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Abstract

Cassini radar images show a variety of fluvial channels on Titan’s surface, often several hundreds of kilometers in length. Some

(predominantly at low- and mid-latitude) are radar-bright and braided, resembling desert washes where fines have been removed by

energetic surface liquid flow, presumably from methane rainstorms. Others (predominantly at high latitudes) are radar-dark and

meandering and drain into or connect polar lakes, suggesting slower-moving flow depositing fine-grained sediments. A third type, seen

predominantly at mid- and high latitudes, have radar brightness patterns indicating topographic incision, with valley widths of up to

3 km across and depth of several hundred meters. These observations show that fluvial activity occurs at least occasionally at all latitudes,

not only at the Huygens landing site, and can produce channels much larger in scale than those observed there. The areas in which

channels are prominent so far amount to about 1% of Titan’s surface, of which only a fraction is actually occupied by channels. The

corresponding global sediment volume inferred is not enough to account for the extensive sand seas. Channels observed so far have a

consistent large-scale flow pattern, tending to flow polewards and eastwards.

r 2008 Published by Elsevier Ltd.
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1. Introduction

Titan’s surface environment is too cold for liquid water
to be stable, but the prospect of the liquid methane
equivalent of a hydrological cycle on Titan has been a
persistent and appealing speculation. Huygens results show
that indeed parts of Titan’s surface have been modified

(Tomasko et al., 2005; Soderblom et al., 2007a) by fluvial
processes, driven by methane rainfall that may be
occurring even at present (Tokano et al., 2006). This
makes Titan uniquely similar to the Earth in having both
present-day precipitation and fluvial channels : while the
planet Mars is replete with fluvial channels (e.g. Pieri, 1976;
Carr and Clow, 1981), the evidence suggests that these
large-scale features were formed at least millions and
mostly billions of years ago. Furthermore, recent Cassini
radar observations show that, at Titan’s high northern
latitudes at least, lakes of liquid hydrocarbons are present
(Stofan et al., 2007).
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In this paper, we survey Cassini radar imagery showing
parts of Titan cut by fluvial channels much larger than
those seen at the Huygens landing site. Some initial
observations of these channels have been described else-
where (Elachi et al., 2005, 2006; Lunine et al., submitted for
publication; Stofan et al., 2007). Here, we summarize these
and new observations together, noting the overall patterns
of fluvial features and reconcile these with some recent
climate models and their predictions of variation of
precipitation with latitude.

1.1. Background

Early work on Titan had noted the proximity of Titan
surface conditions to those which thermodynamically
permit methane in liquid form. Voyager results appeared
to rule out large areas of pure methane liquid (Flasar,
1983), and attention subsequently centered on the prospect
of a global ocean of methane combined with its dominant
photolysis product, ethane (Lunine et al., 1983; see also
Lorenz et al., 2003).

The 1990s brought the first observations of Titan’s
surface, via radar and near-infrared, which showed no
global ocean to be present, although admitted (and in the
case of radar observations, suggested) some modest
expanses of hydrocarbon liquids. Near-infrared observa-
tions also indicated tropospheric clouds (e.g. Griffith et al.,
1998, 2000; Brown et al., 2002; Roe et al., 2002), at
altitudes at which methane would be expected to condense.
These clouds, although covering only a few per cent of
Titan’s disk, were observed to change on timescales of only
a few hours—an evolution confirmed by Cassini imaging
(e.g. Porco et al., 2005), suggesting that they were
convecting, precipitating clouds.

Some one-dimensional (1D) work on Titan rainfall
noted the paucity of condensation nuclei, assumed to be
particles of the stratospheric photochemical haze, and thus
that drops would grow rapidly, leading to a paradigm of
‘rain without clouds’ (e.g. Toon et al., 1988). Detailed
microphysical modeling of raindrops (Lorenz, 1993)
showed that methane raindrops could grow to as large as
9.5mm diameter but falling at only 1.5m/s in Titan’s low
gravity and thick atmosphere (vs. 6.5mm on Earth, falling
at �10m/s). Furthermore, this low descent rate would
allow drops to have time to evaporate in undersaturated
lower air before reaching the surface, a phenomenon
(‘virga’) that is sometimes observed in desert regions on
Earth. These results, together with the weak sunlight
available to drive convective flux and thus evaporation,
suggested that erosion due to rainfall would be hundreds, if
not thousands, of times weaker than on Earth (Lorenz and
Lunine, 1996).

