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Abstract

Thousands of longitudinal dunes have recently been discovered by the Titan Radar Mapper on the surface of Titan. These are found mainly
within ±30" of the equator in optically-, near-infrared-, and radar-dark regions, indicating a strong proportion of organics, and cover well over 5%
of Titan’s surface. Their longitudinal duneform, interactions with topography, and correlation with other aeolian forms indicate a single, dominant
wind direction aligned with the dune axis plus lesser, off-axis or seasonally alternating winds. Global compilations of dune orientations reveal the
mean wind direction is dominantly eastwards, with regional and local variations where winds are diverted around topographically high features,
such as mountain blocks or broad landforms. Global winds may carry sediments from high latitude regions to equatorial regions, where relatively
drier conditions prevail, and the particles are reworked into dunes, perhaps on timescales of thousands to tens of thousands of years. On Titan,
adequate sediment supply, sufficient wind, and the absence of sediment carriage and trapping by fluids are the dominant factors in the presence of
dunes.
! 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The Cassini radar instrument (Titan Radar Mapper) in orbit
around Saturn has brought to our awareness many unexpected,
Earth-like, geological features on Saturn’s largest moon, Ti-
tan. River networks (Lorenz et al., 2007; Barnes et al., 2007;
Stofan et al., 2006; Elachi et al., 2006; Tomasko et al., 2005)
are probably carved by methane and/or ethane, yet are similar in
scale and morphology to terrestrial, water-carved channels. Lo-
bate, cryovolcanic flows are likely composed of a water ice mix-
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ture, yet are similar in scale and morphology to terrestrial planet
basaltic lava flows (Lopes et al., 2007; Barnes et al., 2006;
Stofan et al., 2006; Elachi et al., 2005). One of the most sur-
prising of the geological discoveries made thus far for Titan
is the presence of thousands of dunes (Elachi et al., 2006;
Lorenz et al., 2006). These have interesting variations in be-
havior and morphology on a local scale, but are largely zonal
(W-E, or 90" from N) in orientation, 1–2 km wide, 1–4 km
apart, up to 150 m high, and up to more than one hundred kilo-
meters in length (Fig. 1; Lorenz et al., 2006; Elachi et al., 2006;
Boubin et al., 2005). They are likely comprised of particu-
lates of primarily organics and some water ice (e.g., Soderblom
et al., 2007; see Section 6) and are found mostly near equa-
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Fig. 1. Dunes seen in the western T3 swath (100" W, 10" N). These dunes
exhibit discrete, fine, widely separated, and sinuous longitudinal dune mor-
phologies. Image obtained February 2005, #300 m resolution, north is up,
arrow indicates direction of radar illumination with incidence angle contained.

torial regions (Lorenz et al., 2006; Radebaugh et al., 2006;
Lopes et al., 2006). In the present paper, we follow up on the
discovery of dunes on Titan with an assessment of their extent,
locations, lengths and orientations, and discuss implications for
global and local atmospheric wind patterns as determined from
radar observations in the first half of the Cassini tour.

2. Correlation of wind and planetary aeolian features as
motivation

The mere existence of aeolian features carries the implica-
tion that winds can be forceful enough to move surface materi-
als. But the type and orientation of dunes (and aeolian features
in general, notably streaks; e.g., Turtle et al., 2007) can be used
to infer the net transport direction of material—in essence a
weighted vector sum of the long-term wind field. The weight-
ing may be roughly by the cube of wind speed, since transport is
highly non-linear (opinions vary as to whether a threshold-and-
square law or a cube-law is most appropriate; e.g., Townsend,
1976; McLean et al., 1994). Further, the dune type carries im-
plications about the variability about that vector sum.

Large-scale correlation of wind directions predicted by
global circulation models (GCMs) with observed aeolian in-
dicators has been done on Earth (Blumberg and Greeley, 1996)
and Mars (e.g., Greeley et al., 1992). In general, good corre-
lations exist, although the resolutions of the models employed
in these studies were rather modest (5–10") and it was noted
that sub-grid-scale topography can substantially alter the near-
surface wind direction. It may be that for both planets further
studies of this type are merited, using the better mesoscale and
nested models and much improved remote sensing datasets that
have been developed in the last decade.

Saunders et al. (1990) attempted to predict the large-scale
patterns of aeolian features based on general properties of the
venusian atmospheric circulation. They predicted sand streaks
and net sand transport downhill and in the direction of at-
mospheric super-rotation (on Venus, E-W). While these trends
were observed, Dobrovolskis (1993) noted that predicted mean
transport would be generally away from the equator, contrary to
the wind streaks observed by Magellan. Although introduction
of a mean Hadley circulation corrected the direction of pre-
dicted winds to be more in agreement with wind streaks, the
predicted friction speeds remained inadequate. While these dis-
agreements may be considered in a sense unsatisfactory, they
do show how aeolian features can act as an informative con-
straint on deep atmospheric circulation. Further, it should be
noted that while aeolian features (and large dunes in particu-
lar) are extremely rare on Venus (Weitz et al., 1994), on Titan
their sizes and abundance make prospects much more hopeful
for constraining circulation patterns.

