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[1] We have developed a novel method for delineating valley networks on Mars. The
valleys are inferred from digital topography by an autonomous computer algorithm as
drainage networks, instead of being manually mapped from images. Individual drainage
basins are precisely defined and reconstructed to restore flow continuity disrupted by
craters. Drainage networks are extracted from their underlying basins using the
contributing area threshold method. We demonstrate that such drainage networks coincide
with mapped valley networks verifying that valley networks are indeed drainage
systems. Our procedure is capable of delineating and analyzing valley networks with
unparalleled speed and consistency. We have applied this method to 28 Noachian locations
on Mars exhibiting prominent valley networks. All extracted networks have a planar
morphology similar to that of terrestrial river networks. They are characterized by a drainage
density of �0.1 km�1, low in comparison to the drainage density of terrestrial river
networks. Slopes of ‘‘streams’’ in Martian valley networks decrease downstream at a slower
rate than slopes of streams in terrestrial river networks. This analysis, based on a sizable
data set of valley networks, reveals that although valley networks have some features
pointing to their origin by precipitation-fed runoff erosion, their quantitative characteristics
suggest that precipitation intensity and/or longevity of past pluvial climate were inadequate
to develop mature drainage basins on Mars. INDEX TERMS: 6225 Planetology: Solar System

Objects: Mars; 1848 Hydrology: Networks; 1824 Hydrology: Geomorphology (1625); 5415 Planetology: Solid
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1. Introduction

[2] Valley networks (VNs) are common geomorphic
features on Mars that are visually reminiscent of terrestrial
river systems. This visual resemblance gave rise to an early
suggestion [Masursky, 1973; Milton, 1973] of a common
origin of VNs and terrestrial river systems – the process of
precipitation-fed fluvial erosion. Such a formation mecha-
nism implies that at the time of VN formation, Martian
climate was able to support widespread and sustained
precipitation, in striking contrast to the present climatic
conditions [Sagan et al., 1973]. The VNs are located
predominantly, but not exclusively, in the cratered uplands
of the southern hemisphere dating from the Noachian
period. The majority of valley networks have also been
dated from the Noachian [Carr, 1995] indicating that the
presupposed period of warm climate occurred early in Mars
history. Because of the importance of this possibility for our
understanding of the history of water and climate on Mars

and the implications for exobiology models, it is paramount
to establish more firmly the origin of VNs.
[3] It is the overall morphology of VNs, a downhill

oriented, complex system of hierarchically coalescing chan-
nels, that suggests their origin by runoff erosion. On the
other hand, studies focusing on particular aspects of VNs do
not, in general, corroborate the runoff origin hypothesis.
Pieri [1980] lists a number VN morphometric features, such
as deeply entrenched canyons with amphitheater termina-
tions and shallow tributary junction angles, that are incon-
sistent with runoff, but instead suggest groundwater sapping
as a dominant mechanism for the VN origin. Aharonson et
al. [2002] studied longitudinal profiles of main streams for
several Martian VNs using Mars Orbiter Laser Altimeter
(MOLA) data and have found that their linear character is
inconsistent with runoff but consistent with groundwater
sapping. Some other studies, concentrating on either local or
global morphology of VN have yielded mixed results.
Williams and Phillips [2001] studied widths, depths, and
transverse profiles of channels constituting a VN using the
MOLA data. The goal of their work was to diagnose the
system origin from the shape of a transverse profile of
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selected channels. They have found both U-shaped profiles,
which they have interpreted as an evidence for incision by
groundwater sapping, and V-shaped profiles, which they
have interpreted as due to incision by surface runoff,
commonly within the same VN system. Stepinski et al.
[2002] calculated statistical properties of VNs using the
MOLA data. They have shown that the VNs are self-affine
statistical fractals with planar (but not vertical) properties
similar to terrestrial river networks. Their findings support a
notion that runoff played role in forming the VNs, but their
results are inconsistent with the origin of VNs due to
sustained, terrestrial-style precipitation.
[4] Drainage density is a morphometric attribute of VNs

that has been studied extensively because it is considered to
be especially well suited to diagnosing the mode and/or
efficiency of fluvial erosion. Drainage density is a measure
of how closely spaced streams are in a drainage network.
The drainage density D, calculated for a specific drainage
basin, is defined as D = Lb/Ab, where Lb is the total length of
stream channels within a basin and Ab is the total area of a
drainage basin. Typical values of D for terrestrial drainage
basins are in the range of 1–100 km�1 [Abrahams, 1984],
depending on a precipitation rate and subsequent redistri-
bution of water (lithology, vegetation, etc.). Calculating
values of D for Martian basins using imagery data is
hindered by difficulties in delineating individual drainage
basins. Baker and Partridge [1986] collected morphometric
attributes for 24 small Martian VNs using imagery data.
They estimated the values of D to be in the range of 0.015–
0.16 km�1 with an average of 0.06 km�1. These estimates
suffer from a lack of information on actual areas of drainage
basins. Instead, the basin length, lb, was measured and
connected to its area Ab = F lb