However, in recent years (e.g. Lorenz, 2000, Lorenz and
Mitton, 2002) it was realized that these 1D considerations
may not capture the true character of the Titan environ-
ment—after all, the geomorphology of many desert regions
on Earth can be dominated by fluvial processes, even

though rainfall is weak in an annual average sense. The
key, perhaps counterintuitively, is that rain is rare. This
allows even the low overall flux to be manifested in violent
events. In these large storms, already hinted at by ground-
based observations mentioned above (and by theoretical
considerations that suggest convective plumes should be
not much less vigorous than on Earth, but comparatively
infrequent—see Awal and Lunine, 1994; Lorenz et al.,
2005), raindrops may reach the ground after all. Evapora-
tion of the first drops saturates the air, allowing subsequent
drops to fall further, until a saturated column (the ‘rain
shaft’) develops all the way to the ground. Tokano et al.
(2001) presented a model of a precipitating thundercloud,
and noted that rain indeed reaches the ground, although
several hours after the precipitation begins in the cloud.
That paper also indicates, although with little comment
since the model was developed for studying lightning
generation, that some tens of cm-worth of rainfall are in
the air at one time—an amount that would be considered a
violent downpour on Earth. Similar modeling by Hueso
and Sanchez-Lavega (2006) also suggests that Titan rain-
storms may develop rain deposition rates comparable with
those in terrestrial storms. An independent model by Barth
and Rafkin (2007) also shows rain accumulation beneath
methane clouds, although less than Hueso and Sanchez-
Lavega (2006) due to less efficient droplet coagulation.
Other aspects that remain to be explored fully are the
negative buoyancy generated via evaporative cooling which
may allow powerful ‘microburst’ downdraft winds to
develop, and the possibility that cooling of raindrops
may also retard their evaporation.
The thermodynamic paradigm from Voyager, that the

lower atmosphere is undersaturated and thus not at
equilibrium with a pure methane surface reservoir (e.g.
Flasar, 1983; Thompson and Zollweg, 1992; Lorenz et al.,
1999), remains valid (at least at low latitude). Liquid
methane (with some nitrogen that inevitably dissolves in it)
is unstable at Titan’s surface. A river, however, is by
definition a disequilibrium phenomenon. However, if liquid
is delivered to the surface rapidly enough and/or concen-
trated into a channel fed by a large watershed, transient
rivers can flow, and may do so violently. When the liquid is
delivered to the surface by rainfall and flows across without
much subsurface flow, these ephemeral rivers leave
morphological scars on the surface, for which various arid
region names exist (e.g. arroyo, wadi, nullah, donga and
wash in Spanish, Arabic, Hindustani, Bantu and English,
respectively). As we discuss in the following section, the
meteorological similarity of terrestrial deserts and Titan’s
low latitudes is also borne out in the landscape, by the
detection of shallow but radar-rough and incised channels.
As with possible rivers on Mars (e.g. Wallace and Sagan,
1979) exactly how far a river can flow will depend on
volume flow rate, evaporation rate and possible freezing, as
well as slope and roughness of the bed. On Mars, the
disequilibrium seems in general to be caused by building up
large volumes of water in a sealed aquifer beneath a sealed
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cryosphere which catastrophically breaks, with transient
outflow channels forming as a result at the base
of the southern highlands such as the region around the
Chryse basin (a somewhat similar process appears to
occur on a much smaller scale at the present day to form
the gullies seen on some poleward-facing mid-latitude
crater walls—for a review of Mars fluvial geology, see
e.g. Carr (2006)). On Titan, it seems the disequilibrium
is in general created by the large rain rates that are
possible. Indeed these issues may force us to confront how
it is that rivers can flow on any planet, including the Earth
whose rivers flow with persistence despite a subsaturated
atmosphere.

1.2. Methane rivers as the formation mechanism

Although Titan is an unfamiliar environment, where
many materials behave very differently from Earth (e.g. Ori
et al., 1998), we can be confident that the channels we
observe are fluvial and that they have been formed by
liquid methane. At Titan’s surface temperature of 94K,
methane and ethane are the only fluids likely to remain
liquid for any length of time, and only the former has a
high enough vapor pressure to participate in a hydrological
cycle. Furthermore, the cloud-top altitudes inferred from
ground-based observations (e.g. Griffith et al., 1998, 2000)
are consistent with the condensation altitudes expected for
methane. Ethane may exist at the surface (see later) but is
produced and thus deposited extremely slowly, on average
on order of a micron per year (e.g. Lorenz and Lunine,
1996). Thus, while it could be implicated in the formation
of springs, groundwater sapping, or standing lakes (Mitri
et al., 2007), ethane is not a candidate for being the major
agent in rain-driven erosion.

Although remarkably long sinuous rilles and other
channels formed by the flow of silicate lavas are found
on the moon and Venus (e.g. Baker et al., 1997) the
channels observed so far on Titan appear to have
distributed sources and no apparent association with
cryovolcanic features (with the possible exception of a
small group on/near Ganesa—see Section 2.1). The
cryovolcanic features that have been identified (e.g. Lopes
et al., 2006) have wide and possibly leveed flows only a few
tens of km long. Similarly, more exotic ideas such as
geothermally melted heavier organics (e.g. Kargel et al.,
2007) would also tend to have a localized source. The
features we observe, which often have sharp bends and
branched networks, seem in general more consistent with a
distributed (i.e. pluvial) source: they furthermore appear to
terminate due to loss of substance (presumably by
evaporation) rather than by loss of mobility, i.e. there are
no terminal lobes of material. An exception is the dark
channel draining into a high-latitude lake observed on T25,
but this feature does not appear to have any association
with cryovolcanic features.