Study of dune patterns, and thus winds, is important for im-
proving our fundamental understanding of the tropospheric cir-
culation of Titan and also for planning future exploration mis-
sions there. Titan has active precipitation (Tomasko et al., 2005;
Porco et al., 2005; Griffith et al., 2006; Tokano et al., 2006)
and other similarities to Earth but few other observational con-
straints, and future missions may use a balloon or other aerial
platform and exploit the winds (Tokano and Lorenz, 2006) to
cover large areas of the diverse surface.

3. Radar observations of dunes

Cassini Radar observations of the morphologies of Titan’s
dunes are described in this section and the next, first in a broadly
introductory manner in chronological order and then in terms of
dune interactions with topography. Dunes were first observed
by Cassini Radar’s 2.17 cm wavelength Synthetic Aperture
Radar (SAR) mode in the T3 flyby radar swath (February 2005;
10"–130" W, 0"–20" N; see Elachi et al., 2006) NE of the
region Xanadu as thin, radar-dark lines, clumped together in
groups of several hundred scattered in patches across the swath
(Fig. 1; Table 1). The features, originally termed “cat scratch-
es” before their origin was ascertained, appeared to superpose
base materials having more subtle radar variations, and they
meandered around or terminated at features of apparently high
topography (Fig. 2).

It was determined that these features were longitudinal (lin-
ear) dunes, due to their morphologic similarity to longitudinal
dunes found on Earth’s Namib, Saharan, Arabian, U.S. South-
west, and west-central Australian deserts (Fig. 3; Lorenz et al.,
2006), and their similar interaction with surrounding terrain.
Dunes have since been observed in all other radar swaths ob-
serving regions equatorward of 30" latitude, and up to 55" lat-
itude in isolated cases (Fig. 4). In addition, dunes have been
observed in high-resolution areas dark to Cassini ISS (Imaging
Science Subsystems, 938 nm; Porco et al., 2005) and spectrally
distinct to Cassini VIMS (Visual and Infrared Mapping Spec-
trometer, in the near-infrared; Soderblom et al., 2007; Barnes
et al., in preparation) (Fig. 4).
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Table 1
Cassini Radar swaths with dune observations through mid-2007

Fly-by Date Latitude
range

Longitude
range
(W lon)

Swath
% w/dunes

Num.
measured

Mean
length
(km)

SD
(km)

Mean
orientation

SD
(")

T3 02/15/2005 0"–20" N 10"–130" 40 2350 16 10 88" 24
T8 10/28/2005 5"–20" S 190"–320" 70 3294 38 21 82" 14
T13 04/30/2006 5"–20" S 70"–170" 20 1082 31 18 109" 17
T16 07/22/2006 20"–80" N 320"–180" 5 168 51 24 84" 14
T17 09/07/2006 5"–10" N 40"–80" 90 1027 33 17 82" 14
T19 10/09/2006 0"–85" N 340"–150" 10 455 48 34 82" 14
T21 12/12/2006 30" S–50" N 180"–300" 20 n.y.a. n.y.a. n.y.a.
T23 01/13/2007 40" S–60" N 330"–100" 15 n.y.a. n.y.a. n.y.a.
T25 02/22/2007 30" S–85" N 340"–60" 15 n.y.a. n.y.a. n.y.a.
T28 04/10/2007 20" S–80" N 340"–40" 10 n.y.a. n.y.a. n.y.a.
T29 04/26/2007 0"–85" N 320"–40" 5 n.y.a. n.y.a. n.y.a.

Notes. Comparative morphologic analyses have been done for all swaths listed (n.y.a. = specific measurements not yet available). Lengths shown terminate at
branches (see text). See Fig. 4 for swath locations.

Fig. 2. Dunes from the T3 (#20" W and 5" N) and T21 (#20" N, 280" W) swaths. These features are affected by topography. Dunes in the eastern T3 swath change
orientation from W-E to NW-SE and to SW-NE at the western margin of the ejecta blanket of Sinlap crater, seen on the east side of the image. Isolated, radar-bright
features are radar illuminated peaks with erosional blankets that, along with dunes, indicate a wind direction of E-SE. Dunes in the T21 image divert to the north
and some to the south of the western margins of topographically high obstacles. Images obtained February 2005 and December 2006, #300 m resolution, north is
up, arrows indicate direction of radar illumination for each with incidence angle contained.

In the T8 observation (October 2005; 190"–320" W, 5"–
10" S) dunes were found in the radar- and optically-dark re-
gion Belet in the form of massive dune regions termed “sand
seas” (Fig. 5; Lorenz et al., 2006; Lunine et al., 2008). Dunes
in sand seas are closely spaced, are highly linear in form,
and often have radar-dark (though not as dark as the dunes)
interdune material. Radar backscatter reflection from Cassini-
facing, or uprange, surfaces was observed in Belet, indicating
the radar-dark features are topographically high compared with
their surroundings, and further confirming their classification as
dunes.

