-to-noise range of 2 K for
the thermal polarization signal and 60! emission angle. The white
space indicates regions for which no retrieval was obtained. The
relative contribution from overlapping maps was determined by
weighting according to emission angle and the signal-to-noise of
the polarization signal, preferring retrieved values obtained inside
an emission angle of 45! and at sufficiently high values for the
thermal polarization. The scale allows for values of eeff that cover
the range from less than 1 (no polarization signal plus some
allowance for error) to 3.2 (the polarization that would nominally
be observed from pure sheet ice). It emphasizes the relatively
small part of this range that is actually covered by Titan’s surface,
with the extremes being 0.6 and 2.3, and an average value of 1.54.
Fig. 3b was obtained as a mosaic of only those points that were
observed at least twice, which has the advantage of reducing
the contribution from systematics while at the sacrifice of cover-
age (from 94% for all observed points to 76% for only multiply
observed points). The extremes in the mosaic of Fig. 3b are
reduced to 0.9 and 2.25 respectively, while the average value of
eeff for the retrieved regions was essentially unchanged. The
overall uncertainty of this mosaic was more easily estimated

because it allowed us to use the standard deviation of the two
or more dielectric values obtained for each point and average
them for all points to obtain the estimate. The result was 0.16.
Fig. 3c shows a complete map of the surface obtained by interpo-
lation of this mosaic. The latter map was then used to interpolate
the measured brightness temperatures to normal incidence in
order to produce the subsequent brightness temperature mosaics.
Subsequent study showed that this choice of dielectric map for
the interpolation process actually made very little difference,
leading to brightness differences !1 K when comparing resulting
maps.

Fig. 4 shows parameters that describe the complex nature of
this mosaic, and emphasizes the inhomogeneity in the sampling
in both number of looks (Fig. 4a) and spatial resolution (Fig. 4b)
at each point in the map. The number of looks at each point can
be expected to indicate better estimates of the effective dielectric
constant at that point relative to the overall error estimate of
±0.16. The resolution shown in Fig. 4b is the average half-power
footprint (allowing for off-normal projection) in kilometers. The
bright red segments centered around 180! west longitude and just
below the equator in Fig. 4b are the matched pair of scatterometry
observations in Ta and T3 and stand out as unique in the map, with
resolution about 100 km. This fortunately covered an interesting
region of the surface at the southern boundary of Xanadu that will

Fig. 2. Typical whole and partial disk scans. (a) Whole disk scan made as one part of
a polarimetry observation from pass Ta. Polarization data are obtained by observing
with the radiometer polarization set to be parallel and perpendicular respectively to
the scan line in two successive scans as shown. (b) Partial disk scan made in
scatterometry mode (from pass T98). The large circle shows the disk of Titan as seen
from the spacecraft, while the small circles show the beam half-power footprints at
the beginning and end of each scan.

Fig. 3. Global mosaics of effective dielectric constant. (a) Mosaic of all partial maps
retrieved from polarized brightnesses. (b) Mosaic comprising all map points in (a)
that were observed at least twice. (c) Mosaic of (b) interpolated to fill map.
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North Pole
RADAR, ISS
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Titan as a system

(Leary, Lorenz, et al. 2008)

ISS, 21 March 2017
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Equatorial organic sand dunes

Longitudinal dunes 1-2 km wide, >100 km long, 80-130 m high, spaced 1-
4 km apart (Lorenz et al. 2006, Radebaugh et al. 2008, Neish et al. 2010)
Youngest features at the scale of mapping (100s m to few km)
Implications for wind patterns and material transport (e.g., Tokano 2010)
Unknowns

Composition(s) of and source(s) sand particles
What prevents dunes from forming on Xanadu
Implications of damp surface detected by Huygens Probe at ~10°S latitude
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Xanadu

T121, 25 July 2016 T20, 28 Oct. 2005
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Xanadu

Bright region identified by HST observations
Complex terrain cut by river channels with Titan's oldest population of 
craters

Varied topography, not a distinct topographic high
Former lakebeds and possible cryovolcanic features

Unknowns
Formation of Xanadu as a distinct geologic feature
Composition(s) of bright organic material
What prevents dunes from forming on Xanadu
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Menrva (392 km)

Sinlap (80 km)

Afekan (115 km)
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Impact craters

Modification processes à young crater retention age, ~200 Myr – 1 Gyr
(Wood et al. 2010; Neish and Lorenz 2012)
Shallow compared to craters on similarly sized Ganymede with significant 
modification, especially by aeolian infill and fluvial erosion (Neish et al. 
2013) as well as chemical weathering (Neish et al. 2015) and viscous 
relaxation (Schurmeier and Dombard 2018)s
Non-uniform crater population: higher number in Xanadu and very few at 
high latitudes, suggestive of formation in wetlands or shallow sea where 
crater topography isn't maintained (Neish and Lorenz 2014)
Unknowns

Degree to which water-ice crust has been excavated at craters
History of modification processes
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Tectonics

Mithrim Montes ~3,300 m 
(~10,900 ft)

28 Oct. 2005
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Tectonics

Rugged mountain ridges modified by erosion
Topography ~1-2 km
Local organization and global E-W trend (Liu et al. 2016)
Observations consistent with formation by contraction (Liu et al. 2016; 
Mitri et al. 2010)
Structural control of channel networks (Burr et al. 2013)
Unknowns

Degree of endogenic tectonic activity, relative rates of tectonic and erosional 
processes
Larger-scale organized tectonic activity
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Channels
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Channels

Found at all latitudes, including arid equatorial region indicating variation 
in weather on seasonal or longer timescales (Turtle et al. 2011)
Implications for sediment transport (Burr et al. 2010) 
Variation in floor roughness (Le Gall et al. 2010)
Evidence of tectonic control in places (Burr et al. 2013)
Unknowns

