








angular momentum constraints, require time-averaged zonal
winds near the surface to blow from east to west (Tokano and Neu-
bauer, 2005; Tokano, 2008; Newman et al., 2011). However, new
general circulation modeling (Tokano, 2010; Lorenz, 2010) that fol-
lows wind history with high time resolution throughout the year
shows that although easterly winds are generally in effect, balanc-
ing Titan’s atmospheric angular momentum constraints, strong
westerly winds occur briefly at equinox, during the passage of
the intertropical convergence zone (ITCZ). These seasonal winds
are strong at Titan’s surface, and may be the only winds that reach
saltation velocities, of >0.8 m/s from models (Lorenz et al. 1995,
2006; Lorenz, accepted) and Huygens observations (Tomasko
et al., 2005). These constraints allow them to shape Titan’s dunes
(Tokano, 2010). Thus, wind directions on Titan from dune mor-
phologies and general circulation models may finally be in accord.

The large sand seas of Earth have dune forms that broadly par-
allel the anticyclonic flow resulting from the Coriolis Effect, or
Earth’s rotation (Mainguet and Canon, 1976; Wasson et al., 1988;
Fryberger, 1979; Thomas and Shaw, 1991; Fig. 14). In the north-
eastern Sahara, these winds enter the desert from the Mediterra-
nean and then sweep south and west towards the Atlantic,
generally transporting sand in this direction (Mainguet and Canon,
1976). Linear dunes in the Sahara trace the pattern of these winds,
curving over length scales consistent with the changing direction
of winds in the current anticyclonic cells, indicating dune forms
may be in equilibrium with current tradewinds (Mainguet and Ca-
non, 1976). These patterns indicate the importance of dominant
winds on the linear dune forms. Similar tradewind correlation pat-
terns are seen in the now vegetated dunes of the Central Australian
deserts (Wasson et al., 1988). This pattern of dunes paralleling
dominant regional winds is considered to be an analog for the rela-
tionship between dunes and winds on Titan (Radebaugh et al.,

2010b). Similar morphologies are seen, in which dunes arc over
several hundred-kilometer scales, consistent with regional wind
models (Fig. 13; Lorenz and Radebaugh, 2009; Tokano, 2010).

6.3. Atmospheric controls on size

The spacing of linear dunes has been the subject of much re-
search, with one model requiring helical flow of wind in interdunes
and another requiring disturbance of air flow in the lee of the
crest. The helical roll vortex model suggests sheared flow  in ther-
mally unstable conditions will result in roll vortices that can sweep
through interdune areas and carry particles up onto dune plinths
(e.g., Bagnold, 1953; Folk, 1970; Brown, 1980). The air flow distur-
bance model suggests the spacing is related to how far air flow is
disturbed downwind of the crest, and how high the crest is (Tsoar,
1978; Lancaster, 1983). A new study of the atmospheric boundary
layer and its effect on capping the growth of dunes has yielded an
idea for explaining the spacing of large linear dunes (Andreotti
et al., 2009). This model suggests the elementary dune form size
is dependent on the distance over which a given particle can be
accelerated to wind velocities (Claudin and Andreotti,2006). These
elementary dunes can coalesce to become larger features, if atmo-
spheric conditions are stable and the dune is unrestricted. How-
ever, there is an upper limit to the size dunes can attain that is
dependent on the atmospheric boundary layer, or the cap of the
convective boundary layer in the atmosphere (Andreotti et al.,
2009). Much like the flow of water over sediment in a river, in-
creased shear at the top of the boundary layer prevents continued
growth in spacing beyond the limit, which for Earth in coastal re-
gions is only a few hundred meters but can reach 3.5 km inland
(Andreotti et al., 2009). This relationship can be seen in the Namib
Sand Sea, where dunes are small and spaced by 200–300 km near

Fig. 14. Distribution of sands (light tan color) and winds (blue arrows) in the NE Sahara. Linear dunes and sand streaks broadly parallel trade winds (Mainguet, 1984).
Transport (indicated by white Ts) occurs where sediments are thin and no obstacles exist. Accumulation (indicated by As) occurs ahead of obstacles, where winds decrease in
strength (Bowen and Lindley, 1977). From Radebaugh et al. (2010b). MODIS image courtesy of NASA, centered at 26 N, 19 E.