Identification of features on Titan can be highly dependent
on radar look direction (see Paganelli et al., 2006). We com-
pared overlapping observations of a dune region near 290" W

longitude obtained from different look directions to address the
question of whether dune identification is dependent on radar
look direction. Given that nearly every dune that is visible in
one image is visible in the other obtained at nearly 70" az-
imuth from the first (Fig. 6), we conclude that look direction
is not as important for dune identification as for other features.
Thus dunes are likely compositionally different from surround-
ing and underlying materials (or materials in the dunes absorb
radar better due to their particulate nature). One dune feature
stands out prominently in one image in Fig. 6, however, and not
the other. Radar-bright lineations can be seen on dune faces ori-
ented perpendicular to the direction of radar illumination, due
to reflection off a sloping surface (Fig. 6), similar to the reflec-
tions seen in the Belet region described above.
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(a)

(b)

Fig. 3. (a) Hand held image taken by R. Lorenz of longitudinal dunes near Moenkopi, NE Arizona. Although many of the dunes are stabilized by vegetation, their
longitudinal form is evident. The dunes are affected by topographical obstacles, as is seen on Titan. (b) SPOT4 (visible)/SIR-C (C-band SAR)/SRTM (topography)
scene of a region of the Great Sand Sea in southwestern Egypt. The Great Sand Sea spans 650 km between Siwa Oasis in the north and the Gilf Kebir plateau in the
south. Its average width is about 300 km from the Libyan border to the west and Farafra Oasis depression to the east. The dune axes trend north–south, parallel with
the prevailing wind direction. The imaged region is located around (24" 30$$ N, 25" 55$$ E) and covers approximately 55 by 70 km. North is up. Linear dunes are
deviated by a small plateau located in the lower left part of the image (mean altitude 800 m). Dune height is around 70 m and mean dune separation is about 1.5 km.
SPOT4/SIR-C/SRTM images courtesy of NASA.

4. Dune interactions with topography

Dunes often show they have been morphologically con-
trolled by features having bright/dark pairings indicative of high
topography termed “mountains” (Figs. 2 and 5; Radebaugh
et al., 2007). These mountains are radar-bright, due to slope il-
lumination (with paired dark pixels due to shadowing of down-
range slopes), to the compositional or structural nature of the
bedrock, and to the roughness at 2.17 cm of the erosional blan-
kets surrounding the peaks. Mountains in dune regions can
approach 2 km in height above their surrounding base mate-
rials, which gradually slope down to the regional base level
(Radebaugh et al., 2007). Moderately radar-bright aureoles of
extent several to tens of kilometers often extend from the moun-
tains roughly to the east, aligned with the dunes in that region
(Fig. 2). These have blunt margins on the west sides of the
mountains, and they gradually merge into the background ma-
terials to the east. They are interpreted as materials that have

been eroded from the mountains, likely by methane rainfall, and
redeposited by eastward-flowing winds (Fig. 2; Barnes et al.,
2007; Radebaugh et al., 2007). These preferentially oriented
aureoles are radar-bright, probably as a result of compositional
differences from underlying materials rather than from rough-
ness at 2.17 cm. This is because Titan’s winds do not regularly
transport materials of this size (Lorenz et al., 2006) and these
observations are consistent with infrared (ISS and VIMS) ob-
servations of the same areas. Dunes at the western margins
of mountains are shorter and are oriented slightly north and
south of the original Eastward direction. Dunes appear to curve
around mountain margins, becoming parallel to the typical dune
direction for the area away from these margins. This is seen in
many regions, such as near Sinlap crater, which was observed
in the T3 swath (#15" W, 10" N) (Fig. 2). The presence of
multiple obstacles can lead to a broad sinuosity of the dunes
on a wavelength scale similar to the spacing of the obstacles.
This is observed in dunes of the Fensal sand sea NE of Xanadu,



Author's personal copy

694 J. Radebaugh et al. / Icarus 194 (2008) 690–703

Fig. 4. Plot of dune coverage on Titan as seen in Cassini Radar swaths. All regions on Titan containing a high proportion of dunes as seen in SAR swaths (Ta
through T28) are outlined in dark green. Swaths are delineated by flyby number and are labeled close to the major dune areas. Dune-populous areas occur at Titan’s
equatorial regions.

Fig. 5. Dunes in the T8 Belet sand sea (top, #260" W, 5" S) and the T17 Fensal sand sea (bottom, #50" W, 10" N). Both regions are effectively covered in dunes
that are closely spaced and highly parallel. Dunes divert around mountains and other topographic features, and they create a broadly sinuous pattern in the T17
image. Radar-bright, underlying substrate can be seen between some dunes, in particular, close to topographic obstacles in the T17 region. In the lower left corner of
the T8 image, bright lineations associated with the dunes are radar backscatter returns indicating steep, uprange faces. Images obtained October 2005 and September
2006, #300 m resolution, north is up, arrows indicate direction of radar illumination for each with incidence angle contained.
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Fig. 6. Images of the same region at #10" S, 280" W, obtained October 2005 (T8) and December 2006 (T21). These reveal that dune detection is not strongly
dependent on radar viewing angle, as these were obtained with a 70" separation of radar azimuth. Most individual dunes are visible in both images; however, some
features differ between images. Radar reflection off of dune faces is only evident when radar azimuth is perpendicular to the dune long axis (T8 image, left), and
further confirms that dunes are in fact positive-relief features. #300 m resolution, north is up, arrows indicate direction of radar illumination for each with incidence
angle contained.

obtained in the T17 swath (September 2006; 40"–70" W, 5"–
10" N; Fig. 5).