Resolution of observations limits understanding of modification rates
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Blandlands

also provides information on topography and surface properties.
Radar backscatter variations in SAR images can be interpreted in
terms of variations of the surface slope distribution at scales of sev-
eral wavelengths to the pixel resolution, surface roughness at the
wavelength scale, subsurface volume scattering, subsurface layer-
ing and/or other organized structures, and near-surface effective
dielectric properties. Candidate surface materials on Titan are
water ice, water–ammonia ice and other water ice mixtures,
hydrocarbon liquids, organic materials such as nitriles, alkynes,
alkanes, aromatic ring compounds, and organic polymers related
to laboratory tholins (e.g. Griffith et al., 2003; Negrao et al.,
2006; Barnes et al., 2007a; Soderblom et al., 2007; McCord et al.,
2008; Hirtzig et al., 2013). These materials are different from the
rocky surfaces for which radar data are available, such as those
on Venus and the Moon (e.g. Stofan et al., 2006; Cahill et al.,
2014) or the nearly pure water ice surfaces seen on airless icy
satellites (Dalton et al., 2010). In particular, the subsurface volume
scattering at Titan is thought to be significant (e.g. Janssen et al.,
2009, in press). This can make the interpretation of surface geology
particularly challenging. Nevertheless, previous studies have
shown that the geology of Titan is remarkably Earth-like
(Jaumann et al., 2009; Aharonson et al., 2014) in having relatively
few impact craters (Wood et al., 2010; Neish and Lorenz, 2012),
vast sand seas (Lorenz et al., 2006; Radebaugh et al., 2008), large
bodies of liquids (Stofan et al., 2007; Hayes et al., 2008), mountains
(Radebaugh et al., 2007; Mitri et al., 2010), and features thought to
be extrusive volcanic constructs (Lopes et al., 2007, 2013).

The first study of Titan’s global geology, based on RADAR obser-
vations (Lopes et al., 2010), used SAR data from Cassini Titan flybys
Ta (October 2004) through T30 (May 2007), covering 20.1% of
Titan’s surface. The work established Titan’s major geomorphologic
terrain units, their distribution in the area covered, and how the
units relate to each other in terms of geologic history. Those results
showed that dunes and mountainous/hummocky terrains (defined
as patches of radar-bright material including hills, mountain
chains, and blocks, mostly isolated except for the Xanadu region)
were more widespread than lakes/seas, putative cryovolcanic
units, mottled plains (defined as intermixed, irregularly shaped
patches of radar bright and radar dark terrains), and impact craters
and crateriform structures thought to result from impacts. The unit

having the largest areal coverage was designated ‘‘Undifferentiated
Plains” (Fig. 1) and was described as vast expanses of relatively
homogeneous, radar-dark terrain that appeared to be of low relief,
and were not part of the Mottled Plains unit. Because the Undiffer-
entiated Plains cover such a large portion of Titan’s surface exam-
ined in that study (61.2% of the swaths Ta-T30), Lopes et al. (2010)
pointed out that understanding their origin is key to understanding
how different geologic processes have shaped Titan’s surface. In
this paper, we refine the description of this unit and examine
Undifferentiated Plains at regional and local scales, using a much
larger data set. We also use different datasets to understand the
relationship between Undifferentiated Plains and other major geo-
morphologic units on Titan. We use RADAR radiometry data and
VIMS data to constrain possible compositions for the materials
and use topographic data to help discern embayment relationships.

2. Cassini data and mapping methodology

The main dataset used in our study is from the Cassini RADAR
instrument, a multimode Ku-band (13.78 GHz, k = 2.2 cm) radar
instrument (Elachi et al., 2005b) designed to map the surface of
Titan. Data from other Cassini instruments, the Visual and Infrared
Mapping Spectrometer (VIMS) and the Imaging Science Subsystem
(ISS) were also used.

Our mapping of the geomorphologic units on Titan is based on
both structural/topographic differences seen in SAR and topo-
graphic data (such as crater rims, mountains, and plains) and dif-
ferences and variations in near-IR spectral response, meaning
that apparent differences between units can be due to either struc-
ture/topography or composition. Insight into surface properties
such as composition, structure, and physical temperature can be
inferred from (1) radiometry from RADAR, which can reveal differ-
ences between icy and non-icy materials (Janssen et al., 2009); (2)
VIMS studies using a radiative transfer code that evaluates atmo-
spheric contributions to extract pure surface albedos
(Solomonidou et al., 2014); and (3) comparisons of SAR and VIMS
data, as was done in the study of the Sotra Patera region (Lopes
et al., 2013) and of several mountains and channel features
(Barnes et al., 2007b).

Fig. 1. Example of Undifferentiated Plains (‘‘blandlands”) in Cassini SAR data. These plains appear relatively homogeneous and dark in the SAR data. This image shows a
nearly featureless area of !36,000 km2 centered near (16.3!N, 217!W).
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Titan has been reported by several authors (Stofan et al., 2007;
Hayes et al., 2011; Lopes et al., 2010; Aharonson et al., 2014). Lakes
are mostly found at high latitudes and predominantly in the north-
ern hemisphere. Labyrinth terrains are also primarily located at
latitudes higher than 60! north and south, with only small areas
at latitudes lower than 30!. Undifferentiated Plains are located
mostly at mid-latitudes (between 30! and 60!). In contrast, dunes
are found mostly in the equatorial regions, within 30! of the equa-
tor, and not present at latitudes higher than 60!, as previously
reported by Radebaugh et al. (2008) and Lopes et al. (2010). There
are variations within the latitudinal distribution of dunes. Le Gall
et al. (2011) have revealed that, while Titan’s dunes are confined
to the tropics, there is a latitudinal dependence in the microwave
electromagnetic properties of the dune fields. In a follow-on study,
Le Gall et al. (2012) showed that the dune-to-interdune (material
between the dunes; Barnes et al., 2008; Savage et al., 2014) ratio,
and maybe also the thickness of the interdunal sand cover, tends
to decrease with increasing altitude and latitude. Latitude there-
fore seems to be an important parameter in the distribution of sev-
eral geomorphologic units on Titan, providing constraints on the
origin of the various terrain types.