J. Radebaugh / Aeolian Research 11 (2013) 23–41 35



the coast and grow to spacings of several kilometers inland. Lorenz
et al.(2010) show that Huygens data support an estimate of 3 km
for the thickness of the boundary layer on Titan, which appears to
be consistent with the spacing observed for dunes (Section 3). If
dune size and spacing is indeed controlled by the boundary layer
thickness, this would explain the remarkable similarity in size of
the largest terrestrial dunes and those on Titan, despite differences
in gravity and other parameters. An additional implication (Lorenz
et al., 2010) is that the generally consistent dune spacing suggests
that the boundary layer is uniform in thickness across the equato-
rial regions of Titan.

7. Dunes and Titan’s climate

The distribution of dunes across Titan’s equator coupled with
the distribution of lakes at Titan’s polar regions (Stofan et al.,
2007; Lopes et al., 2010) leads to initial assumptions about Titan’s
climate based solely on landforms. Deserts are assumed to be
found at equatorial regions (Lorenz et al., 2006), while the poles
must be humid and slightly cooler (Stofan et al., 2007). Models of
Titan’s atmospheric circulation also demonstrate dry conditions
near the equator and humid conditions at the poles (Rannou
et al., 2006). Modeling of the Hadley circulation on Titan calls for
transport of humidity away from the equator (Mitchell, 2008).
Other modeling shows that an asymmetric circulation regime on
Titan causes upwelling of humid air at the summer pole and dry
downwellingeverywhere else, except during brief intervals at equi-
nox, when the change in upwelling from one pole to the other re-
sults in a symmetric circulation regime (Hourdin et al., 1995). This
regime may allow for higher-than-normal volumes of methane
rainfall and accumulation in the equatorial deserts at equinox
(Radebaugh et al., 2008). Away from equinox, however, conditions
at the equatorial regions are consistent with desert environments.
This may result in greater availability and mobility of sand, having
not been transported to lakes or been wetted by continual methane
rainfall. Thus, the observation of dunes at equatorial regions is cor-
related with models that suggest desert conditions generally pre-
vail in those locations. Although dunes can be found on Earth in
relatively humid environments, perhaps the presence of dunes at
Titan’s equatorial regions could be attributed in large part to the
desert conditions that persist there (Radebaugh et al., 2008).

7.1. Dune maturity and migration on Earth

The question of longevity of individual dune forms, dune fields,
and sand seas is intricately linked with the persistence of climate,
locally and globally. Dune morphologies are strongly tied to wind
properties, so dunes can reveal past and present wind and climate
conditions in dune regions (Savage et al., in revision; Ewing et al.,
2013). On the individual dune scale, the rate of dune bedform
movement is inversely correlated with bedform size (Rubin and
Ikeda, 1990). Centimeter-sized ripples can move at several centi-
meters per hour (e.g., Allen, 1984; Lorenz, 2011), while small bar-
chan dunes can move at several tens of meters per year, for
example in central Tunisia (Allen, 1984; Lorenz et al., in press).

Because linear/longitudinal dunes have several kilometer sizes,
they require thousands of years to respond to wind regime changes
(Warren and Allison, 1998; Livingstone et al., 2006). These dune
forms thus require longer-term monitoring to unravel their histo-
ries. Combined studies using Optically Stimulated Luminescence
(OSL) dating and ground penetrating radar (GPR) to probe expo-
sure ages of sediments and pair them with bedding planes are
yielding valuable results (Bristow et al., 2005). These studies have
revealed most dune systems undergo periods of concentrated
dune-building when conditions areconsiderably dryer and windier,

such as during the Last Glacial Maximum (Lancaster, 1990; Fitz-
simmons et al., 2007). These are followed by periods of relative
inactivity, when reworking of surface sediments prevails (Lancas-
ter, 2008). For example, linear dunes in the Rub al Khali of the
UAE experienced rapid growth at a rate of 3.3 m/ky at 10 kyr, fol-
lowed by relative inactivity, then by growth again at 74 m/ky in
the last 1 ky (Goudie et al., 2001). Studies of linear dune morphol-
ogies reveal superposed forms, such as transverse or star dunes,
that indicate wind conditions have changed since the linear forms
were built (Fig. 15; Ewing et al., 2013). Studies of a linear dune on
the eastern margin of the Namib Sand Sea revealed this is a com-
posite feature with different episodes of construction dating from
5700 years ago through the present (Bristow et al., 2007). Substan-
tial migration of the dune occurred through 140 years ago, and
most recent activity mainly involves building superposed trans-
verse dunes and shifting of the crestline (Bristow et al., 2007).
Monitoring of the dune forms in this region over the last 30 years,
however, did not reveal any substantial movement (Livingstone,
2003). More field studies of this nature are needed to continue to
unravel histories of big linear dune fields.

