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Abstract

The Descent Imager/Spectral Radiometer (DISR) aboard the Huygens Probe took several hundred visible-light images with its three

cameras on approach to the surface of Titan. Several sets of stereo image pairs were collected during the descent. The digital terrain

models constructed from those images show rugged topography, in places approaching the angle of repose, adjacent to flatter darker

plains. Brighter regions north of the landing site display two styles of drainage patterns: (1) bright highlands with rough topography and

deeply incised branching dendritic drainage networks (up to fourth order) with dark-floored valleys that are suggestive of erosion by

methane rainfall and (2) short, stubby low-order drainages that follow linear fault patterns forming canyon-like features suggestive of

methane spring-sapping. The topographic data show that the bright highland terrains are extremely rugged; slopes of order of 301 appear

common. These systems drain into adjacent relatively flat, dark lowland terrains. A stereo model for part of the dark plains region to the

east of the landing site suggests surface scour across this plain flowing from west to east leaving �100-m-high bright ridges. Tectonic

patterns are evident in (1) controlling the rectilinear, low-order, stubby drainages and (2) the ‘‘coastline’’ at the highland–lowland

boundary with numerous straight and angular margins. In addition to flow from the highlands drainages, the lowland area shows

evidence for more prolific flow parallel to the highland–lowland boundary leaving bright outliers resembling terrestrial sandbars. This

implies major west to east floods across the plains where the probe landed with flow parallel to the highland–lowland boundary; the

primary source of these flows is evidently not the dendritic channels in the bright highlands to the north.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Descent Imager/Spectral Radiometer (DISR) car-
ried aboard the Huygens Probe (Tomasko et al., 2002)
acquired 1134 visible-light images with its three cameras
during descent to and following landing on Titan’s surface
(Tomasko et al., 2005). These cameras returned the first
ever high-resolution (�60m/pixel to a few mm/pixel)
images of the surface. About half of these images were
lost due to the failure to receive the Channel A data from
e front matter r 2007 Elsevier Ltd. All rights reserved.
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the Huygens Probe at the Cassini Orbiter (Tomasko et al.,
2005) but 580 were successfully returned to Earth. Of these,
223 images were returned from the surface after landing. Of
the remaining returned descent images, 240 were acquired
below 40 km at about the altitude where surface detail
began to emerge through Titan’s thick, scattering aerosol
haze. While much of the stereo coverage was lost with the
Channel A data, the image set does provide extensive
coverage of the region around the Huygens landing site.
The analysis of some of the remaining stereo coverage is
the main subject of this paper.
The three DISR visible-light cameras include: the high-

resolution imager (HRI), the medium-resolution imager
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Fig. 1. Schematic layout of the fields-of-view (FOVs) of the DISR visible-light cameras. Angles denote approximate positions of the tops and bottoms of

the FOVs from nadir. See Table 1 for further detail.

Table 1

Summary characteristics of the DISR camera

Camera Format, pixels Pixel (deg.) Range from Nadir (deg.) Azimuth range (deg.)

Side-looking imager—SLI 128� 256 0.20 45.2–96.0 25.6

Medium resolution imager—MRI 176� 256 0.12 15.75–46.25 21.1

High resolution imager—HRI 160� 256 0.06 6.5–21.5 9.6
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(MRI), and side looking imager (SLI); Fig. 1 shows
the general layout and Table 1 provides basic geometric
properties of the cameras. During imaging sequences
all three cameras were exposed simultaneously providing
a strip of image coverage from just off of nadir to j
ust above the horizon. As the probe spun and drifted
laterally during descent, panoramas were built up in
cartwheel patterns.