2 using a constant form factor,
F. Cabrol and Grin [2001] derived hydrological character-
istics of 71 small but pristine VNs using Viking imagery
data. They delineated basins’ perimeters using visible ter-
minations of the fluvial systems, and obtained the values of
D to be in the range of 0.04–0.38 km�1 with an average of
0.12 km�1. Grant [2000] mapped valleys in Margaritifer
Sinus, Mars and reported drainage densities <0.1 km�1.
[5] Recognizing the difficulties with delineating individ-

ual drainage basins on images of Mars, Carr and Chuang
[1997] proposed studying drainage properties using a mod-
ified definition of the drainage density, Dim = Lim/Aim,
where Aim is an area of a region shown in an image, and
Lim is the total length of stream channels identified on this
image. They calculated Dim = 0.0074 km�1 for the dissected
Noachian plains, much lower than Dim � 0.1 km�1 that they
calculated from Landsat images of a number of regions in
the United States. This significant discrepancy was used as
an argument against surface runoff origin of VNs. However,
Hynek and Phillips [2003] recently used Mars Orbiter
Camera (MOC) imagery data, supplemented by the
MOLA-derived topography data, to map up to ten times
as many valleys as were mapped by Carr [1995] using
Viking Orbiter images. They used topography data to
identify basins’ boundaries and reported values of D in
the range of 0.065–0.095 km�1 with an average of
0.085 km�1 over the five basins that they investigated.
These higher values of D prompted Hynek and Phillips to
argue that surface runoff played an important role in the
origin of VNs.

[6] This brief review of existing results reveals shortcom-
ings and limitations of the presently used methodology. The
analysis is based predominantly on imagery data, making it
impossible to objectively isolate individual basins. This
forces the investigators to introduce subjective, nonstandard
approximations to delineate basins’ boundaries, making an
objective comparison between different studies difficult. This
problem is compounded by the existence of two, incompat-
ible definitions of drainage density. The values ofDim tend to
be smaller than the values of D, because an image, unlike a
drainage basin, may contain undissected areas. Recently,
digital topography has been utilized to delineate drainage
basins. Luo [2002] used digital topography to delineate
watershed boundaries of the Margaritifer Sinus region.
Because the focus of Luo’s work was on a hypsometric
analysis of Martian drainage basins, valley networks were
not mapped and drainage densities were not calculated. Irwin
and Howard [2002] used topographical data to divide Terra
Cimmeria region into a number of drainage basins. For three
of these basins they used small sections of pristine terrain to
map valleys from images and calculated drainage densities in
the range of 0.2–0.34 km�1. Finally, an aforementionedwork
by Hynek and Phillips [2003] employed MOLA-derived
topography to help define boundaries of drainage basins.
Note that although these works used topography to define
drainage basins, networks themselves weremanuallymapped
from images. OnlyCraddock et al. [2003] used topography to
extract a drainage network from the location around Tyrrhena
Terra region and reportedD� 0.193 km�1. Manual mapping
of individual valleys suffers from inconsistent standards and
limits the number of basins that can be investigated.
[7] In this paper we present a comprehensive approach to

extraction and analysis of Martian VNs. First, our method
does not utilize imagery data, instead it is based solely on
digital topography. Unlike images, Digital Elevation Mod-
els (DEMs) are suitable for an automated and quantitative
analysis of drainage basins. Second, we use a computer
algorithm to precisely isolate individual drainage basins.
Finally, a drainage network is inferred from a basin’s
topography by an autonomous procedure without resorting
to human judgment in delineating channels on a case-by-
case basis. Our method is analogous to the standard method
[O’Callaghan and Mark, 1984; Tarboton et al., 1989] of
extracting river networks from terrestrial DEMs, although
significant modifications are necessary to account for spec-
ificity of Martian terrain. The entire procedure is automated
and thus capable of analyzing Martian basins with speed
and consistency. The purpose of this paper is twofold. First,
we outline a design and workings of the automated method
for extraction and analysis of Martian drainage networks.
We demonstrate that computationally inferred networks
indeed coincide with networks mapped from images. Sec-
ond, we present the results of our analysis as applied to a
large number of basins located at the Npld geological unit.
We demonstrate that the values of D, autonomously calcu-
lated by our method, are comparable to the values of
D obtained by Hynek and Phillips [2003].