Finally, the gullies and rounded cobbles observed at the
Huygens landing site (Tomasko et al., 2005) appear to

admit only a fluvial origin—the steep dendritic gullies
require erosion to form them, while cobbles require
energetic motion to cause rounding. Burr et al. (2006)
showed that, for a given particle size and bed slope, the
depth of fluid required to transport sediments in liquid
methane on Titan is in fact very similar (less by only a
factor of �2) to that required to transport sediment by
water on Earth or Mars. Further, Collins (2005) demon-
strated the plausibility of channel incision in water ice
bedrock by methane rivers. Thus although the working
materials are very different, the physical circumstances of
river mechanics are in fact very similar to Earth. More
recently, Perron et al. (2006) have shown that a sediment
transport model validated with Earth data predicts that
precipitation rates of 0.5–15mm/h (well within the range
admitted by the rainstorm models of Hueso and Sanchez-
Lavega (2006)) would be enough to mobilize sediment with
grains of 1–10 cm, comparable with the cobbles seen at the
landing site.
Thus, to summarize, remote sensing indicates that

methane precipitation occurs on Titan. Models of meteor-
ological processes suggest methane rainfall can produce
surface accumulation of liquid at rates that models of
erosion and sediment transport suggest could form river
channels and transport sediments. Although other pro-
cesses may form channels on Titan (hyperconcentrated
flows or even cryovolcanism), a pluvial/fluvial origin seems
most likely for the channel systems we have highlighted in
this paper.

2. Cassini observations

Here we describe in chronological order the Cassini
radar observations of fluvial features (identified on the
basis of morphology only) to date, and those of the
Huygens probe, since as these unfolded they presented a
challenging series of discordant impressions of Titan that
are only now beginning to form a coherent picture. Fig. 1
shows the location of the fluvial features described and
their flow direction.
The Cassini RADAR instrument operates in a variety of

modes including synthetic aperture radar (SAR) imaging.
These observations are taken at an incidence angle of
between 151 and 351; resolution degrades towards the
distant ends of a swath to about 1.5 km, but all the
observations described in this paper are nearer the closest
approach and have a resolution of 0.35–0.5 km.

2.1. TA October 2004

The first close flyby of Titan (‘‘TA’’) by Cassini on 24
October 2004 featured RADAR observations which
indicated a very complex landscape (Elachi et al., 2005).
This included some bright sinuous channels, together
with a couple of deltoid radar-bright forms (Fig. 2—see
also Paganelli et al., 2005) whose apices seemed to connect
with the channels. It may be that these are alluvial
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fans, and the bright sinuous channels are canyons.
This interpretation had to be considered speculative at
the time (October 2004) since there was no other
evidence of fluvial processes. It is possible that these small
features are associated with cryovolcanism (Lopes et al.,
2006), but in the context of subsequent observations by the
Huygens probe (next section), a fluvial origin appears
more likely.

Note that although alluvial fans sometimes appear
radar-dark to Earth observation radars, these typically
operate at wavelengths 5–15 times longer than the Cassini
radar (2.17 cm) and thus much larger boulders (�20 cm+)
would be needed to make them radar-bright. The relatively
short-wavelength Cassini radar would observe most
terrestrial fans as radar-bright, as with the features on
Titan. The fans observed on TA are of a very similar scale
(�20 km) to the large alluvial fans observed on Mars
(Moore and Howard, 2005).

2.2. Huygens imaging

In January 2005, the Huygens probe dramatically
revealed (Tomasko et al., 2005) a ‘shoreline’ landscape
with obviously fluvial channels incised on low hills. Two
classes of channel were noted, both several kilometers long
and tens of meters wide: one set appeared to be definitely
pluvial, while the other in apparently lower terrain was
characterized by stubbier branches with more nearly
orthogonal junctions, perhaps indicating a spring-fed
origin (e.g. Soderblom et al., 2007b). The channels were
darker than their surroundings, although to what extent
this is due to obscuration of diffuse sky illumination (stereo
image pairs suggest the pluvial channels were somewhat
incised, with slopes approaching 301) and to what extent
the valley floors are covered with low-albedo material is
still under investigation.
Post-landing imaging from the Huygens site showed a

collection of cobbles (5–15 cm in diameter) on a fine-
grained soft substrate, consistent with a river bed. Elevated
methane abundance detected by the gas chromatograph
mass spectrometer (GCMS) after landing suggested that its
heated inlet evaporated methane liquid (Niemann et al.,
2005)—in other words that the surface materials were
‘damp’, a conclusion also supported by evidence that the
ground was effective at chilling the heated inlet (Lorenz et
al., 2006a).
It was noted (Tomasko et al., 2005) that the presence of

these rounded cobbles suggested they had been transported
some distance. Furthermore, the paucity of smaller (cm)
particles was consistent with those having been transported
further away from the highlands than the landing site. The
existence of 45 cm cobbles implies a surface roughness on
scales larger than the Cassini radar wavelength of 2 cm,
although there is only partial coverage by particles of this
size, with a rather flat and smooth (and thus radar-dark)
substrate beneath. The Huygens landing site was observed
by the Cassini radar on T8 in October 2005 (Lunine et al.,
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Fig. 1. Location and flow direction of fluvial features discussed in this paper, overlain on basemap created from ISS near-IR images (see e.g.

www.ciclops.org).