Dunes on the western and northern margins of the Belet sand
sea, seen in the T21 observation (December 2006; 20" S–30" N,
260"–300" W) are similar in morphology to the short, widely-
spaced dunes of the T3 region. They are distinct from surround-
ings, divert around topography and terminate at regions that
may have a sufficiently high slope to preclude dune progres-
sion (Fig. 2). This is also true for dunes east of Sinlap crater in
the T23 swath (January 2007; 20" N–25" S, 340"–10" W) that
wrap around topographically high, bright features and overlap
lower features. That dunes do not climb up on topographic ob-
stacles is a limitation on the slope of the feature. For example,
Cooke et al. (1993) states that an obstacle must have a steep
upwind slope (30"–50") to prohibit dunes from climbing (see
also Bourke et al., 2004). However, most measurable mountain
peaks on Titan have slopes of #10" (Radebaugh et al., 2007)
with surrounding blankets much less steep, so further research
must be done in this area.

The radar- and optically-bright region Xanadu, found at Ti-
tan’s equatorial leading hemisphere (90" W–150" W), may be
slightly elevated above surrounding terrains. Evidence for this
includes observations of dunes just west of Xanadu, imaged
during the T13 flyby (April 2006; 5"–15" S, 150"–170" W).
These are closely spaced, with radar-dark interdune materials,
similar to dunes in the other sand seas, Fensal and Belet. These
dunes show marked evidence of diversion around Xanadu, as
most dunes are oriented SE just west of the Xanadu margin.

5. Dune sizes

Using 1-D radarclinometry across the radar-bright (uprange)
and paired dark surfaces (indicating radar shadowing on the

downrange surface) of dunes in the Belet sand sea, slopes
of #10" and related heights of 100–150 m were determined
(Lorenz et al., 2006; Kirk et al., 2005). These are similar to the
slopes and heights of Namib longitudinal (linear) dunes (Lorenz
et al., 2006; Bagnold, 1942; Lancaster, 1982) and to sizes of
features seen by VIMS and ISS (Barnes et al., in preparation;
Turtle et al., 2007). In addition, echo widths from radar altime-
try compared to waveform simulations over dunes correspond
to heights of 100–200 m and spacings !10 times the height
(Callahan et al., 2006), in good agreement with SAR observa-
tions and radarclinometry measurements.

We measured widths, lengths, separations, and orientations
of all dunes on Titan observed through the T19 flyby (Octo-
ber 2006). All measurements were made on features in oblique
cylindrical BIDR images (256 pixels/degree, range and az-
imuth resolution #300 m) obtained when Cassini RADAR was
in SAR imaging mode. The USGS image processing program
ISIS was used to obtain start/end latitude/longitude positions
and lengths of features, from which were derived orientations
clockwise Titan polar north. A dune is considered to have a W-
E (90" from north) orientation if a line parallel to its long axis
is oriented parallel to Titan’s lines of equal latitude. 2315 dunes
measured from the T3 swath had a mean width (width being the
short-distance extent of dark material) of 1 km, while 1255 had
a mean dune spacing (crest-to-crest distance) of 3 km. These
mean widths and spacings are similar to those of longitudinal
dunes in the Saharan and Namibian deserts (Lancaster, 1989).
Comparably extensive measurements of dune widths and spac-
ings have not yet been systematically made in other regions;
however, spot checks give typical widths of 1–2 km and spac-
ings of 1–4 km.

Small-scale (<200–300 km on a side) dune fields with defi-
nite margins have dunes with the most discrete appearance, and
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Fig. 7. Dune lengths for the regions of sparse dune field populations (T3) and
for sand seas (T8). Dunes in the sand seas region are longer than those restricted
by sand supply and obstacles.

thus the most easily quantifiable dune lengths. 2350 dunes mea-
sured in the T3 swath have lengths ranging from 1 to 79 km and
a mean length of 16 km (Fig. 7; Table 1).

Lengths of dunes in sand seas are quantified differently
than in the smaller dune fields. The Belet sand sea stretches
nearly 2000 km, and there are dunes across its length, but
dune forms in this area are more complex and make begin-
nings and endings more difficult to determine. We chose to
stop measuring a dune if it (1) could no longer be seen,
(2) branched (for example in Y-junctions), or (3) changed di-
rection. These criteria may have led us to systematically un-
derestimate the length of dunes, so the absolute length values
should be regarded with some reservation. Any measurement
bias should be similar in all areas, however, so that the results
will still be useful for comparing dune lengths across differ-
ent regions. Dunes in the Belet sand seas, for example, are
longer on average than those in the T3 region, where we in-
terpret topographical features and smaller sand supply preclude
the formation of long dunes (Fig. 7; Table 1). Terrestrial sand
seas often extend for hundreds of kilometers (McKee, 1982;
Lancaster, 1982) and individual dunes with multiple branches
have been measured to extend well over 100 km (Lancaster,
1995). Future surveys of Titan’s dunes ignoring branching as
length delineators can be compared with these terrestrial sur-
veys, and will undoubtedly produce a substantial number of
dunes >100 km in length.

6. Dune type and composition

Longitudinal dunes are classified as such on Earth based
on their length (usually more than 20 km), straightness, paral-
lelism, regular spacing, and ratio of high dune to interdune areas
(Lancaster, 1982). There are many morphological variations on
this general form. On Titan, dunes are organized into two ma-
jor categories, described here and above as dune fields and sand
seas. Dune fields, such as those found in isolated patches or on
the margins of sand seas, are small (from several to a few tens
of kilometers long), highly discrete, and have a dune spacing
greater than the global mean of 2 km. In some regions, these
dunes are highly sinuous on a short-wavelength scale (Fig. 1).