2. Data

[8] We have selected 28 Martian terrains from the Npld
geological unit [Greeley and Guest, 1987] to extract and
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analyze drainage basins. The terrains are listed in Table 1.
They have been selected to contain clearly visible VNs. The
name in the second column of Table 1 is the name of a
nearest prominent landscape feature. Coordinates in col-
umns 3 and 4 of Table 1 are those of the center of a DEM
representing a given terrain. The digital topography of the
terrains was extracted from the MOLA Mission Experiment
Gridded Data Record (MEGDR) [Smith et al., 2003] with
the resolution of 1/128 degree per pixel in both latitude and
longitude. We have organized MEGDR data into local
DEMs. Each DEM covers a terrain that contains at least
one prominent drainage basin.
[9] Because the DEMs have a relatively coarse resolu-

tion, lx = ly � 0.5 km, there is an intrinsic limit, Dmax, to the
value of drainage density we can find. Let’s consider an
extracted basin that occupies N pixels and is spanned by a
drainage network that passes through M pixels. The total
area of this basin is Ab = Nlx

2 and the total length of stream
channels is Lb � Mlx. The resultant drainage density is D �
(M/N) (1/lx). For the densest possible network M = N,
resulting in Dmax = (1/lx) = 2 km�1. This is a theoretical
upper limit on the value of D using digital topography with
resolution of 0.5 km.

3. Methods

[10] Our analysis does not presuppose the existence of
precipitation. Using a computer algorithm Martian terrain
can be represented as a series of drainage basins, regardless
of the historical presence or absence of actual surface fluid
flow [Stepinski et al., 2002]. The algorithm can be thought
of as subjecting a present-day landscape to uniformly
distributed and constant ‘‘artificial rain’’ and registering
how it drains. Similarity between the resultant drainage

pattern and a terrestrial drainage pattern suggests that the
analyzed landscape has been indeed sculpted by precipita-
tion-fed fluvial erosion. A resultant pattern different from
the terrestrial analog suggests that the analyzed landscape
was modified by processes other than terrestrial-style runoff
erosion. The analyses consist of two phases, extracting and
reconstructing a drainage basin from a DEM, and then
analyzing it, including a delineation of drainage network
and calculation of drainage density.

3.1. Delineating and Reconstructing Drainage Basins

[11] A drainage basin is computationally extracted from a
DEM using an algorithm developed for studies of terrestrial
river basins [Tarboton et al., 1989]. The algorithm takes a
DEM as an input and produces a number of consecutive
grids of the same dimension as the original DEM as an
output. These operations are performed by a software suite
TARDEM (http://www.engineering.usu.edu/dtarb/).
[12] In the first step the algorithm modifies the original

elevation field in order to make it ‘‘drainable’’. This step is
referred to as flooding. It identifies all pits in the DEM and
raises their elevation to the level of the lowest pour point
around their edge. In terrestrial context pits are generally
taken to be artifacts that interfere with the routing of flow
across a DEM and are removed to facilitate the ability of a
DEM to completely drain off its edge. Because most
terrestrial terrain is naturally drainable, flooding results in
only minor modification to the original terrestrial elevation
field. However, much of the Martian terrain is not naturally
drainable and flooding results in a significant modification
of the original elevation field. In the second step, each pixel
is assigned a drainage pointer to one of neighboring pixels
in the direction of the steepest slope. This procedure is
frequently referred to as the D8 algorithm [O’Callaghan

Table 1. Properties of Extracted Martian Drainage Basins and Drainage Networks

Name Longitude (E) Latitude
Basin Area,

km2
% of Pixels
Flooded

Mean Flood,
m

Ath,
pixels

Number
of Links W

D,
km�1

1 Pollack 31.3 �8.9 11213 13 29 150 161 5 0.12
2 Verde Vallis 30.2 �2.5 19503 16 27 225 175 4 0.1
3 Evros Vallis W 14.4 �13. 33434 17 35 375 193 4 0.08
4 Mosa Vallis S 22.05 �15.25 22611 23 32 175 253 5 0.11
5 Mosa Vallis N 24.4 �13.2 28858 18 24 210 313 5 0.1
6 Tisia Valles W 49.4 �11.6 19874 18 32 123 345 5 0.13
7 Dawes E 45.2 �5.8 35864 20 28 275 277 5 0.09
8 Dawes W 42. �7.65 18788 13 25 200 163 5 0.1
9 Liris Valles N 56. �5.9 6624 11 23 60 219 4 0.18
10 Naro Vallis 61.3 �4.6 29668 22 44 200 309 5 0.1
11 Millochou W 88.2 �20.15 59787 18 39 650 185 4 0.06
12 Millochou E 93.9 �23. 12800 9 15 130 215 4 0.15
13 Graff 149. �15. 18383 16 26 225 79 4 0.08
14 Evros Vallis N 15.1 �8.3 48561 14 26 250 391 5 0.1
15 Arda Valles �32.35 �20.8 15749 15 31 270 125 4 0.1
16 Galu �21.55 �22.8 3448 9 27 49 157 4 0.22
17 Millochou S 88. �23. 12552 11 42 350 75 4 0.09
18 Douglass �76.5 �48. 12909 13 14 375 59 4 0.09
19 Molesworth NW 144. �23.5 8482 16 15 100 177 5 0.15
20 Hadley 158.5 �20. 15441 12 23 500 63 4 0.07
21 Hadley N 155. �14.5 9567 8 14 163 121 4 0.12
22 Jarry Desloges 83. �7.5 19000 13 27 215 197 5 0.1
23 Tagus Valles 115. �7. 7197 10 19 225 71 4 0.11
24 Huygens 65. �18. 26675 11 44 181 337 5 0.11
25 Warrego Valles �93. �42. 17918 4 14 375 101 4 0.1
26 Maadim V. Trib 174. �24.3 11590 13 23 200 119 4 0.11
27 Naktong Vallis 31.3 6.6 61731 24 53 500 267 5 0.07
28 Schiaparelli 22.8 0.3 35717 25 35 250 291 4 0.09
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and Mark, 1984] because of the discretization of flow into
only eight possible directions. In the third step, the total
contributing area, A, is calculated for each pixel. This
quantity is the total number of pixels draining through a
given pixel, an area (in pixel units) of a drainage basin
culminating at a given pixel. Note, that within a framework
of our algorithm, a discharge Q in a given pixel can be
surrogated by the contributing area, Q / A. The pixel with
the largest value of a contributing area defines an outlet of