4. Relationship between Undifferentiated Plains and other
major geomorphologic units

In order to understand the origin of the Undifferentiated Plains,
it is necessary to examine the relationship between the Plains and
other units at a local level. We have used all the datasets described
above (SAR, radiometry, SARTopo, VIMS, and ISS) wherever avail-
able. For the VIMS analysis we used a number of datacubes from
several flybys starting from Ta (October 2004) until T72 (Septem-
ber 2010). Although SAR formed the basis of mapping, topographic
data in particular proved to be very useful in constraining superpo-
sition relationships between the Undifferentiated Plains and other
major Titan units. We have also used radiometry data to aid inter-

pretation, although the radiometry data is at significantly lower
spatial resolution than SAR.

4.1. Undifferentiated Plains and hummocky/mountainous

Lopes et al. (2010) interpreted Undifferentiated Plains as post-
dating the hummocky/mountainous unit (which they concluded
is the oldest unit exposed on Titan) and this conclusion is upheld
in our analysis of the much larger dataset used in this paper. The
hummocky/mountainous terrains are topographically higher and
always appear to be embayed by the Undifferentiated Plains. One
such example area can be seen in Fig. 3.

4.2. Undifferentiated Plains and dunes

The relationship between these two units is not as clear as that
discussed above, as there are no distinct topographic boundaries
between Undifferentiated Plains and dunes. However, in SAR
images, dunes appear to overlay Undifferentiated Plains (Figs. 4
and 5). In several locations where the SAR-dark longitudinal dunes
are spaced further apart, some ‘‘interdune” material (Fig. 5) can be
seen (Barnes et al., 2008; Le Gall et al., 2011; Savage et al., 2014).
The interdune material, which appears to be a substrate over
which the dunes were deposited, or else areas between the dunes
that have been covered over by other materials, appears similar to
the Undifferentiated Plains material in SAR images (Fig. 5). Inter-
estingly, dunes show a clear distinction from Undifferentiated
Plains (and interdune materials) units in ISS images (Figs. 4 and
5). Dunes appear consistently dark in ISS and also in the VIMS color
ratios map, though VIMS has limited coverage/resolution at mid-
latitudes. However, Undifferentiated Plains and interdune materi-
als appear mostly bright in ISS and in the VIMS data (Barnes
et al., 2008), both of which detect the immediate surface (top
few microns) in comparison to RADAR, which can be sensitive to
the shallow subsurface, less than about 1 m for the dark plains as

Fig. 2. Global distribution of Undifferentiated Plains (green) compared to other major geomorphologic units on Titan: Dunes (purple), Labyrinth (red), and
hummocky/mountainous terrains (yellow). Map is at 1:1,500,000. Some areas remain unmapped at this scale, either due to resolution constraints or because they were
unclassified. The ISS global map (NASA/JPL-Caltech/Space Science Institute-PIA14908) is placed under the SAR swaths for context. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Blandlands

also provides information on topography and surface properties.
Radar backscatter variations in SAR images can be interpreted in
terms of variations of the surface slope distribution at scales of sev-
eral wavelengths to the pixel resolution, surface roughness at the
wavelength scale, subsurface volume scattering, subsurface layer-
ing and/or other organized structures, and near-surface effective
dielectric properties. Candidate surface materials on Titan are
water ice, water–ammonia ice and other water ice mixtures,
hydrocarbon liquids, organic materials such as nitriles, alkynes,
alkanes, aromatic ring compounds, and organic polymers related
to laboratory tholins (e.g. Griffith et al., 2003; Negrao et al.,
2006; Barnes et al., 2007a; Soderblom et al., 2007; McCord et al.,
2008; Hirtzig et al., 2013). These materials are different from the
rocky surfaces for which radar data are available, such as those
on Venus and the Moon (e.g. Stofan et al., 2006; Cahill et al.,
2014) or the nearly pure water ice surfaces seen on airless icy
satellites (Dalton et al., 2010). In particular, the subsurface volume
scattering at Titan is thought to be significant (e.g. Janssen et al.,
2009, in press). This can make the interpretation of surface geology
particularly challenging. Nevertheless, previous studies have
shown that the geology of Titan is remarkably Earth-like
(Jaumann et al., 2009; Aharonson et al., 2014) in having relatively
few impact craters (Wood et al., 2010; Neish and Lorenz, 2012),
vast sand seas (Lorenz et al., 2006; Radebaugh et al., 2008), large
bodies of liquids (Stofan et al., 2007; Hayes et al., 2008), mountains
(Radebaugh et al., 2007; Mitri et al., 2010), and features thought to
be extrusive volcanic constructs (Lopes et al., 2007, 2013).