2. Stereo coverage

The descent plan called for useful stereo coverage to be
collected only with the HRI and MRI cameras; the surface
resolution and emission angles from the SLI would not be
appropriate for this application. For lateral view directions
(i.e. perpendicular to the drift direction) HRI–HRI and
MRI–MRI provide stereo; for the fore and aft directions
HRI–MRI pairs can also be used. The DISR imaging
sequence was designed to acquire stereo coverage assuming
substantial eastward drift of the probe during descent
driven by the prograde zonal wind. It was thought that the
surface could become visible between 50 and 90 km and the
wind drift would be 10–50m/s. Thus it was anticipated that
the imaging coverage might be spread out eastward several
hundred km.
During the actual descent two major factors affected the
stereo coverage: (1) the troposphere was hazier than
anticipated so that the surface was not adequately resolved
to accurately measure photogrammetric positions until
reaching �20 km altitude and (2) by that altitude the wind
speed had dropped to �4m/s, continued to decrease with
altitude, and actually reversed below �7 km drifting back
to the northwest at �1m/s (Tomasko et al., 2005). As a
result, in the last 20 km the descent was almost straight
down with little lateral drift. Fig. 2 shows the geometry of
the descent below 20 km where photogrammetrically usable
stereo image data were acquired for the two regions in
region of the Huygens landing site (HLS) for which digital
terrain models (DTMs) were generated in this work.
Table 2 provides current best estimates (Karkoschka,
2006) of the camera positions for the seven DISR images
of the stereo pairs depicted in Fig. 2. Fig. 3 shows the larger
region of the full DISR image coverage.
Because of the rapid decrease in lateral drift rate below

20km, DISR returned a series of panoramas mostly of the
same region but each with increasingly higher resolution
than the last. This was fortunate for several reasons:
(1) owing to the loss of the Channel A data each panorama
was partial and repeated coverage ultimately provided
useful images of the entire landing site region, (2) having
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Fig. 2. West-looking perspective view showing the location and geometry of the DISR stereo images described here. Also shown is the Huygens descent

trajectory (in blue, vertical blue lines denote ground track location). The Huygens landing site (current best estimate 10.41S, 192.41W) is at the center of the

view. Region 1 images (on right, top down) are HRI 414, HRI 450, MRI 553, MRI 601, MRI 634. Region 2 images (on left top down) are HRI 498 and

MRI 595. Camera stations for the stereo images are provided in Table 2. The base map is 16m/pixel DISR mosaic from Karkoschka (2006).

Table 2

Huygens Probe positions relative to landing site for stereo image sets

shown in Fig. 2

Region Image ID Camera Altitude

(km)

North D
(km)

East D
(km)

1 414 HRI 16.61 �0.13 �1.96

1 450 HRI 14.44 �0.18 �0.95

1 553 MRI 8.71 �0.19 0.62

1 601 MRI 6.60 �0.19 0.73

1 634 MRI 5.07 �0.16 0.68

2 498 HRI 11.89 �0.19 �0.02

2 595 MRI 6.78 �0.19 0.73
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images for context at higher altitudes for the lower altitude
higher resolution (often isolated) frames certainly aided
in the interpretability of the surface processes, and
(3) repeated coverage yielded a number of same-side, high–
low, HRI–MRI pairs with adequate parallax to measure
surface topography (Fig. 2). For these stereo pairs the HRI
images were acquired from roughly twice the altitude as
were the MRI images. Combined with the factor of two
difference in angular resolution between the two cameras,
images in these pairs have roughly the same resolution
further facilitating the stereogrammetric analysis.

3. Digital terrain models

A digital photogrammetric workstation, running com-
mercial software (SOCET SETsBAE) that was adapted
for planetary mapping was used to derive DTMs from the
overlapping pairs of DISR images. The workstation is first
used to photogrammetrically adjust the images relative to
each other and to solve for relative camera orientations and
probe positions. Once the relative adjustment is performed,
it is usually possible to use automatic matching techniques
to derive DTM information. However, due to noise and
compression artifacts in the images and their small size,
attempts to use automated matching were not successful
and the DTM information (for individual ‘‘posts’’) was
tediously edited or collected manually. For each stereo
model, in addition to a DTM, a pair of orthorectified
images was also generated. The best of these were merged
into an orthophoto mosaic that was color-coded and
rendered into 3-D for the portrayals in Figs. 4–7. Table 3
provides geometric parameters for the centers of the
overlap areas for the stereo pairs analyzed for the two
regions shown in Fig. 2. The final topographic models for
the two regions described here (DTMs and orthorectified
images) are available at http://webgis.wr.usgs.gov/pigwad/
down/titan_dl.htm.