Sometimes the dune ends diverge, further increasing their local
separation, or seem to gradually dwindle out. These dunes ei-
ther form in regions of relatively low sand supply, are restricted
by topographic constraints, such as elevated landforms, or are at
a different evolutionary stage than those in the sand seas. These
observations are consistent with the behavior of dunes on Earth
so constrained (Fitzsimmons, 2006), which lends support to this
interpretation of smaller sand supply and topographic restric-
tions altering dune morphologies.

Dunes in Titan’s sand seas have a dune spacing of #1 km,
less than the global mean of 2 km, and often have radar-dark in-
terdune material, indicating a high amount of sediment in those
regions. These dunes are very straight for many tens to hun-
dreds of kilometers, and are highly parallel. Because of their
small dune spacing, there are a greater number of branches in
a given area than in the dune fields. Despite these variations in
morphologies in the two major dune region types, the vast ma-
jority of dunes on Titan are still classified as longitudinal. In
fact, there are very few dune fields on Titan observable at radar
resolution (#300 m/pixel) that are not longitudinal in type. In
a couple of isolated regions near topography, dunes are more
closely spaced and sinuous and have orientations perpendicular
to the regional trend, typical of transverse dunes (illustrated in
Lorenz et al., 2006). A couple of other regions have two clear
longitudinal dune trends at angles separated by less than 60",
overprinted on one another (Fig. 8). These regions are relatively
small (<100 % 100 km) and may be associated with the inter-
action of winds with topography or with a regional or seasonal
shift in general wind direction.

Material properties on Titan are not yet well known. Regions
determined to be water ice-rich and separately aerosol-rich
(perhaps tholin dust) by Cassini VIMS do not have an obvious
correlation with regions that are near-infrared (ISS) and radar-
bright across Titan’s surface (Soderblom et al., 2007), indicat-
ing surface chemistry processes are complicated and not eas-
ily delineated geomorphologically. However, perhaps the best
correlation across instruments in terms of Titan’s surface com-
position may occur in the dunes. Dunes are dark in radar and
near-infrared images (ISS and VIMS) (Soderblom et al., 2007;
Porco et al., 2005; Barnes et al., in preparation) and corre-
late with the VIMS dark brown units, which are inferred to
be water ice-poor (Soderblom et al., 2007). Radar radiometry
measurements of dune regions suggest the measured dielectric
constant is consistent not with water ice but with fine-textured
organics (Paganelli et al., 2007a, 2007b). Very low volume scat-
tering is seen in the dunes, which could result from signal
return from smooth surfaces with homogeneous, highly ab-
sorbing, fine-grained particles of solid organics (Paganelli et
al., 2007a, 2007b). Given the dune morphology and known
atmospheric density at Titan’s surface, we estimate the saltat-
ing particles to be 100–300 µm in size (Lorenz et al., 2006).
Aerosols reworked into hydrocarbon and/or nitrile solids may
precipitate from the atmosphere in solid form (think snow;
Soderblom et al., 2007). These may combine with products
created by methane rainfall and erosion of water–ice bedrock
to be deposited in low areas. Persistent winds in Titan’s dense
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Fig. 8. Dunes from the T19 (October 2006, 10" N, 320" W) and T23 (January 2007, 0", 350" W) swaths. These regions (located by white arrows) show two
dominant dune long axis orientations separated by approximately 60", indicating a local change in wind pattern. Images #300 m resolution, north is up, arrows
indicate direction of radar illumination for each with incidence angle contained.

atmosphere then entrain the particulate deposits and organize
them into longitudinal dunes.

7. Dune orientations and wind direction

Longitudinal dunes form in Earth’s deserts under several ma-
jor and widely different wind regimes. They can be found in
wide unimodal (winds from one main directional sector), bidi-
rectional (winds from two distinct directions) and even complex
(more than two modes) wind regimes (Fryberger and Dean,
1979). Beyond minor characteristics, such as crestline sharp-
ness and meander (e.g., Tsoar, 1983), which are not visible
at Cassini Radar resolutions, these different wind regimes do
not provide profound clues to their presence through dune mor-
phologies. Other clues must be analyzed with dune orientation
to provide evidence of wind direction. The prevailing wind hy-
pothesis of longitudinal dune formation, based on conditions
of wide unimodal winds, involves transportation of sediments
along the dune axis. Thus winds prevail in a direction parallel
to the long axis of the dunes with minor off-axis components
(e.g., Blandford, 1877; Folk, 1971; Fryberger and Dean, 1979;
Lancaster, 1995). The off-axis components act to “shepherd”
the dunes into their linear forms and to remove the sands from
in between the dunes, exposing the underlying bedrock. The
long axes of most dunes on Titan are regionally parallel to the
thin, radar- and near-IR-bright blankets that flank the eastern
sides of topographic features, thought to be blankets of eroded
material blown downwind. Also, many dunes curve around the
western margins of obstacles and resume their original orienta-
tions on the eastern margins, similar in many ways to fluid flow
around obstacles and islands in a stream bed. Finally, winds
measured by the Huygens probe, which landed near the equator
east of the Belet sand sea, were toward the east near the surface
(Tomasko et al., 2005). For these reasons, the prevailing wind
hypothesis for dune formation is appealing for Titan. Because
dunes are oriented mostly W-E (Figs. 1, 2, 5, 6, and see be-
low), this means that winds on Titan between ±30" latitude are

dominantly eastward, related to zonal winds of similar direc-
tion (Bird et al., 2005), but with minor, fluctuating tidal winds
(Lorenz et al., 2006).