7.2. Dune maturity and migration on Titan

In-situ analyses of dunes is not yet possible on Titan, so
researchers rely on remote sensing data. Morphological studies,
in the form of pattern analysis of various dune parameters (see
Section 3) are starting to yield important results concerning dune
field maturity. The strength in these studies for planetary surfaces
is that many characteristics of a region can be determined from
spatial analyses alone. Given the lack of in situ data for most plan-
etary surfaces, especially Titan, pattern analyses are proving to be
of great value. On Earth, in the Namib Sand Sea, for example, there
are three superposed sets of linear dunes of different sizes, with
each progressively smaller size being of a more recent age (Lancas-
ter et al., 2002; Ewing et al.,2006; Fig. 16). The existence of these
sets indicates that climate conditions have changed, but not with
enough severity or duration to erase the preexisting forms. If Titan
has undergone a recent change in climate or wind direction, super-
posed forms or variations in overall size would be evidence of this
change. At Cassini SAR’s resolution of 350 m at best (capable of
resolving intermediate to large forms; see Savage et al. in revision),
with the exception of disrupted or cross-cutting forms seen

Fig. 15. Linear dunes in Algeria with superposed star dunes. Wind conditions must
have changed since the formation period of the linear dunes, as these dune types
have different wind regimes. Dunes are 2 kmwide, north is to the upper left. Visible
image taken from the International Space Station, 2006, 28.9 N, 4.8 E, image
ISS013-E-75141, courtesy of NASA.
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upwind of some obstacles, very few superposed forms are evident
in dune fields on Titan (Fig 16). Preliminary studies of dune param-
eters numerically corroborate this observation, that Titan’s dunes
belong to a single population, and that the most recent dune-
building conditions were sufficient to erase evidence of prior
different conditions (Savage, 2011; Savage et al., in revision).

The uniformity of dune type across Titan, coupled with emerg-
ing pattern analysis results, indicate dunes on Titan may reside in
an equilibrium condition that has persisted for a long time. Sand
seas are relatively long-lived on Earth, as the transport and accu-
mulation of sand can occur over tens of thousands of years in some
regions, in many cases episodically (Lancaster, 1995). Just how
these processes might scale to Titan conditions of lower atmo-
spheric energies and other parameters is the subject of current
modeling (e.g. Aharonson et al., 2009; Lorenz, accepted; Ewing
et al., 2013). Titan’s regional climate is expected to change season-

ally, as methane evaporation and precipitation change location on
Titan (Stevenson and Potter, 1986). In addition, climatic variations
resulting from orbital eccentricity and spin variations are likely to
occur over time scales of 50,000 years, causing modification of
features such as polar lake basins (Aharonson et al., 2009). It could
be expected that such variations would also cause changes to the
equatorial wind field and resultant dune forms. The reorientation
or reconstitution time is how long it takes for a bedform to migrate
its length, which is also related to the flux of sand (Allen, 1984).
Migration rates of complex dunes in the northern Namib Sand
Sea are 0.1 m/y, leading to a reconstitution time of 6000 years,
similar to the oldest OSL ages found for the dune (Bristow et al.,
2007). Based on wind speed estimates, Lorenz (accepted) found a
10 m-high dune should migrate 1 m per Earth year, under contin-
uous winds. However, saltation-speed winds are likely only sea-
sonal, as on Earth. Thus, sands should only move at 1–5 cm/yr

Fig. 16. Cumulative probability distributions of dune crest spacings for the Namib and White sands deserts (top) (from Ewing et al., 2006). Two inflection points separate
three different populations in the Namib dunes indicating three different dune-building episodes, while a single population only is visible in White Sands. For the Namib
dunes, the smallest population (A) would not be visible to Cassini SAR, but at least some of population (B) and all of population C would be. Bottom row shows dune width and
crest spacings from 7000 each dune width and spacing measurements made across Titan (T21, T23, T28, T44, T48). From Savage et al. in revision. Like for White Sands, the
lack of inflection points or breaks in the Titan data suggests that all the dunes measured are from a single population.
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(Lorenz, accepted), which is not likely to be observed in Cassini’s
lifetime. This rate yields a reorientation timescale for Titan’s large
dunes of 50,000 y (Ewing et al., 2013; Lorenz, accepted), similar
to the climate forcing period (Aharonson et al. 2009).