Fig. 2. A section of the TA SAR image (a), about 100 km to the east of

Genesa Macula. Several narrow sinuous radar-bright features are seen,

interpreted to be possible canyons, see sketch (b). Two meet the apices of

radar-bright triangular features with some striations: these may be alluvial

fans. These appear to be at least partially confined by dark areas which

may be topographic obstacles. Light gray area in sketch denotes the radar-

bright (alluvial?) unit.

R.D. Lorenz et al. / Planetary and Space Science 56 (2008) 1132–1144 1135
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submitted for publication) but no fluvial channels could be
observed in that data, which was acquired near the long-
range end of the swath and had a resolution a little poorer
than 1 km. The backscatter measured for the landing site
(e.g. Paganelli et al., 2005) had a value of �0.4.

2.3. T3 February 2005

Two Titan days after the Huygens encounter, Cassini
flew by Titan again. SAR imaging (Elachi et al., 2006) on
this flyby (T3, February 2005) revealed an array of new
landforms, notably a large (440 km) diameter impact
structure named Menrva, and two features we argue are
fluvial networks (Fig. 3). With the new view of Titan
afforded by the Huygens results, the identification of radar-
bright channels as fluvial in origin seemed less speculative.

The T3 fluvial features are rather more extensive than
those observed in TA and by Huygens. Both networks, on
either side of the Menrva impact structure, are approxi-
mately 200 km in extent and appear to flow in a north-
easterly direction, away from Xanadu, hinting at a possible
regional slope (i.e. that Xanadu is elevated with respect to
the rest of Titan, a speculation that dates back to its
original detection, e.g. Smith et al., 2001). All these
channels appeared shallow, like desert washes or wadis,
in that they generally lack any apparent topographic
expression (although our limited spatial resolution of
�350–500m could admit possible incision depths of several
tens of meters).

Most of the channels in the western network join a single
channel which appears to breach the degraded wall of
Menrva. (It is of note that the western side of Menrva, like
many other structures on Titan (e.g. Porco et al., 2005), is

more degraded and less distinct than its eastern side.
Whether this is a fluvial/slope effect, or related to Eolian
effects in the prevailing zonal winds, remains to be
determined.) An intriguingly regular series of small mean-
ders can be seen in the westernmost channel. The eastern
network has a rather different character, with channels
varying in width, breaking and rejoining—casually referred
to as ‘braided’, this architecture may be formally defined as
‘split channel with sub-parallel anabranching’ per the
classification in Schumm et al. (1987). It appears to drain
into a large, somewhat ellipsoidal bright area (although the
far boundaries of this feature are beyond the edge of the
imaged swath), not unlike some terrestrial analogs (e.g.
Fig. 4).
In 2007 the International Astronomical Union (IAU)

adopted the name Elivagar Flumina for the eastern T3
network (feature formally specified as at 78.5oW, 19.3oN,
with a ‘diameter’ of 260 km). Elivagar refers to a group of
12, ice-cold poisonous rivers in Norse mythology. A
gazetteer of Titan feature names is maintained by the US
Geological Survey at http://planetarynames.wr.usgs.gov/ :
at the time of writing Elivagar is the only fluvial feature
named.

2.4. T7 September 2005

In sharp contrast to the flat washes in T3, in T7 we
observe (Lunine et al., in preparation) a number of rather
deeply incised channels. One region, around 40oS is
characterized by a dense network of channels (Fig. 5),
while further south, one or two channels make their way
southeastwards towards a bright-dark boundary that is
scalloped and cuspate, and hence might be a present or
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Fig. 3. A section of the T3 radar swath (a), showing fluvial networks at left and right. The right (eastern) network is named Elivagar Flumina. The swath is

dominated by the 440 km impact structure Menrva, delineated in sketch in gray. Note that the western side of Menrva is much more heavily degraded, and

is breached by the dendritic network—see also sketch (b). Radar illumination from top.

R.D. Lorenz et al. / Planetary and Space Science 56 (2008) 1132–11441136
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fossil shoreline. Radarclinometry (Wildey, 1986: see also
Section 3.2 and Fig. 9) suggests the channels may be several
hundred meters deep and in contrast to the braided T3
West network the incised channels observed in T7 are
rather consistent in width, always less than �3 km.