The first study of Titan’s global geology, based on RADAR obser-
vations (Lopes et al., 2010), used SAR data from Cassini Titan flybys
Ta (October 2004) through T30 (May 2007), covering 20.1% of
Titan’s surface. The work established Titan’s major geomorphologic
terrain units, their distribution in the area covered, and how the
units relate to each other in terms of geologic history. Those results
showed that dunes and mountainous/hummocky terrains (defined
as patches of radar-bright material including hills, mountain
chains, and blocks, mostly isolated except for the Xanadu region)
were more widespread than lakes/seas, putative cryovolcanic
units, mottled plains (defined as intermixed, irregularly shaped
patches of radar bright and radar dark terrains), and impact craters
and crateriform structures thought to result from impacts. The unit

having the largest areal coverage was designated ‘‘Undifferentiated
Plains” (Fig. 1) and was described as vast expanses of relatively
homogeneous, radar-dark terrain that appeared to be of low relief,
and were not part of the Mottled Plains unit. Because the Undiffer-
entiated Plains cover such a large portion of Titan’s surface exam-
ined in that study (61.2% of the swaths Ta-T30), Lopes et al. (2010)
pointed out that understanding their origin is key to understanding
how different geologic processes have shaped Titan’s surface. In
this paper, we refine the description of this unit and examine
Undifferentiated Plains at regional and local scales, using a much
larger data set. We also use different datasets to understand the
relationship between Undifferentiated Plains and other major geo-
morphologic units on Titan. We use RADAR radiometry data and
VIMS data to constrain possible compositions for the materials
and use topographic data to help discern embayment relationships.

2. Cassini data and mapping methodology

The main dataset used in our study is from the Cassini RADAR
instrument, a multimode Ku-band (13.78 GHz, k = 2.2 cm) radar
instrument (Elachi et al., 2005b) designed to map the surface of
Titan. Data from other Cassini instruments, the Visual and Infrared
Mapping Spectrometer (VIMS) and the Imaging Science Subsystem
(ISS) were also used.

Our mapping of the geomorphologic units on Titan is based on
both structural/topographic differences seen in SAR and topo-
graphic data (such as crater rims, mountains, and plains) and dif-
ferences and variations in near-IR spectral response, meaning
that apparent differences between units can be due to either struc-
ture/topography or composition. Insight into surface properties
such as composition, structure, and physical temperature can be
inferred from (1) radiometry from RADAR, which can reveal differ-
ences between icy and non-icy materials (Janssen et al., 2009); (2)
VIMS studies using a radiative transfer code that evaluates atmo-
spheric contributions to extract pure surface albedos
(Solomonidou et al., 2014); and (3) comparisons of SAR and VIMS
data, as was done in the study of the Sotra Patera region (Lopes
et al., 2013) and of several mountains and channel features
(Barnes et al., 2007b).

Fig. 1. Example of Undifferentiated Plains (‘‘blandlands”) in Cassini SAR data. These plains appear relatively homogeneous and dark in the SAR data. This image shows a
nearly featureless area of !36,000 km2 centered near (16.3!N, 217!W).
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Titan has been reported by several authors (Stofan et al., 2007;
Hayes et al., 2011; Lopes et al., 2010; Aharonson et al., 2014). Lakes
are mostly found at high latitudes and predominantly in the north-
ern hemisphere. Labyrinth terrains are also primarily located at
latitudes higher than 60! north and south, with only small areas
at latitudes lower than 30!. Undifferentiated Plains are located
mostly at mid-latitudes (between 30! and 60!). In contrast, dunes
are found mostly in the equatorial regions, within 30! of the equa-
tor, and not present at latitudes higher than 60!, as previously
reported by Radebaugh et al. (2008) and Lopes et al. (2010). There
are variations within the latitudinal distribution of dunes. Le Gall
et al. (2011) have revealed that, while Titan’s dunes are confined
to the tropics, there is a latitudinal dependence in the microwave
electromagnetic properties of the dune fields. In a follow-on study,
Le Gall et al. (2012) showed that the dune-to-interdune (material
between the dunes; Barnes et al., 2008; Savage et al., 2014) ratio,
and maybe also the thickness of the interdunal sand cover, tends
to decrease with increasing altitude and latitude. Latitude there-
fore seems to be an important parameter in the distribution of sev-
eral geomorphologic units on Titan, providing constraints on the
origin of the various terrain types.

4. Relationship between Undifferentiated Plains and other
major geomorphologic units

In order to understand the origin of the Undifferentiated Plains,
it is necessary to examine the relationship between the Plains and
other units at a local level. We have used all the datasets described
above (SAR, radiometry, SARTopo, VIMS, and ISS) wherever avail-
able. For the VIMS analysis we used a number of datacubes from
several flybys starting from Ta (October 2004) until T72 (Septem-
ber 2010). Although SAR formed the basis of mapping, topographic
data in particular proved to be very useful in constraining superpo-
sition relationships between the Undifferentiated Plains and other
major Titan units. We have also used radiometry data to aid inter-

pretation, although the radiometry data is at significantly lower
spatial resolution than SAR.

4.1. Undifferentiated Plains and hummocky/mountainous

Lopes et al. (2010) interpreted Undifferentiated Plains as post-
dating the hummocky/mountainous unit (which they concluded
is the oldest unit exposed on Titan) and this conclusion is upheld
in our analysis of the much larger dataset used in this paper. The
hummocky/mountainous terrains are topographically higher and
always appear to be embayed by the Undifferentiated Plains. One
such example area can be seen in Fig. 3.

4.2. Undifferentiated Plains and dunes

The relationship between these two units is not as clear as that
discussed above, as there are no distinct topographic boundaries
between Undifferentiated Plains and dunes. However, in SAR
images, dunes appear to overlay Undifferentiated Plains (Figs. 4
and 5). In several locations where the SAR-dark longitudinal dunes
are spaced further apart, some ‘‘interdune” material (Fig. 5) can be
seen (Barnes et al., 2008; Le Gall et al., 2011; Savage et al., 2014).
The interdune material, which appears to be a substrate over
which the dunes were deposited, or else areas between the dunes
that have been covered over by other materials, appears similar to
the Undifferentiated Plains material in SAR images (Fig. 5). Inter-
estingly, dunes show a clear distinction from Undifferentiated
Plains (and interdune materials) units in ISS images (Figs. 4 and
5). Dunes appear consistently dark in ISS and also in the VIMS color
ratios map, though VIMS has limited coverage/resolution at mid-
latitudes. However, Undifferentiated Plains and interdune materi-
als appear mostly bright in ISS and in the VIMS data (Barnes
et al., 2008), both of which detect the immediate surface (top
few microns) in comparison to RADAR, which can be sensitive to
the shallow subsurface, less than about 1 m for the dark plains as