3.1. Region 1 DTM

Fortuitously, the most robust set of images with which to
construct a DTM consists of six overlapping stereo pairs
(utilizing 2 HRI and 3 MRI images, Table 3) that straddle
the major bright–dark boundary between the bright rugged
highlands with dark dendritic drainages 5 km north of the
HLS and the lower plains where Huygens landed that

http://webgis.wr.usgs.gov/pigwad/down/titan_dl.htm
http://webgis.wr.usgs.gov/pigwad/down/titan_dl.htm
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exhibit evidence of fluvial scour (Tomasko et al., 2005).
Fig. 4 shows perspective views (with no vertical exaggera-
tion and simulated emission angles of 451) and Fig. 5
provides a quantitative scale for the digital elevations. The
area of the region is roughly 3� 5 km. The integrated
DTM was then arbitrarily leveled (residual tilt reduced);
this was necessary as no surface datum yet exists.
Noteworthy is the ruggedness of the topography; in many
places the slopes are near 301, or about the angle of repose
for most unconsolidated natural materials. The white dots
in Fig. 5 show the location of what we interpret to be a
drainage divide that is discussed later in this paper.
3.2. Region 1 error analysis

Because the Region 1 DTM was constructed by pairing
each of 2 HRI images with each of 3 MRI images, yielding
six overlapping stereo pairs, it is possible to do error
analyses by comparing models (Archinal et al., 2006). In
addition results by separate human operators were
compared. In initial evaluation of the DTMs, questions
arose about the validity of a depression near the top of the
DTM as seen in Fig. 5. This appears as a shallow bluish
basin (top right side of Fig. 5) that is bounded on the south
by a ridge along the north edge of the most prominent
drainage in the image. Stereo pairs HRI 414/MRI 601 and
HRI 414/MRI 553 cover this part of the DTM that is in
question. Separate operators have verified that a depres-
sion is evident in HRI 414/MRI 601. The pair HRI 414/
MRI 553 does not show the depression, probably because
MRI 553 has the lowest-resolution and poorest quality
image in the set. To assess the overall DTM quality, three
operators independently extracted DTMs from each of the
Table 3

Geometric image parameters at the center-of-overlap for the stereo pairs

used in this study.

Region HRI

image

MRI

image

Convergence

angle

HRI res. (m/

pix)

MRI res. (m/

pix)

1 414 553 12.1 18.1 20.8

1 414 601 16.1 17.9 16.3

1 414 634 18.7 17.9 13.0

1 450 553 9.5 15.8 20.7

1 450 601 13.8 15.6 16.2

1 450 634 16.7 15.6 12.9

2 498 595 5.3 13.1 15.7

Table 4

Error estimates for Region 1 based on comparisons between individual stereo

Stereo model comparisons Operator

All stereo pairs Excluding 553 All stereo

Min RMS (m) 15.6 15.6 6.0

Max RMS (m) 64.6 44.3 42.9

Avg RMS (m) 39.6 30.5 22.0
six overlapping stereo pairs. Comparisons were then made
using the SOCET SET quality statistics tool; results are
shown in Table 4. First, comparison of overlapping DTMs
extracted by the same operator gives an understanding of
how well the images are photogrammetrically bundle
adjusted. Second, operator-to-operator comparisons give
an understanding of the expected precision of the data.
Third, we compared the averaged error estimates with
those weighted by stereo pair quality and resolution.
Because MRI 553 is of significantly lower resolution than
the other images in this set, error statistics were computed
with and without the influence of this image. As expected,
most of the error is attributable to input data quality,
rather than operator (all operators had more than 10 years
of experience). In conclusion, this DTM is estimated to
have an accuracy of �30m in surface elevation; there is,
however, insufficient redundant data to verify the ques-
tionable depression.