In a couple of locations in the T7 swath (Fig. 5), the
channels are rather straight, in one case appearing to form
a boundary between a generally radar-brighter substrate to
the west and a slightly darker region to the East. Such a
straight edge suggests a tectonic control such as a fault:
as a corollary, the suggestion that the channel follows some
pre-existing feature at all requires that the surface be

resistant enough compared with the flow energy in order to
control it.
Dendritic features of another character were seen further

south (polewards) in T7 (Fig. 6). These, however, are broad
and radar-dark. One interpretation is that these are
distributary features; Lacking topographic expression we
cannot tell if they are channels—they may even be slightly
built-up or leveed flows. The radar-dark but speckled
appearance suggests they are smooth and/or partly covered
in radar-dark material. It is tempting to speculate that
these are therefore distributary channels that have depos-
ited fine-grained material that was chiseled out of the
channels closer to the equator (and by inference at higher
elevation). Another tempting speculation is that this
material may be the same as the ‘sand’ forming the dunes
observed at low latitudes. However, this hypothesis leaves
unexplained why there are no dunes observed at high
latitudes, and requires an effective transport mechanism to
bring the dry sand towards the equator, although Lorenz
et al. (2006a) note that the orbit-averaged tidal wind field
has an equatorward component.
In this connection, one may consider a progression of

radar appearance from the beginning to the end of a fluvial
network, although this progression is not seen in its entirity
in a single channel observed so far. First, near-uniformly
radar-bright rough regions may form at the watershed
(where small particles have been removed, leaving cobbles
and boulders behind, and forming many small gullies and
cliffs). Then, as these converge to form a single flow of
sediment-bearing and thus abrasive liquid, a deeper
channel becomes incised, giving the characteristic bright-
dark topographic pattern. Finally, as the liquid evaporates
and/or the flow runs out of energy (assuming the slope
becomes less steep towards the south), sediments are
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Fig. 5. Section of the T7 image (a) with sketch (b), showing heavy

dissection at left (northwest) and long dendritic, incised channels grading

into radar-dark distributary channels and fans at right. Radar illumina-

tion from top. Arrow on sketch points out where incised channel follows

bright-dark boundary.

Fig. 6. A zoomed section of the T7 swath, north up, just to the south of

Fig. 5. An incised channel grades into a uniformly dark channel at top left,

which splits and then spreads into a network of apparently distributary

channels. The radar-dark appearance may indicate the deposition of fine

sediments. Radar illumination from right.

Fig. 4. A braided fluvial network of dry washes on Earth observed from a

commercial airliner near Parker, Arizona. Image is approximately 10 km

across—the morphology may be compared with the eastern T3 network

(Fig. 3).

R.D. Lorenz et al. / Planetary and Space Science 56 (2008) 1132–1144 1137
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deposited. The finest-grained sediment would be deposited
last, forming deposits smooth on the scale of the radar
wavelength that are thus radar-dark.

At around 701 south latitude (Lunine et al., in press), the
character of the surface changed profoundly from a
somewhat bright region dissected by the various channels
described above, to a nearly uniformly dark region. The
boundary between them appears scalloped and cuspate,
like that of some shorelines on Earth, although such
morphologies can also form in other settings, such as desert
buttes.

2.5. T13 April 2006

The T13 swath (Kirk et al., in preparation), was oriented
E–W between about 5 and 12oS, spanning 170oW–65oW
(this swath was truncated at its eastern end by a spacecraft
downlink problem unrelated to the radar experiment). This
swath therefore runs across much of the leading-face bright
region Xanadu. Two sets of channel networks were
observed. These are somewhat like those seen in T3, being
merely radar-bright without obvious incision in most
places, but are rather more extensive. The western set are
shown in Fig. 7; a second set of channels at the eastern end
of the swath are similar, and are also observed in VIMS
data which are analyzed together with the radar image in
Barnes et al. (2007).

The T13 channels appear to drain southwards, although
with much local diversion around obstacles. The network is
remarkable in having a well-developed branching structure,
with sixth- or seventh-order channels present (see sketch
Fig. 7). The ends of the channels are south of the edge of
the radar swath.

2.6. T25 February 2007

Intervening flybys (T16, T18) detected hydrocarbon
lakes at latitudes above 70oN on Titan. In addition to the
morphological similarity with terrestrial lakes, the radio-
metric properties (high emissivity coupled with extremely
low backscatter, down to �25 dB) argue for an interpreta-
tion as lake depressions presently filled with liquid
hydrocarbons (Stofan et al., 2007). The Rannou et al.
(2006) GCM model predicts that high-latitude regions on
Titan are likely to be saturated, such that surface liquids
may persist for long periods.
The T19 and T25 flybys also covered this region and

detected (Fig. 8) a lake or lakebed strikingly similar in
morphology to flooded desert terrain such as Lake Powell
or Lake Mead. Notably, this feature (over 50 km wide and
over 100 km long) has a dark meandering channel draining
into it, with several shorter channels also connecting to the
lake. The meandering channel can be traced over 100 km
and sits in what may be a wider flat flood plain between
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Fig. 7. Large channel system at the western end of Xanadu (a), observed on T13. Individual channels appear to extend over some 500km (b). Radar

illumination from top.