However, there are also aspects of the two-wind, or resultant,
model of dune formation (e.g., Tsoar, 1983; Lancaster, 1995;
Rubin and Ikeda, 1990), which is based on conditions of bidi-
rectional winds, that have merit for Titan. This wind regime
exists in the Namib sand sea in SW Africa, where there are
many morphological analogues for Titan. Most of the year,
winds blow from the SW, but in the winter they change dramat-
ically to come from the NE (Lancaster, 1980; McKee, 1982).
This situation causes the formation of longitudinal dune forms
on the scale of those on Titan, it leads to the divergence of dunes
around topographic obstacles, and it means yearly averaged
sand transport rates are low, leading to an overall accumulation
of sand in the Namib sand sea region (Wilson, 1971; Fryberger
and Ahlbrandt, 1979). In addition, it could help explain why
particles have accumulated in Titan’s sand sea regions. A dra-
matic, seasonal shift in wind direction, similar to what occurs
in the Namib sand sea, could lead to net deposition of sand
in the sand sea regions. Another possibility is that sand trans-
port is affected by large topographic features, such as Xanadu,
which rests east of Belet and related sand seas and west of Fen-
sal, as has occurred on Earth (e.g., Mainguet and Callot, 1978;
Bowen and Lindley, 1977). This bidirectional wind condition
would also help resolve the current paradox between observa-
tions of dune morphologies and tidal wind models that call for
westward wind flow (Tokano and Neubauer, 2005).

Based on the discussion above, we assume that dune orienta-
tions, in conjunction with wind streaks and other patterns listed
above, can be used to provide constraints on local, regional, and
global mean wind directions. We report orientations for 8376
dunes measured in the T3, T8, T13, T16, T17, and T19 swaths
(Table 1; Fig. 9). Detailed distributions of dune orientations for
each swath taken as a whole are outlined. The swaths are long
and narrow compared to the more equant areas that one might
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Fig. 9. Orientations of all dunes reported by swaths as rose diagrams, with line lengths corresponding to numbers of dunes found at that orientation. T3 covers the
region north of Xanadu and has two impact craters and a number of mountains, T8 is within the Belet sand sea, T13 covers the sand sea west of Xanadu, T17 is in
the Fensal sand sea north east of Xanadu, and T19 is at the equator, west of Belet (see Fig. 4 for swath locations).

choose to sample different terrains if not limited by the image
coverage, but dunes measured within a single swath are typ-
ically found within only one or two major regions, and thus
statistics from them can be considered regional in scope (see
Fig. 9 caption). Both across swaths and within smaller regions,
dune orientations are roughly W-E (90" from N). This is likely
a direct reflection of the long-term mean wind direction. Note
(Fig. 9) that there is not much variation from the mean orien-
tation of 88" in dunes from the T8 swath (SD 14"), where the
relatively uniform Belet sand sea (Fig. 4; 230"–290" W, 5" S)
dominates dune trends, while there is considerable scatter from
the mean orientation of 70" (SD 24" in dunes from the T3 swath
(see Fig. 4), where there are more isolated dune patches work-
ing their way around topography.

The T3 swath also covers the area just north of the mountain-
ous region Xanadu, and T3 dunes show a broad trend of arcing
around Xanadu. Dunes at the west end of T3 (100"–130" W,
0"–5" N), have a mean orientation of 86" (Boubin et al., 2005)
while dunes found in the middle of the T3 region (50"–80" W)

have a mean orientation of 77". Those dunes found on the east
end of the T3 swath (10"–30" W) have a range of orientations
related to divergence around the 80 km diameter impact crater
Sinlap (Fig. 2). Dunes south of Sinlap have a mean orientation
of 120". These data reveal that dunes have been diverted by
topographic features on a local and a regional scale.

The T13 dunes, found on the west margin of Xanadu (see
Fig. 4), have a mean orientation of 109" (SD 17"). Again, the
winds in this region demonstrate the appearance of diverting
around Xanadu in the form of a southward deviation of dunes
from the typical W-E.

To observe changes in wind patterns on a more local scale,
dunes were analyzed in 5" %5" latitude–longitude boxes across
Titan. Several interesting patterns are evident (Fig. 10). First,
dunes in the broad, relatively uninterrupted Belet sand sea just
below the equator (230"–290" W, 5" S) may reveal the most
“typical” wind pattern for equatorial Titan, almost exactly east-
ward, with a slight equatorward trend (to the N). This equator-
ward trend is also seen in the T17 swath (40"–70" W, 5"–10" N)



Author's personal copy

Radar view of dunes on Titan 699

Fig. 10. Orientations of all dunes measured on Titan, binned in 5" % 5" latitude–longitude boxes. Histograms of dune azimuths were calculated for each box (dunes
with length less than 5 km were discarded). Line orientations indicate mean dune orientations and arrowheads indicate hypothesized wind directions. Black vectors
are preliminary measurements through T23. Image basemap courtesy of NASA Hubble Space Telescope.