Fig. 2. Global distribution of Undifferentiated Plains (green) compared to other major geomorphologic units on Titan: Dunes (purple), Labyrinth (red), and
hummocky/mountainous terrains (yellow). Map is at 1:1,500,000. Some areas remain unmapped at this scale, either due to resolution constraints or because they were
unclassified. The ISS global map (NASA/JPL-Caltech/Space Science Institute-PIA14908) is placed under the SAR swaths for context. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Undifferentiated plains found preferentially at mid-latitudes
Formed by depositional and sedimentary processes (Lopes et al. 2016; 
Malaska et al. 2016) transporting material from higher and lower latitudes

Unknowns
Composition, history, volume of material
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increased abundance of more involatile hydrocarbons (for example, 
propane). Regardless, the primary constituent of Ontario must still 
be methane in order to match the derived loss tangent56. Earlier in 
the Cassini mission, VIMS infrared spectra were used to identify 
the presence of ethane in Ontario63. The fact that Titan’s seas are 
methane dominated further exacerbates the long-standing mystery 
of Titan’s missing ethane1.

Exchange processes
A hydrologic cycle by definition entails the exchange of material 
between reservoirs, most obviously between the surface and atmo-
sphere, but also between the surface-atmosphere environment 
and the deep interior. On Titan, the latter interactions can only be 
inferred but, by analogy with the Earth, they can be expected to be 
important over geologic time.

Interaction with the atmosphere. Interaction of the methane 
cycle with Titan’s atmosphere occurs on a variety of timescales64. 
The longest involves the gradual leakage of methane through the 
tropopause into the stratosphere and mesosphere, where meth-
ane is exposed to ultraviolet (UV) light and energetic particles.  
The wavelength-dependent absorbance of UV radiation, as well as 
the variety and variable flux of high-energy particles, drive a com-
plex chemistry in Titan’s atmosphere65,66. Galactic cosmic rays can 
even induce a small amount of energetic chemistry at the surface67. 
The net result of this factory is the destruction of methane, loss of 
hydrogen by escape, and production of heavier hydrocarbons and a 

variety of nitrogen-bearing species, including nitriles and imines, 
that rain out onto the surface6,68. While Titan’s atmosphere makes 
identifying specific surface compounds difficult, VIMS analysis 
has firmly identified ethane and benzene, and possible detections 
of cyanoacetylene, acetylene, toluene and acetonitrile have been 
reported69,70. Methane may also escape directly, with loss rates that 
are potentially competitive with photochemical destruction71. The 
approximate timescale for complete depletion of atmospheric meth-
ane—the dominant reservoir of this molecule—is tens of millions 
of years, dependent on the particular photochemical model and 
relative importance of direct escape. Isotopic ratios of carbon and 
deuterium in atmospheric methane are crudely consistent with this 
loss rate in their lower, but not upper, limit72. The ultimate source 
of replenishment, possibility of variable loss over time, volume and 
location of reservoirs of photochemical products, and potential 
recycling mechanisms all remain unknown.

Shorter-timescale interactions with the atmosphere include 
pole-to-pole transport of methane on seasonal (tens of years) and 
orbital (100,000 year) timescales, driven by cyclic variations in inso-
lation73,74. The net transport of methane through the atmosphere 
over a Titan year is currently ~5 ×  1014 kg removed from the south 
pole and transferred to the north75. Integrated over many seasonal 
cycles, this flux may completely fill/empty sea basins40. Longer 
orbital cycles76, analogous to Earth’s Croll–Milankovitch cycles, can 
switch both the direction and magnitude of the seasonal asymme-
try that drives this transport74,75. Surface methane from the equa-
tor is currently transferred poleward and cold-trapped by Titan’s  

Fig. 3 | Bathymetry of Titan’s lakes and seas. Top row: SAR mosaics of Ligeia Mare, Kraken Mare, Punga Mare and Ontario Lacus. Middle row: altimetry 
echoes showing returns from the sea surface and seabed (red arrows) of the three maria and Ontario Lacus (see Mastrogiuseppe et al.57 for details). 
Bottom row: bathymetry maps extrapolated using SAR data and anchored by the altimetry observations (see Hayes37 for details). The bathymetry of 
Kraken Mare is assumed to be proportional to the distance from shoreline, assuming a 300 m maximum depth. The central portion of Kraken Mare was 
either too deep or too absorptive to observe a seabed reflection.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Lakes and seas
Found at high latitudes, substantially more at northern latitudes

Large seas with inundated shorelines at north pole, paleobasins at south 
pole (Birch et al. 2018)

Transient features likely caused by waves, bubbles, or floating/suspended 
solid material (Hofgartner et al. 2014, 2017)

Smaller lakes with steep, raised, "cookie-cutter" rims (Birch et al. 2018)

Sub-surface hydrologic connections (Hayes et al. 2017)

Evaporite deposits (MacKenzie et al. 2014)

Depths on the order of 100 m (Mastrogiuseppe et al. 2014, 2018)

Unknowns
Migration of liquids from pole to pole (Aharonson et al. 2012) and timescale of 
structural modification of surface
Lake formation process and implications for the solubility of the surface



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

Cryovolcanism



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

indicate that the feature is elevated ~100m relative to the
surrounding terrains which contain dune fields. Tortola,
however, is not higher than the tops of the dunes. In summary,
Tortola Facula is now interpreted as an exposed patch of
mountainous and hummocky terrain, similar to many others
scattered across Titan.