R.D. Lorenz et al. / Planetary and Space Science 56 (2008) 1132–11441138
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mountains. The feature is radar-dark (see also profile in
Fig. 9), rather darker than the T7 distributary channels,
suggesting a very smooth surface characteristic if not of

extant liquid, then at least of fine-grained sediment without
cobbles or boulders. This suggests a depositional channel
without strong erosion into the substrate. The channel can
be followed within the boundaries of the ‘lake’ itself—it is
not possible to determine with present data if this indicates
exposed lake sediment with a darker, perhaps liquid-filled,
channel or if the entire area is shallowly submerged in
liquid ethane and methane (which can be transparent to
microwave radiation) and that bottom topography is being
indicated in the images.
In addition to the features shown and described here, a

handful of small (o100 km) sets of possibly fluvial
channels exist in other radar images, but without
significant differences from those already described and
their limited regional scale prevents useful insights on
large-scale slope directions, thus they are not described
further.

3. Properties of channel networks

The longest channels identified (T13) have not been
observed end-to-end, but have a characteristic length of up
to about 400 km (exact numbers are subjective, depending
where the head of the channel can be determined against
the speckled background.) The T7 channel networks can be
traced a similar distance. The widths vary substantially—
the T3 Eastern complex varying from below the resolution
limit of �300m to �10 km, without any apparent depth.
These suggest an easily erodable substrate. On the other
hand, the T7 channels are �2 km wide with depths of
4100m, more consistent with erosion into more resistant
‘bedrock’.
As somewhat ‘self-organizing’ phenomena, the mutual

interaction between streamflow and sediment transport to
form an evolving fluvial network is an interesting physical
system (e.g. Schumm et al., 1987; Rodriguez-Iturbe and
Rinaldo, 1996). Many empirical relationships between river
parameters exist, some of which appeal to various
extremization principles (e.g. distributing the frictional
dissipation equally among the length of the network, or
minimizing the total dissipation, e.g. Miyamoto and
Lorenz, 2005) Working with a fluid with half the density
and one-fifth the viscosity of water on Earth, on a body
with one-seventh of the Earth’s gravity, makes Titan an
appealing body on which to test ideas about evolving river
geomorphology. However, quantitative study must await
topographic information in places where fluvial features
are seen.
Leopold and Wolman (1960) present sinuosity for a

number of meandering rivers—these range from about 1.2
to 2.5. We have measured the sinuosity of a number of the
Titan channels and find a similar range. While the
interpretation of such statistics, fracticality and so on,
requires considerable thought, we note here that compar-
isons of such statistics in what is so different an
environment from Earth will surely be an interesting
window on fluvial processes.
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Fig. 9. Radar profiles centered on three types of channel. T3 (top) shows a

radar-bright channel, most prominent between positions 5 and 6 km. T7

(middle) shows a ‘heartbeat’ characteristic of negative relief at 4–7 km,

presenting slopes towards and away from the radar respectively. T25

shows a radar-dark channel between 4 and 6 km, sitting in a broader

darkish region (3–6). Arrows denote apparent edges of channels.

Fig. 8. Meandering dark channel draining into an apparent lake, observed

on T25. Radar illumination from bottom. Arrow points where channel

can be traced in dark lakebed.
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3.1. Directionality and branching

It can be noted also that the channel patterns in T3 have
broadly consistent directions, to the East and Northeast,
suggesting they are guided by a regional slope. That being
the case, it is striking that the sense of West-to-East as
downhill in these two fluvial networks is similar to the flow
direction indicated by several features (some cryovolcanic
flows, as well as apparent alluvial fans) observed in TA,
and by the altimetry in TA which indicated eastwards as
downhill. Taken together with the southerly flow of the T7
and T13 channels, this can be considered indicative either
of central or north Xanadu being topographically high
(at least at the time of the channel formation), or perhaps
of a general equator-to-pole topographic gradient.

Despite the broad indication of slope, the morphology of
the channels suggests overall slopes are quite gentle across
the T3 region (at least at the time of channel formation),
otherwise meandering and braiding or anabranching would
not occur. There appears to be little obvious topographic
control of the channel paths in T3, with the exception of
the gap in the edge of the impact structure through which
the western channel system seems to flow. Similarly, there
is no widespread evidence of subsurface controls on the
stream pattern—there is neither a trellis pattern character-
istic of shallowly dipping sediment beds, as seen in the
Appalachians, nor is there a rectangular network char-
acteristic of large-scale jointing in the surface, as seen in the
Zambezi river network, for example. We do, however, note
that some straight segments of some channels exist (e.g. T7)
which may imply some isolated examples of surface/
subsurface controls on flow.

It may be observed that some of the channels in T7 and
T13 join at wider angles than seems typical of the T3
channels and the northernmost T7 channels. This may be
related to surface slope effects, but no conclusive statement
can be made at this point.

3.2. Radiometric properties

The radar-bright channels are typically 4 pixels (i.e.
1–2 km) across (a result also independently determined for
T13 channels by Barnes et al., 2007), although many
smaller channels may be invisibly present, below the
resolution of the RADAR instrument. A couple of broad
regions, with some evidence of braiding, up to 7–10 km
across can be identified.