(to the S), and is in agreement with wind models (e.g., Tokano
and Neubauer, 2002), so this is a satisfying result. However,
dunes north of the equator are deflected northward in several
other locations, for example in the T19 swath (310"–330" W,
0"–10" N), in the T16 swath (140" W, 20" N), and in the mid-
dle of the T3 swath (60" W, 20" N). Dunes north of the equator
may be deflected by other regions of high topography that are
not yet revealed to radar, or their orientations may be used to
help revise the revise the equatorward wind models.

Dunes in the T3, T13, and even T17 swaths show evidence of
having been deflected by the massive Xanadu region (Fig. 10).

8. Global distribution and climate

The distribution of dunes across Titan’s surface may give an
indication of global, climatological processes, although certain
assumptions must be made. Although dunes typically form on
Earth in deserts, defined by their lack of a threshold yearly pre-
cipitation level, it is primarily sufficient sand supply and winds
that control the presence of dunes. Thus, although increased
precipitation levels, which would also elevate local humidi-
ties, may increase the “stickiness” of particles and inhibit their
transport, we cannot readily relate the presence of dunes to con-
ditions of low precipitation; although it will be discussed that
other factors may contribute to a positive correlation. For ex-
ample, because Titan’s dune particles are likely mostly derived
directly from atmospheric sources rather than surface erosion,
the carriage of particles by meteoric liquids away from potential
dune areas precludes dune formation in regions of high precip-
itation.

A crude estimate of the coverage of Titan’s surface by dunes
can be by calculating the area covered by the 5" % 5" latitude–
longitude boxes (weighted by the cosine of latitude) and com-

paring it with the area covered by SAR. While nearly 5% of
Titan’s total surface has been observed to be covered in dunes,
less than 30% of Titan’s surface has been observed at appropri-
ate resolution. In fact, of the terrain observed by SAR within
30" of the equator, #40% of the area observed has some dunes
(Figs. 4 and 11).

Given that there are many regions dark to near-IR that have
dunes where there is Radar coverage, we expect that the cov-
erage of dunes on Titan’s surface greatly exceeds the already
measured 5% and may approach 20% (Fig. 4). Longitudinal

Fig. 11. Distribution of dunes and SAR coverage versus latitude, through the
T18 swath. The dashed line indicates complete coverage (equal latitude bins
cover smaller areas near the poles). The solid line shows the area covered by
dunes, all within 30" of the equator in this plot. The peaks in the SAR coverage
(dotted line) are left to right, T7, T8 + T13 covering a large part of Titan just
south of the equator, T3 + T17, TA, T16 + T18. SAR passes T19–T30 would
increase both overall SAR and dune coverage proportionally at latitudes less
than 30" , and would increase the overall SAR coverage to 40–70% at latitudes
greater than 60".
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dunes account for at least 95% of all dunes observed in Radar
and near-IR images of Titan. In comparison, longitudinal dunes
are also the most dominant dune form on Earth, covering on av-
erage 60–70% of Earth’s sand seas (e.g., Lancaster, 1982). On
Mars, longitudinal dunes have nearly the opposite proportion
of all Mars dunes to that of Titan, there are very few (Lee and
Thomas, 1995).

Although there are channels most likely carved by me-
teoric fluids (Lunine et al., 2008; Lorenz et al., 2007) in-
terspersed with dunes, there is little evidence for currently
present fluids at equatorial regions on Titan. An exception is
in observations made at the Huygens landing site (10.3" S,
192.3" W), at which the ambient methane humidity was mea-
sured at the landing site to be #50% (Tomasko et al., 2005;
Niemann et al., 2005). In addition, methane and ethane (both
liquids) as well as other organics were detected in the mater-
ial into which the Huygens probe landed—there was enough
liquid present for the GCMS inlet to ‘feel’ cold due to the evap-
oration of this liquid (Lorenz et al., 2006). The presence of
fluvial channels and rounded boulders at the landing site im-
plies that rainfall and related processes shaped that particular
spot on Titan’s landscape (Tomasko et al., 2005; Collins, 2005;
Barnes et al., 2007; see also Tokano et al., 2006). In addition to
observations of fluvial channels and elevated humidities at the
Huygens landing site, two presumed (they are visible only as
dark streaks in the imagery to date) duneforms were observed
about 20 km north of the landing site (Lunine et al., 2008).

This seeming paradox of dunes present where conditions of
locally moderate humidities prevail is considered in the con-
text of terrestrial desert distributions and cyclical processes.
Deserts on Earth are found predominantly around latitudes of
25" N or S of the equator, due to the intersection of the dry,
downwelling branch of the Hadley cell with the Earth’s sur-
face. On Titan, however, an asymmetric circulation regime pre-
vails through most of the year, with upwelling at the summer
pole and downwelling elsewhere (Hourdin et al., 1995). Thus,
seasonally, the winter pole will have dry downwelling, as will
low latitudes generally, except for a brief interval near equinox
when a symmetric regime occurs before the pole-to-pole cir-
culation resumes. This brief interval may allow for methane
rainfall and accumulation in basins at equatorial regions. This
is perhaps similar to the brief and strong summer storms in the
U.S. desert southwest, which storms are also effective at carv-
ing channels that remain empty most of the year. More recent
general circulation models (e.g., Rannou et al., 2006) predict
low humidities at low latitudes, and damp conditions near the
poles, consistent with the observation of lakes at Titan’s north
polar regions (Stofan et al., 2007) and of a large methane cloud
encircling the northern polar regions (recent VIMS observa-
tions). Thus, the prevalence of dunes at low latitudes may be
partly due to the generally but not strictly low humidity con-
ditions at Titan’s low latitudes. It should also be noted that
sand seas on Earth can be relatively long-lived features com-
pared with other aeolian landforms. It is in fact this longevity
that may ultimately result in the longitudinal form (e.g., Tsoar,
1978). The process of accumulation of sediments prior to their
organization and transportation can take thousands to tens of

thousands of years (Lancaster, 1995). Thus, although the dunes
themselves may be active and thus the youngest features on a
surface, their presence may be more a reflection of past rather
than current climatological conditions.