3.4. Hotei Regio
[50] This candidate cryovolcanic region, centered at

~78!W, 26!S, has been proposed as one of two possibly
active areas on Titan [Nelson et al., 2009a] on the basis of
spectral changes in VIMS data, attributed to changes in the
amount of ammonia frost. The existence of these changes
has been contested by Soderblom et al. [2009]. However,
their work also interpreted the region as cryovolcanic, with
multiple overlapping flow lobes, and suggested that two
large, roughly circular areas apparent in VIMS images could
be calderas.
[51] Hotei Regio is unusually bright at 5mm [Barnes et al.,

2005], similar to Tui Regio (see next section). SAR images
revealed lobate features that form radar-bright and radar-dark
patterns.Wall et al. [2009] interpreted the radar-bright features
as likely cryovolcanic in origin. However, when topographic
data obtained from the overlap between SAR swaths
(T41 and T43) enabled stereo determination of elevations
[Kirk et al., 2008; 2009], results revealed topographically high
lobate areas, with heights of ~200m (Figures 10a and 10b)
above the base level at which the channels are found. This is
more consistent with a cryovolcanic than fluvial origin, as it
implies a complex rheology, such as might be expected
for ammonia-water-methanol mixtures [Kargel et al., 1991;
see also analysis in Lopes et al., 2007].
[52] Moore and Howard [2010] argued that the radar-

bright, topographically low regions in both Hotei and Tui
Regios are clusters of paleolakes, similar to those seen at
high latitudes in the SAR data. Moore and Pappalardo

[2011] argued that the presence of many radar-bright
valleys, likely fluvial in origin, running onto the radar-bright
materials suggest that these bright materials result from
fluvial erosion and downcutting of channels, as observed in
sediment-filled valleys on Earth. This interpretation
disagrees with that of Soderblom et al. [2009], who
suggested that the deposits associated with the fluvial
channels are limited to small basal VIMS “Dark Blue” units
around the edges of the thick lobate features.
[53] Barnes et al. [2011] argued that the similarities between

spectra of the dry lakebeds at Titan’s poles, interpreted as
evaporitic deposits, and the 5mm-bright Tui and Hotei Regios,
although not definitive, allows for the possibility of a common
origin. However, Barnes et al. [2011] pointed out that since
the radar-dark, lobate deposits seen in SAR images do not
show the spectral signature of evaporites, they are not
inconsistent with a cryovolcanic origin.
[54] Given the presence of channels associated with

mountainous terrains, there is no question that fluvial
processes have operated in the Hotei Regio area. Barnes
et al. [2011] suggest that Hotei is a dry lakebed that has
been filled with liquid in geologically recent times but
point out that cryovolcanism could have taken place as well.
However, we argue that the thickness of the flows points to
cryovolcanism as the most likely origin of these features.
Figure 10b shows a topographic profile across one of the
radar-dark flows showing it to be ~200m high. The thicker
parts of the flows are as high as the nearer parts of the
mountains out of which the fluvial channels emanate. The
tops of the flows are substantially higher than these fluvial
channels. Topography also shows that there is no discernible
elevation change along the channels (between head and
mouth of channels), but the flows are 100 to 200m higher
in elevation than the channels. It seems unlikely that the
channels we see today could account for the formation of
these thick flows. It is possible that the topographically

Figure 10. (a) Perspective view of the Hotei Regio area from a DTM, with a vertical exaggeration of 40.
The white line indicates the location of the profile in Figure 10b. On the right-hand side are the mountains
forming Hotei Arcus, and a few channels are seen coming down from the mountains. High areas thought
to be flows are shown in green (see profile in Figure 10b) and are about 200m high. Low intraflow areas
are shown in purple. There is no clear connection between the channels and putative flows, and the
inferred flow adjacent to a channel is topographically higher than the channel. (b) Elevation profile of
Hotei Regio area from a DTM. See Figure 10a for location of profile. Putative flows are about 200m high.
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indicate that the feature is elevated ~100m relative to the
surrounding terrains which contain dune fields. Tortola,
however, is not higher than the tops of the dunes. In summary,
Tortola Facula is now interpreted as an exposed patch of
mountainous and hummocky terrain, similar to many others
scattered across Titan.

3.4. Hotei Regio
[50] This candidate cryovolcanic region, centered at

~78!W, 26!S, has been proposed as one of two possibly
active areas on Titan [Nelson et al., 2009a] on the basis of
spectral changes in VIMS data, attributed to changes in the
amount of ammonia frost. The existence of these changes
has been contested by Soderblom et al. [2009]. However,
their work also interpreted the region as cryovolcanic, with
multiple overlapping flow lobes, and suggested that two
large, roughly circular areas apparent in VIMS images could
be calderas.
[51] Hotei Regio is unusually bright at 5mm [Barnes et al.,

2005], similar to Tui Regio (see next section). SAR images
revealed lobate features that form radar-bright and radar-dark
patterns.Wall et al. [2009] interpreted the radar-bright features
as likely cryovolcanic in origin. However, when topographic
data obtained from the overlap between SAR swaths
(T41 and T43) enabled stereo determination of elevations
[Kirk et al., 2008; 2009], results revealed topographically high
lobate areas, with heights of ~200m (Figures 10a and 10b)
above the base level at which the channels are found. This is
more consistent with a cryovolcanic than fluvial origin, as it
implies a complex rheology, such as might be expected
for ammonia-water-methanol mixtures [Kargel et al., 1991;
see also analysis in Lopes et al., 2007].
[52] Moore and Howard [2010] argued that the radar-

bright, topographically low regions in both Hotei and Tui
Regios are clusters of paleolakes, similar to those seen at
high latitudes in the SAR data. Moore and Pappalardo