7.3. Activity of Titan’s dunes

The determination of whether or not dunes on Titan are active
is valuable in terms of what it reveals about dune sands, current
wind strengths, and rates of planetary processes (Radebaugh,
2009). On Earth, ‘‘active’’ can indicate anything on the continuum
from mobilization of the whole dune form to reworking of sands
along the crest of an otherwise stabilized dune (Lancaster, 1995).
Methane rainfall is theorized to occur on Titan at least seasonally
(Lorenz et al., 2008a; Griffith et al., 2005) and has been observed
to occur at Titan’s equatorial region in clouds (Schaller et al.,
2009) and a rain-darkened surface (Turtle et al., 2011). Channels
carved by methane precipitation and erosion of bedrock can be
found in great abundance across the surface of Titan (Collins
2005; Lorenz et al., 2008a; Burr et al., 2009; Burr et al., 2013)
and may even exist in a global network below the resolution of
Cassini SAR (Radebaugh, 2009; Burr et al., 2013). Even on Earth in
the Namib Sand Sea, where sand is abundant and actively moving
(Bristow et al., 2007), large vlies, or dominantly dry river beds,
gouge through giant dune forms, indicating fluvial activity mor-
phologically dominates eolian activity. No rivers cut through dunes
on Titan, except for one small channel observed by VIMS winding
its way through several dune forms (Barnes et al., 2008; Radebaugh
et al., 2010a). Studies of the SAR characteristics of Titan’s dunes are
consistent with superposed features larger than the SAR wave-
length (2.1 cm) but smaller than the SAR image resolution
(350 m), such as ripples or superposed dunes (Le Gall et al., in
press), which indicates very recent activity, though another SAR
modeling study and theory demonstrates if ripples are present,
they must be small (Paillou et al., 2013; Lorenz, accepted). Dunes
cover impact craters, channels, and other buried bedforms, they
onlap mountains, and they are not cut by any other feature. They
are thus among the youngest geological features on Titan (Radeb-
augh et al., 2008; Barnes et al., 2008), and if they are not cut by riv-
er channels, when methane rainfall is postulated to presently fall
on Titan’s surface (Turtle et al.,2011), there is a strong argument
in favor of current dune activity on Titan (Lorenz, accepted). What
is the nature of the activity of Titan’s dunes, and how fast the dunes
change or advance, remain unknown.

That Titan’s dunes are uniformly linear may in fact be a result of
their longevity and maturity (Tsoar, 1978; Lorenz, accepted). Thus,
dunes on Titan may be simultaneously long-lived and actively
forming, and so could be valuable analogs for understanding the
more complicated dunes of Earth’s sand seas.

8. Conclusion

Dunes are a dominant landform on Titan, and are the result of a
long sequence of processes in the atmosphere and on the surface,
including atmospheric chemistry, formation of sedimentary layers,
erosion by rainfall, fluvial transport, and finally, wind action. Sand
seas encircle Titan’s equator, and morphologies indicate that glo-
bal, eastward sand transport is halted only by large landmasses
or diverted on a local scale by topographic obstacles. The dune
forms are dominantly linear, and indicate bimodal, likely seasonal,
winds that average over time and strength at Titan’s surface near
the equator as westerlies. Sands are likely composed of complex
organics derived from atmospheric photochemistry, perhaps
deposited into sedimentary layers, and then eroded by methane
rainfall into saltatable particles. Dunes highlight some of the most

recent, and perhaps even current, processes on Titan’s surface.
However, the dunes appear to be from a single population and
highly mature, so erosion, transportation, and accumulation pro-
cesses could operate over long time scales.

Dunes on Titan have been a topic of vigorous studysince they
were first seen using Cassini data in 2005. The spacecraft is slated
to operate at Saturn until 2017, during which it will obtain more
images and data of Titan relevant to our understanding of dune
systems. Dunes have been considered a possible landing site for fu-
ture Titan spacecraft because of their safety (Leary et al., 2009;
Lockwood et al., 2008); despite the presence of large-scale slopes,
dunes are free of lander-scale rock and gully hazards. They would
also represent a region of concentration of atmospheric and ero-
sional processes and would thus be good sites for sampling and
analysis. Plans for in situ balloons and aircraft (Barnes et al.,
2011b) include targeting the dunes for imaging analysis to eluci-
date the composition, relative age, and dynamics of these features.

Ongoing studies of dunes and sand seas on Earth, their dynam-
ics, and the conditions required to form and sustain them will in-
crease our knowledge about large linear dunes on Titan.
Conversely, studies of dunes on Titan, which form in the absence
of vegetation or equatorial oceans and appear to erase evidence
of ongoing precipitation at available resolutions, should also ad-
vance our understanding of Earth’s dunes. Combined studies will
help resolve questions about solar system dune formation, sand
transport, wind and climate now and in the past.
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