3.3. Region 2 DTM

The second stereoscopically mapped area (Region 2)
consists of only a single HR–MRI stereo pair but covers an
area in the dark plains region where bright ridges stand out
and in places appear to divert surface flow (Figs. 6 and 7).
The errors in this model are somewhat higher than for
Region 1 (probably 30–50m) owing to the low convergence
angle in the area of image overlap (Table 3) and the lack of
redundant images. Nonetheless this is an important data
set as it is the only stereoscopic data available for the dark
plains upon which the Huygens Probe landed. Even with
the larger error in this topographic model it is clear that the
bright strands of material that lace through the dark plain
have positive relief and are ridges that are �100m in
height.

4. Regional context: comparison with RADAR and VIMS

data

The Cassini RADAR synthetic aperture radar images
(SAR) show RADAR-dark longitudinal dunes forming
vast ‘‘sand seas’’ throughout Titan’s optically dark
equatorial regions (Lorenz et al., 2006b). In order for
saltation to occur to form the dunes these workers
conclude that the dune material must be relatively coarse
grained (100–300 mm). Through correlation of DISR SLI
(in which the surface is visible 450 km from the Huygens
models and operators

comparisons Merge by order vs. averaging

pairs Excluding 553 All stereo pairs Excluding 553

6.0 17.6 11.0

31.3 23.4 15.9

17.0 20.6 13.8
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landing site) with SAR images, Lunine et al. (submitted)
show the nearest dunes to be about 30 km north of the HLS
(also see Fig. 3) and the immediate region of the landing
site (e.g. the area covered in the mosaic base in Fig. 2) is
largely dune-free. Other than these few dunes there is
remarkably little correlation between features seen in the
SAR images and in DISR; possible reasons are summar-
ized next.

A number of studies have shown that short-wavelength
infrared (1–2 mm) spectral properties of optically dark
regions are consistent with dirty water ice whereas the
bright regions are consistent with lower concentrations of
water ice (Coustenis et al., 1995, 2005; Griffith et al., 2003;
McCord et al., 2006; de Pater et al., 2006; Negrão et al.,
2006, 2007; Hirtzig et al., 2007). Soderblom et al. (this
issue) show that based on Cassini VIMS spectra (Visible
and Infrared Mapping Spectrometer) the dark units can be
further subdivided into two groups: one of which appears
enriched in water ice and a second dark unit that appears
relatively water-ice poor. Barnes et al. (2007) also recognize
these two dark units. Soderblom et al. (this issue) show that
the water-ice-poor dark units correlate strongly, if not
uniquely, with the vast dunes seen in Cassini RADAR
images. They hypothesize that the dunes are composed of
coarse hydrocarbon and/or nitrile grains mixed with lesser
amounts of water ice. They advance a simple model in
which Titan’s surface units consist of a dirty water-ice
optically dark substrate that is mantled by two types of
hydrocarbon- and/or nitrile-rich deposits: fine bright
aerosol dust and dark coarse grains of the dunes.
Soderblom et al. suggest further that the mantles of bright
aerosol material are effectively transparent in RADAR
SAR images leading to the lack of correlation between
Fig. 3. Complete region of DISR image surface coverage (mosaic from

Karkoschka, 2006). The mosaic covers an area of 128� 160 km. SLI

image coverage extends out well beyond the nearest dark dunes �30 km to

the north also seen in the Cassini RADAR SAR images (Lunine et al.,

submitted). The region shown covers approximately 9.0–11.81S,

190.6–194.21W; the map projection is simple cylindrical.
DISR and RADAR at higher resolution or between VIMS
and RADAR on the regional scale. VIMS data show that
Huygens landed in region where both the dark water-ice
enriched substrate and the bright material, evidently lower
in water ice, are exposed. This is consistent with results of
Rodriguez et al. (2006) in analysis of VIMS spectra and
with the results of the DISR near-IR spectra (0.87–1.7 mm)
that show evidence of water ice in the dark plain of the
landing site (Tomasko et al., 2005).