[2011] argued that the presence of many radar-bright
valleys, likely fluvial in origin, running onto the radar-bright
materials suggest that these bright materials result from
fluvial erosion and downcutting of channels, as observed in
sediment-filled valleys on Earth. This interpretation
disagrees with that of Soderblom et al. [2009], who
suggested that the deposits associated with the fluvial
channels are limited to small basal VIMS “Dark Blue” units
around the edges of the thick lobate features.
[53] Barnes et al. [2011] argued that the similarities between

spectra of the dry lakebeds at Titan’s poles, interpreted as
evaporitic deposits, and the 5mm-bright Tui and Hotei Regios,
although not definitive, allows for the possibility of a common
origin. However, Barnes et al. [2011] pointed out that since
the radar-dark, lobate deposits seen in SAR images do not
show the spectral signature of evaporites, they are not
inconsistent with a cryovolcanic origin.
[54] Given the presence of channels associated with

mountainous terrains, there is no question that fluvial
processes have operated in the Hotei Regio area. Barnes
et al. [2011] suggest that Hotei is a dry lakebed that has
been filled with liquid in geologically recent times but
point out that cryovolcanism could have taken place as well.
However, we argue that the thickness of the flows points to
cryovolcanism as the most likely origin of these features.
Figure 10b shows a topographic profile across one of the
radar-dark flows showing it to be ~200m high. The thicker
parts of the flows are as high as the nearer parts of the
mountains out of which the fluvial channels emanate. The
tops of the flows are substantially higher than these fluvial
channels. Topography also shows that there is no discernible
elevation change along the channels (between head and
mouth of channels), but the flows are 100 to 200m higher
in elevation than the channels. It seems unlikely that the
channels we see today could account for the formation of
these thick flows. It is possible that the topographically

Figure 10. (a) Perspective view of the Hotei Regio area from a DTM, with a vertical exaggeration of 40.
The white line indicates the location of the profile in Figure 10b. On the right-hand side are the mountains
forming Hotei Arcus, and a few channels are seen coming down from the mountains. High areas thought
to be flows are shown in green (see profile in Figure 10b) and are about 200m high. Low intraflow areas
are shown in purple. There is no clear connection between the channels and putative flows, and the
inferred flow adjacent to a channel is topographically higher than the channel. (b) Elevation profile of
Hotei Regio area from a DTM. See Figure 10a for location of profile. Putative flows are about 200m high.
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Combination of features at Doom Mons and Sotra Patera strongly 
suggestive of cryovolcanic origin (Lopes et al. 2013)
Possible flow-like features at Tui and Hotei, temporal variations 
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Degree of resupply of methane from interior (Tobie et al. 2014)
Challenge of distinguishing between hydrologic and cryovolcanic processes (Moore 
and Pappalardo 2011)

Cryovolcanism



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

Methane Cycle and subsurface reservoirs
Hayes et al. 2018



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

Methane Cycle and subsurface reservoirs
Turtle et al. 2018



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

Methane Cycle and subsurface reservoirs
Turtle et al. 2018

Mid-southern latitude streak
clouds, December 2009

Mid-northern latitude streak clouds, 
May 2017

South-polar summer convective 
cells, July 2004

Low-latitude equinoctial 
clouds, Sept-Oct 2010



15 August 2018E.P . Turtle, C assin i Science Sym posium , August 2018, Boulder C O

Methane Cycle and subsurface reservoirs
Turtle et al. 2018

Author's personal copy

during the 2009 observation (Table 1). There may also be some diffuse brightening
in the 2009 observation suggestive of nearby clouds, which could obscure the view
of the surface; low-lying clouds or fog, as observed by Brown et al. (2009), could
also be indicative of evaporation of liquid from the surface. Nonetheless, other
neighboring dark features can be seen, including Ontario Lacus. So, the lack of
evidence in the 2009 image for the large dark feature observed previously suggests
that liquid may no longer be present on the surface in this area as a result of
evaporation or infiltration into the subsurface over the intervening 44 months. This
interpretation is consistent with the lack of liquid detected by RADAR in this area in
December 2008 (T49).

3. Discussion

The observations reveal retreat of the shoreline of Ontario Lacus of up to 9–
11 km along its southwestern margin, while the southern and southeastern margins
appear unchanged at the resolution of these observations (Fig. 1). The variability of
the changes along the shoreline is consistent with variability in the nature of the
shore along the lake’s perimeter documented by RADAR (Hayes et al., 2010b; Wall
et al., 2010): the eastern shore is quite steep; the western shore muchmore gradual.

Differences along the northern margins are at the level of sensitivity of the ISS data
and may not reflect changes; the least well-defined margin is that along the north-
west, also seen to be more gradual in the RADAR observations (Hayes et al., 2010b).
The observed retreat represents a decrease in area of !500 km2 over almost 4 years.
However, there is no information in the ISS data to constrain local topography, so
the volume of liquid lost cannot be determined. (See Hayes et al., 2010a for a de-
tailed assessment based on the RADAR data.)

On the other hand, we can use constraints on the duration of the feature at
Arrakis Planitia to infer some aspects of the surface in this area and to derive
estimates of the amount of liquid involved. First, if the dark area observed in June
2005 was flooded during the October 2004 cloud outburst, liquid must have per-
sisted on the surface for at least 8 months. Thus, as Hayes et al. (2008) concluded
for the northern lakes based on the lack of changes between repeat observations
and vertical infiltration rates of at least 1 m/year derived from reasonable estimates
for near-surface permeability, this timescale of several months strongly suggests
either a shallow impermeable layer or that the local methane table lies close to
the surface.