Several observations of Titan indicate that global processes
may dominate over local processes in terms of geomorphologi-
cal feature distribution. We outline these and then consider the
effects of global processes on dune formation and distribution.
The sediment source for dunes is considered to be dominantly
atmospheric fallout (Wilson and Atreya, 2004), although there
is likely contribution to dune sediments from erodable mate-
rials (Stofan et al., 2006). These surficially obtained materi-
als are found in mountains, channel floors, and impact debris
(Stofan et al., 2006; Lopes et al., 2007; Lorenz et al., 2007;
Lunine et al., 2008). Assuming that dune-forming sediments
are obtained evenly over the surface of Titan, dominantly from
the atmosphere with minor contribution from erosion, then sed-
iments must preferentially accumulate in one region (low lati-
tudes) and be transported away from another (high latitudes and
polar regions). Sediment sinks appear to be few and are per-
haps concentrated near the poles in the form of lakes (Stofan
et al., 2007), and observations of clouds, which may be re-
lated to methane rainfall, are found dominantly in polar regions
(Griffith et al., 2006; recent VIMS observations). Titan’s global,
tidal, orbit-averaged wind pattern is equatorward of 45" latitude
(Lorenz et al., 2006; Hourdin et al., 1995), and thus it is possible
that the tidal winds have swept sediments towards low latitudes
where the dunes are observed. The dune fields observed in T3,
T16, T19, and T21 that are found at higher latitudes are small,
with short, widely spaced dunes. This is consistent with a lim-
ited sand supply (e.g., Fitzsimmons, 2006) at those latitudes.
Sediments have been pirated from these high-latitude regions to
be carried to and trapped at low latitudes by equatorward winds,
seasonally alternating winds (see Section 7), or topographic
conditions, such as basins surrounded by higher topography.

All the directional indicators we have observed indicate a
dominantly W-E wind trend. This trend is consistent with both
the Huygens Doppler Wind and DISR tracking measurements
(Folkner et al., 2005; Tomasko et al., 2005). The inferred east-
ward direction to the surface wind at all latitudes marked by
the dunes contrasts with the GCM simulation for the 2004–
2005 season by Tokano and Neubauer (2005), showing west-
ward flow near the equator then, but more nearly resembles the
approach they describe to the upcoming late winter. We have
observed that dunes flow around, and are apparently deviated
by, radar-bright and apparently high-standing areas, both on lo-
cal and regional scales. Study with mesoscale models may help
constrain how much influence topographic obstacles may have,
and/or whether (for example) katabatic winds from bright or
cool areas might similarly deviate regional winds around such
areas.

With the companion discoveries of dunes at Titan’s equa-
torial regions (Lorenz et al., 2006) and lakes at Titan’s polar
regions (Stofan et al., 2007) a picture of Titan’s global weather
and climate is beginning to emerge. It appears that methane
rainfall occurs at Titan’s poles (or perhaps its winter pole, cur-
rently the north pole; Stofan et al., 2006, 2007) while relatively
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dry, desert-like conditions occur at the equator, where sedi-
ments have been shaped by winds into dunes (Lorenz et al.,
2006). However, local variations on this global condition exist,
both spatially and temporally. Thus, the major factors of gener-
ally low humidity, adequate sediment supply, sufficient winds,
and absence of sediment trapping (in the form of rivers washing
away sediments, basins containing fluids, etc.) must be consid-
ered together to explain the presence or absence of dunes on
Titan. Since on Earth dunes can be found along many coastlines
(including the chilly damp coasts of Western Europe) that are
not associated with low humidity or lack of rainfall, the prox-
imity of the Huygens channels to dunes is no more paradoxical
than the existence of dunes on Noordwijk beach, the Nether-
lands. It only underscores that Titan is every bit as complex a
world as is the Earth.

9. Conclusions

Many thousands of longitudinal dunes cover the surface of
Titan, covering nearly 5% of its surface. These are in form and
scale similar to longitudinal dunes found in many of Earth’s
deserts. Combined evidence indicates that these dunes form and
evolve by dominant winds along the dune axes, with lesser,
acutely-angled, off-axis winds or seasonal, obtusely angled
winds. Based on observations and global compilations of dune
orientations, these winds flow from W-E but are diverted around
topographically high features such as mountain blocks or broad
landforms such as Xanadu. Global winds may carry particu-
lates from high latitudes to equatorial regions, where conditions
are relatively drier. There, sediments accumulate in vast, shal-
low, dry basins where they are reworked into dunes, the whole
process taking perhaps thousands to tens of thousands of years.
Given the nearly invariant dune type on Titan regardless of sand
supply and topographic interactions, winds on Titan must have
a consistent direction, strength, and persistence over time to cre-
ate and maintain the observed duneforms.
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