5. Geomorphology: discussion and interpretation

Tomasko et al. (2005) interpret the dark channel
networks seen in the bright highlands to be carved by flow
of liquid methane or methane–ethane liquid, generated
either by rainfall or by springs or both. Collins (2005)
shows that despite enormous differences in environment,
fluvial erosion rates by water on Earth and methane on
Titan are likely to be quite similar for similar stream
channels. The drainages seen in the 3-D models (cf. Fig. 5)
are dark by about a factor of two compared to the adjacent
bright material. Consistent with Tomasko et al. (2005) we
interpret this due to lower albedo material on the floors of
the channels. Alternatively, Grieger et al. (2006) suggest
that the dark floors could be entirely an effect of shading.
They argue that the strong directional component of the
solar aureole (solar incidence �351, solar azimuth �1251)
in the diffuse illumination of the surface would be adequate
to introduce such topographic shading. Although some
weak shading is expected, we do not find it compelling that
this is a significant effect for several reasons: Valleys
aligned toward the Sun should exhibit reduced shading
compared to those oriented at 901 which is not observed.
Second, the brightness variations appear strongly bimodal
as would be expected for an albedo contrast between two
uniform materials rather than for continuously varying
shading. Third, for shading to produce the very dark valley
floors would seem to require an unnatural rapid increase
slope (downward) just at the base of the adjacent bright
slopes. Fourth some of the channels exhibit enlarged
sections (Fig. 5) along their lengths and at junctions,
perhaps where the flow was ponded, which would be
difficult to understand in a shading-only model. Finally,
cobbles at the landing site exhibit only weak shading. We
conclude that the bright highlands and incised dark-floored
valleys (cf. Region 1) represent materials with distinctly
different albedos that are �0.1 and �0.2 (in the visible
spectral region of the DISR cameras, centered �0.7 mm).
There are two distinctively different styles of drainage

network in the bright highlands. Both show elements of
tectonic control to varying degrees as does the ‘‘coastline’’
between the bright and dark regions, characterized in
places by sharp, angular junctions between linear segments.
The first type of drainage is an intermediate-order
integrated dendritic network mapped in Region 1 (Figs. 4
and 5). Perron et al. (2006) provide an excellent discussion
of these networks and comparisons with analogous
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terrestrial systems. This style is prevalent in the right-hand
side of the upper panel in Fig. 8. These branching networks
are at least fourth order (number of tributary branches
counted upstream from the boundary with the dark plains).
In terrestrial systems such dendritic systems are the result
of a distributed source, that is, rainfall. In the case of Titan
the rainfall is presumed to be precipitating methane or a
methane–ethane mixture (in which, by virtue of the vapor
pressures, methane dominates). Another interesting char-
Fig. 4. Four perspective views of the composite DTM derived from six

stereo models for Region 1 (upper left: N-looking, upper right: E-looking,

lower left: S-looking, lower right: W-looking). The HRI and MRI images

were orthorectified, mosaicked, color-coded in elevation (blue-to-red

�250m) and then rendered into these 3-D views. There is no vertical

exaggeration.