Secondly, adopting the !1 m/year loss rate for combined evaporation and infil-
tration derived by Hayes et al. (2010a) based on south-polar RADAR observations
from December 2007 through May 2009 (also, Graves et al., 2010), in order for

Fig. 1. Comparison of Cassini ISS observations of Ontario Lacus acquired in June 2005 (left) and March 2009 (middle), Rev009 and T51 in Table 1. SAR data of the same region
from 22 June and 8 July 2009 (T57 and T58) is shown at right (see also Hayes et al., 2010a). The shoreline locations identified in the two ISS observations are indicated in
yellow (Rev009) and red (T51); double lines illustrate the level of uncertainty (P1 pixel) determined by our threshold analysis (see text). North is up.

Fig. 2. Observations of Titan’s south-polar region acquired (from left to right) on 3 July 2004 (designated T0 in Table 1), 6 October 2004 (Rev00A), 6 June 2005 (Rev009), and 6
February 2009 (Rev102), illustrating the storm and surface changes at Arrakis Planitia (circled). The South Pole is at the center of each frame.

Table 1
Details of ISS observations of Ontario Lacus and Arrakis Planitia.

Observation Date Phase angle
@ Ontario
Lacus (!)

Emission
angle @
Ontario
Lacus (!)

Incidence
angle @
Ontario
Lacus (!)

Phase angle
@ Arrakis
Planitia (!)

Emission
angle @
Arrakis
Planitia (!)

Incidence
angle @
Arrakis
Planitia (!)

Pixel
scale
(km)

Cameraa Range
(103 km)

Figures

T0 3 July 2004 70 37 77 67 33 60 2.0–4.0 NAC 340 2
Rev00A 6 October 2004 64 61 70 64 61 60 32 NAC 5430 2
Rev009 6 June 2005 57 27 56 65 11 58 2.6 NAC 450 1 and 2
Rev102 6 February 2009 70 55 79 70 40 76 3.6 NAC 620 2
T51/Rev106 27 March 2009 74 32 74 N/A N/A N/A 2.3 WAC

(summed
4 " 4 pixels)

9.4–10 1

a NAC = ISS narrow-angle camera; WAC = ISS wide-angle camera.

958 Note / Icarus 212 (2011) 957–959

3 July 2004 6 June 2005 6 Feb 20096 Oct 2004

South-polar summer convective cells & rainfall (Turtle et al. 2009, 2011)

Clouds and rainfall at low-latitudes at equinox (Turtle et al. 2011)
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Methane Cycle and subsurface reservoirs
Atmospheric circulation models with an 
unlimited global reservoir predict zonal 
mean precipitation patterns that move 
from pole to pole, overestimating low-
latitude activity particularly around 
equinox and north-polar clouds and 
precipitation in northern summer
Polar wetlands model – dry lower 
latitudes and subsurface reservoirs at 
both poles – better matches observed 
cloud locations and timing as well as 
sporadic nature or activity
(Faulk et al. 2017; Turtle et al. 2018)
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Fig. 3. (a) SAR mosaic overlain on ISS imagery of Titan’s south pole. The geographic location of Ontario Lacus is shown for reference; (b) Geomorphologic map of the region produced using the SAR and ISS imagery. Areas where 
high resolution SAR was unavailable are shown with white or gray dots as in Fig. 2 b. Black regions were unmapped. Great Lakes are shown for scale. A legend for the unit names and color associations is shown underneath the 
mapping frames. 
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Fig. 2. (a) SAR mosaic overlain on ISS imagery of Titan’s north pole. The geographic locations of Ligeia Mare, Kraken Mare, Punga Mare, Jingpo Lacus and Bolsena Lacus are shown for reference; (b) Geomorphologic map of the 
region produced using the SAR and ISS imagery. Areas where high resolution SAR was unavailable are shown with white or gray dots. Mapping in these regions used HiSAR and/or ISS datasets instead. Topography over these 
regions relied on altimetry where available. Black regions were unmapped. Great Lakes are shown for scale. A legend for the unit names and color associations is shown underneath the mapping frames. 

Birch et al. 2017
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Fig. 3. (a) SAR mosaic overlain on ISS imagery of Titan’s south pole. The geographic location of Ontario Lacus is shown for reference; (b) Geomorphologic map of the region produced using the SAR and ISS imagery. Areas where 
high resolution SAR was unavailable are shown with white or gray dots as in Fig. 2 b. Black regions were unmapped. Great Lakes are shown for scale. A legend for the unit names and color associations is shown underneath the 
mapping frames. 
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maria

Hayes et al. 2017
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Methane Cycle and subsurface reservoirs ISS, September 2017

Observations spanning almost half a Titan year (equivalent of mid-
January – late June on Earth) document seasonal weather patterns 
(Turtle et al. 2018)

Multiple lines of evidence suggest connected hydrology at Titan's north 
pole (e.g., Hayes et al. 2008, 2017; Neish and Lorenz 2014; Jennings et 
al. 2016; Horvath et al. 2016; Birch et al. 2017; Lora & Ádámkovics 2017; 
MacKenzie et al., in review)

Unknowns
Were observed weather patterns typical for a Titan year?
How late does summer cloud activity at the north pole start? 

What explains differences in ISS and VIMS cloud observations in 2016–2017?
Rates of surface change
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Nixon et al., PSS, 2018, Titan's cold case 

files – Questions unanswered after Cassini-

Huygens

Titan Through Time, April 2019, Boulder CO

Titan surface working meeting, June 2019

September 2017



Next steps: multiple mission concepts for future exploration of Titan, including 
Dragonfly, a rotorcraft lander currently under study in the New Frontiers program 

that would perform in situ investigation of prebiotic chemistry and habitability
...

Aerial mobility provides access to Titan's 
diverse materials at a wide range of 

geologic settings 10s to 100s of kilometers 
apart in over 2 years of exploration

• Rich, multidisciplinary science 
at each landing site, with 
dozens of potential sites
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