We show in Fig. 9 profiles across the three different
channel types (bright, dark and incised) in the uprange
direction (i.e. orthogonal to and towards from the ground-
track). The channels in T3 are typically a factor of 2–3
brighter than their surroundings, giving normalized radar
backscatter (so) of typically 1.5–2. This suggests a rough
surface, with cobbles of the scale of the radar wavelength
(2 cm) or longer—in fact rather brighter and rougher than
the Huygens landing site (so�0.4). A roughness control of
backscatter here seems more plausible than a dielectric

constant (compositional) control, although that cannot be
ruled out.
The dark channels observed in T7 have so rather less

than 1, characteristic of smooth areas covered in low-
dielectric constant material. Even more prominently, the
dark channel draining into a lake on T25 has a so of 0.2
(i.e. �7 dB). Ice or organic sediments, made of sub-
centimeter particles, would give the appropriate radar
appearance. These results are therefore consistent with the
dark channels being deposition channels of sediments finer
than the radar wavelength.
The incised channels seen in T7 have a characteristic

‘heartbeat’ profile, with a bright downrange bump paired
with a dark uprange trough—this shows that the channel
has appreciable negative relief. The brightness perturba-
tions are a factor of �2-3 (i.e. �3–4 dB) in either direction,
with widths of �1.5 km in each case. The backscatter curve
(Elachi et al., 2005) for Titan tends to have a 1/sin(i) form,
with i the incidence angle of the beam with the reflecting
surface. At the incidence angles at which our imagery is
obtained (in this case 251) these perturbations therefore
indicate slopes of the order of 201—implying an incision
depth of over 500m.

4. Discussion

4.1. Implications for Titan’s climate

It is tempting, given the meteorological paradigm
outlined in the Introduction, to consider that at least some
regions on Titan are analogous to terrestrial desert and
semi-desert regions where ephemeral rains are responsible
for shaping the landscape. The anabranching morphology
we observe in the T3 radar images is at least consistent with
this picture, namely that there are strong variations in
streamflow. However, higher latitudes appear rather
different.
Rannou et al. (2006) have applied a global circulation

model, incorporating a microphysical treatment of
methane and ethane clouds, to Titan. They found a variety
of cloud types, prevalent at different latitudes and seasons.
In particular, they note that low latitudes should dry out
unless methane is resupplied from the surface or subsur-
face. In contrast, high latitudes act as sinks for methane,
and thus become more or less permanently saturated. More
specifically, they predict ‘sporadic’ large clouds (covering
�5% of Titan’s disk and lasting several earth days) at
summer mid-latitudes, and similarly sporadic, but smaller-
scale clouds (�0.5% of the disk, lasting just some hours) at
low latitudes. An independent model has been developed
by Mitchell et al. (2006) which similarly predicts sporadic
seasonal rainfall at all latitudes, but persistent humidity
near the poles. Rain therefore appears to occur everywhere,
but methane will evaporate more rapidly at low latitudes.
This paradigm seems broadly consistent with our

observations, with erosion and removal of fines (leaving
radar-bright rough channels) at low latitudes, and generally
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depositional channels at high latitudes. The evidence that
rivers can flow at low latitudes for �400 km before
evaporating will serve as a valuable joint constraint on
the hydraulic and meteorological setting for rivers on
Titan. It may be that as in arid regions on Earth, and on
Mars, evaporation from flowing rivers is a significant
factor, such that rivers do not always drain into a terminal
lake or sea, but instead merely peter out.

4.2. Implications for rainfall

Meander length can be used as a proxy measure of
annual discharge, or perhaps more accurately to other
discharge measures such as bankfull discharge or discharge
during the month of maximum discharge (the difference is
only a factor of a few, which is adequate for the present
purpose). Applying empirical relations (e.g. Carlston, 1965)
of L ¼ 200Q0.46 (after converting to modern units, i.e.
discharge Q is in cubic meters per second, and L is meander
wavelength in m), we find for the most prominent meander
in the most northwestern T3-east channel with a wave-
length of around 10 km—if indeed it is a true meander
carved by the evolving river, rather than simply being
controlled by bedrock structure—implies a streamflow of
some 5000 cubic meters per second.

This channel could draw on a basin perhaps 80� 30 km2

(an eyeball estimate of the catchment area). Across such a
region, 5000 cubic meters per second implies a rain rate of
3� 10�4 cm/s, or 1 cm/h. Although 1 cm represents a year’s
worth of average rainfall on Titan, simulations of Titan
rainstorms show that some 10 s of cm of rainfall might fall
in a few hours, i.e. a factor of several higher than needed,
assuming the terrestrial empirical relations hold. We would
be the first to acknowledge, however, that there is no
reason they should. Experimental and theoretical work is
needed to understand how fluvial erosion may differ with
the different substrate, working fluid (lower density and
viscosity than water on Earth) and gravity on Titan.
Indeed, the relative importance of erosive processes such as
plucking, cavitation and abrasion on Earth is only now
beginning to be understood quantitatively (e.g. Whipple
et al., 2000; Sklar and Deitrick, 2001). Collins (2005) offers
a useful preliminary evaluation for Titan, suggesting
cryogenic water ice may erode in a comparable fashion to
terrestrial rocks, and the discussion in Perron et al. (2006)
supports the idea that terrestrial relationships with only
modest adjustment give appropriate results on Titan.