Fig. 5. Vertical views of the DTM for Region 1. Left: elevations are color-sliced

pair: the elevation-color-coded orthorectified mosaic used in Fig. 4 is rende

drainages trending north and eastward from those trending south and eastwa
acter of these networks is that the DTM suggests a
topographic divide that separates two sets of drainages:
one that flows north and eastward and another south and
eastward (seen in stereo in Fig. 5). In places the divide has
been breached and drainages have evidently begun captur-
ing one another.
By contrast the drainage system in the left side of the

same panel (Fig. 8 upper) shows a very different pattern.
This style exhibits much lower order branching (only
second and third order) with short ‘‘stubby’’ upper
tributaries (Tomasko et al., 2005). Rather than rainfall
this is more characteristic of spring sapping at the heads of
closed canyons seen in many arid parts of the Earth (for
example in the southwestern United States). Although the
eastern drainages (Region 1) exhibit several linear segments
suggestive of tectonic influence, the lower-order style on
the west side of the panel appears much more strongly
tectonically controlled, evidently by linear fault patterns;
these are delineated in Fig. 9. We further speculate that a
bright deposit of material may have been extruded into and
onto this canyon system; in places this bright unit forms
linear patterns as if it were confined by fault valley walls.
Perhaps this represents an eruption of fresh material
(i.e. cleaner) from ammonia-water cryovolcanism, a
process believed to be likely operative at Titan’s surface
(Lewis, 1971, Stevenson, 1992; Lopes et al., 2007). In this
interpretation the faults were later reactivated, forming
zones of weakness for the methane fluid to erode the now-
dark channel floors.
The lower left panel in Fig. 8 illustrates the erosive flow

across the dark plains unit that surrounds the Huygens
landing site. Flow here is generally from WNW to ESE and
appears to be down-cutting from one plains level to
another. DISR images acquired of the surface after landing
and provided with a scale (units are in meters; grid spacing is 50m). Right

red here into a synthetic stereo view. White dots denote divide between

rd (see discussion of geomorphology).
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show the dark surface strewn with what may be rounded
water-ice cobbles (Tomasko et al., 2005). These range from
5 to 15 cm in size and place constraints on the ability of the
methane flows to transport material (Tomasko et al., 2005).
The lower right panel in Fig. 8 covers the area mapped
stereoscopically as Region 2. As noted the error in the relief
in Figs. 6 and 7 may be as much 30–50m; but it is clear that
the bright units protrude as ridges above the dark plain.

Fig. 9 is an interpretive map of inferred flow directions
and structural lineaments that appear to partly control the
patterns of both the drainage systems as well as parts of the
‘‘coastline’’ between bright highlands and the lower dark
plains. The flow patterns are interpreted from a composite
of information (1) taken directly from the DTMs, (2)
mapped from the dark channel floors that stand out
against the bright highland material, (3) mapped from
higher resolution images in which erosive channels can
Fig. 6. Four perspective views of the DTM derived from a single stereo

pair for Region 2 (upper left: N-looking, upper right: E-looking, lower left:

S-looking, lower right: W-looking). The MRI image was orthorectified,

mosaicked, and color-coded in elevation (blue-to-red �250m) and then

rendered into these 3-D views. There is no vertical exaggeration.

Fig. 7. Vertical views of the DTM for Region 2. Left: Elevations are color-slice

pair: The elevation-color-coded orthorectified MRI image used in Fig. 6 is ren
clearly be seen in the dark plain (cf. Fig. 8 lower left), and
(4) inferred from patterns of bright markings in the dark
plains (e.g. along-shore shoals and sandbar-like features,
patterns that taper downstream). It appears that although
there is clearly flow through and from the highlands down
into the lower darker plains, major flow across the plain is
parallel to the ‘‘coastline’’ with major flows from west to
east across the region (but locally range from northeasterly
to southwesterly). This suggests major sources of liquid
methane/ethane in some region(s) to the west. It is
interesting to speculate whether there is liquid exposed at
the surface in those areas; the Huygens probe landed on a
dry plain but liquid methane appeared to be present just
below the surface (Niemann et al., 2005; Lorenz et al.,
2006a) (Fig. 9).
Perron et al. (2006) modeled methane precipitation rates

required to erode the dendritic valleys in the highlands to
the north of the HLS (e.g. Region 1). They note that
modeled precipitation rates are highly dependent on the
size of the material entrained in transport. They used size
ranges taken from the landing site images of 1–10 cm and
infer precipitation rates of 0.5–15mmh�1. However the
cobbles seen at the HLS may not be at all representative of
the grain size of the material transported in the dendritic
highland channels to the north. These cobbles (5–15 cm
from Tomasko et al., 2005) may only pertain to the floods
that we infer have scoured the dark HLS plain flowing
from west to east.

6. Summary

The Huygens landing site is in a region of bright and
dark units that is free of the pervasive dune fields found
elsewhere, the nearest being �30 km north of the landing
site. The geomorphology of the landing site region is that
of bright rugged higher terrain and lower water-ice rich
dark plain, in which fluvial and pluvial erosional and
depositional processes, often reflecting tectonic control,
d and provided with a scale (units are in meters; grid spacing is 50m). Right

dered as a synthetic stereo view.
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Fig. 8. Patterns of integrated drainage, flow, and erosional scour in the Huygens landing site region. Upper: two styles of drainage networks in the bright

region 5–10 km north of the Huygens landing site (16m/pixel). Lower left: high-resolution (2m/pixel) view of the erosional channels around the Huygens

landing site (marked with white x). Lower right: medium-resolution view (8m/pixel) of bright ridges standing above the dark plain evidently carved by

surface flow based on the stereo model in Region 2 (center�4 km ESE of the landing site). Mosaics are from Karkoschka, 2006.

Fig. 9. Inferred tectonic and fluid-flow patterns: tectonic patterns are blue;

drainage divide is red; flow directions are shown as green arrows; and the

Huygens landing site marked by the white ‘‘x’’. The area covered is

�18.3� 10.9 km (�10.2–10.51S, 192.2–192.61W); the map projection is

simple cylindrical (16m/pixel). Base mosaic from Karkoschka (2006).

L.A. Soderblom et al. / Planetary and Space Science 55 (2007) 2015–20242022
and are the major ongoing processes in the roughly 100
square kilometers around the landing site. The digital
elevation models constructed from these images show
rugged topography in places approaching the angle-
of-repose, mixed with flat plains. Brighter highland regions
display two styles of drainage patterns: short, stubby low-
order drainage channels (second or third order) suggestive
of methane spring-sapping and in rough topography and
complex branching drainage systems with high-order (up
to fourth order) suggestive of methane/ethane rainfall. The
topographic data show that the slopes in bright terrain
being dissected by the high-order drainage channels are
extremely rugged; slopes of order of 301 appear common.
These systems drain into adjacent relatively flat, dark
lowland terrains. The model of Soderblom et al. (this issue)
suggests the immediate region of the HLS to consist of a
dark, dirty water-ice substrate that is mantled with bright
deposits in the highlands regions a few kilometers to the
north. If that model is valid then the dark channels of the
highlands to the north and the plains of the HLS itself
represent the exposed dark water-ice-rich substrate.

In addition to flow from the highlands drainages, the
lowland area shows evidence for additional flow parallel to
the highland–lowland boundary leaving bright outliers
resembling terrestrial sandbars. This implies major W-to-E
floods across the plains with flow parallel to the highland-
lowland boundary. Consistent with this hypothesis, images
taken after landing on the surface show abundant 5–15 cm
sized rounded and smooth cobbles strewn about an
apparent flood plain. A stereo model for part of the dark
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plains region east of the landing site shows surface scour
flowing to the east leaving a laced pattern of bright ridges
that are on order of 100m high. Tectonic patterns are also
evident in controlling (1) the rectilinear, low-order, stubby
drainages and (2) the numerous straight and angular
margins along the ‘‘coastline’’ separating highland–low-
land boundary. Because the features appear to be fresh and
hence quite young, they suggest that occasionally the now-
subsaturated equatorial atmosphere becomes moistened
with enough methane to create violent rainfall and hence
the erosion seen in the DISR images.
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