An independent criterion can be considered. The fact
that the T3 channels are radar-bright implies surface
roughness at the wavelength scale. Thus, the streamflow
was probably energetic enough to carry away sediments of
particle size 1 cm and below which would tend to smooth
the surface at this scale. Inspecting the threshold flow rates
(Burr et al., 2006, Figs. 4 and 5) suggests that bedload
transport of such particles would require flow depths of
0.1–1m for slopes of 0.01–0.001, respectively (not un-
reasonable for regions of Titan outside the sand seas ;

topographic data from altimetry and other radar means is
being prepared for publication) or discharge of the order of
10m2/s. Taking a width of 100m–1 km, this implies a flow
of 1000–10,000 cubic meters per second, in remarkable
agreement with the meander estimate above.

4.3. Implications for sediment budget

Out of �13 SAR swaths observed to date (some are half-
swaths) with a typical length of �4000 km, only about
2000 km show obvious fluvial channels, or about 5% of the
imaged areas. The observed channels themselves occupy
only a tiny fraction (�1%) of that area. Assuming these
fractions can be extended to Titan’s surface as a whole,
about five times the observed area to date (each swath
being �200 km across), then around one thousandth of
Titan’s surface is covered by river channels. This is in
contrast to the �20% area covered by sand dunes
(Radebaugh et al., 2008). Even if all the observed channels
have an incision depth of 100m, the corresponding
sediment volume if distributed all over Titan corresponds
to 10 or 50 cm if restricted to the 20% covered by dunes.
This is in contrast to the height of 100–150m determined
for the largest dunes (Lorenz et al., 2006b): although many
dunes will be smaller, it seems difficult to reconcile the
volume of sand-sized sediment in the vast sand seas with
that excavated in the observed river channels. This lends
support to the idea that the dunes may be made primarily
of photochemically derived organic materials rather than
eroded ice bedrock. Soderblom et al. (2007a, b) and Barnes
et al. (2007) have suggested that material at the margins of
bright areas and apparently associated with fluvial activity
is spectroscopically distinct from the dune material. A
further challenge raised by the present study is the apparent
transport direction of rivers downhill away from the low
latitudes at which the dunes are observed: not only would
the sand need to be transported some distance back to the
sand seas, but it may have to be brought uphill to them.
The large-scale sediment transport processes on Titan
remain a puzzling arena.

5. Conclusions

Our observations show that in the geologically recent
past, if not the present, liquid—almost certainly methane—
has flowed energetically across Titan’s surface, much as
water flows in rivers on Earth. A variety of channel
networks, including braided, shallow washes, as well as
more dendritic and incised valleys, and meandering and
deposition channels have formed as a result. These
channels have been observed up to 400 km long and a
few km wide. An overall impression from data so far is of
radar-bright but shallow channels at low latitudes where
fines have been removed, more deeply incised channels at
mid-latitudes and a combination of incised and radar-dark,
sometimes meandering depositional channels at high
latitudes.
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Titan gives us a new laboratory in which to test ideas
about fluvial geomorphology and landscape evolution: the
substrate is different, the fluid is different, and environ-
mental parameters such as gravity are all different. Yet any
theory of geomorphological change must now accommo-
date the very similar landforms that result in this exotic
environment.

The appearance (although not the scale—the features we
observe are necessarily of much larger scale) of some of the
channels is reminiscent of channels in the desert Southwest,
formed by occasional thunderstorms. Empirical terrestrial
relationships of meander length to streamflow indicate flow
rates that are consistent with model thunderstorms on
Titan (i.e. tens of cm of rain in a few hours, over an area
some tens of km across). Calculations by Burr et al. (2006)
of thresholds for the transport and the apparent removal of
cm- and sub-cm-sized sediments to form radar-bright areas
as observed (rough at �2 cm) suggest flow depths
consistent with the rainfall estimate above.

Cassini data continues to come in, and the radar imaging
coverage will roughly double over its present value if a
2-year extended mission is successfully executed. We may
thus expect many more fluvial features to study, and
associations with latitude, topography and large-scale
features such as Xanadu should emerge more clearly. As
data accumulate, and in particular as supporting topo-
graphic data become available, more systematic investiga-
tions of quantitative geometric properties of Titan channels
will be merited like those being performed presently on
Mars, such as the investigation of incision depth with
along-channel distance (e.g. Howard et al., 2005).

It is, however, striking that the fluvial channels observed
by Huygens were on a scale far too small for the Cassini
orbiter radar to observe, and the low-resolution (4700m)
radar images over the landing site so far did not identify
larger-scale channels (Lunine et al., in press). Thus one
might worry about the extent to which Titan’s surface is
worked by smaller-scale fluvial features invisible to the
radar and not connected to larger, radar-detectable
channels. Future exploration of Titan with a different set
of instrument platforms and capabilities will therefore
necessary to fully understand its fluvial processes: such
missions might include high-resolution (meter-scale) ima-
ging, perhaps from a balloon, as well as the generation of a
MOLA-class global topography dataset (Smith et al.,
2001), perhaps by an orbiting radar altimeter.
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