the largest drainage basin in a DEM. The collection of all
pixels in a DEM that drain through this outlet delineates this
largest drainage basin.
[13] The flooding step is very important for our ability to

delineate drainage basins on Mars. An unadjusted Martian
topography breaks into a large number of very small
drainage basins, the majority of them ‘‘internally draining.’’
This is because the Npld terrain was roughened by, among
other factors, contemporary and subsequent meteorite bom-
bardment in addition to possible fluvial erosion. From the
point of view of studying the properties of primary drainage
basins, most craters are ‘‘contamination’’, landscape fea-
tures disrupting the continuity of a preexisting drainage
basin. In order to study primary drainage basins the Martian
surface needs to be ‘‘reconstructed’’.
[14] In this paper the reconstruction is limited to selective

flooding. Figure 1 illustrates the concept of selective flood-
ing. The terrain at the Dawes W. (8 in Table 1) location is
shown at various levels of adjustments. The left column
shows a visual rendering of elevation fields, whereas the
right column shows drainage channels delineated from
corresponding elevation fields. The top row in Figure 1
illustrates the original, unadjusted terrain. The lack of any
organized drainage networks, and thus any sizable drainage
basins, is due to the presence of a large number of craters
that destroys the drainability of this terrain (the maximum
value of A is small). The middle row in Figure 1 illustrates
the terrain that has been completely flooded (every pixel in
the DEM drains over the edge of the DEM). Such an
adjustment produces terrain that contains a large basin
(the maximum value of A is large), but properties of this
basin are skewed by the fact that it embodies large, artificial
lakes (flooded craters). The purpose of reconstruction is to
flood craters that prevent continuity of a basin, but exclude
large craters from being incorporated into a basin. The
bottom row in Figure 1 illustrates the reconstructed terrain,
in which 15 significant craters, located within the bound-
aries of the large drainage basin delineated from the
completely flooded terrain, have been prevented from flood-
ing. An outcome is a somewhat smaller drainage basin,
which is not contaminated by the larger craters. This
drainage basin is still large enough for meaningful analysis.

3.2. Extraction of Drainage Networks

[15] A drainage network is the part of a drainage basin
where the flow is concentrated or channelized. The remain-
ing, much larger, portion of the basin is identified as
hillslopes, where the drainage is dispersed. Thus contribut-
ing area A, the variable associated with the discharge, can be
used to identify a drainage network. In our calculations the
extracted drainage network consists of all of the pixels
fulfilling the condition A � Ath [O’Callaghan and Mark,
1984]. The value of Ath is the channelization threshold. The
proper value of Ath is required for the extracted network to
coincide with actual channels.
[16] An extracted network has a spanning binary tree

geometry with an outlet being at the root of the tree. The
tree branches at the nodes, and the sources are the points
farthest upstream. The links are the segments of channels
between two successive nodes, or a node and a source, or a
node and the outlet. The branching hierarchy of a network is
described by the Horton-Strahler stream ordering; see

Figure 1. An elevation field at various stages of adjust-
ment for the Dawes W location (8 in Table 1). The left
column shows visual renderings of elevation fields. The
right column shows drainage channels delineated from
corresponding elevation fields. The dotted lines show the
boundary of the largest drainage basin, and the black dot
indicates a location of an outlet. The top row shows the
original terrain, the middle row shows the flooded terrain,
and the bottom row shows the reconstructed terrain.
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Rodriguez-Iturbe and Rinaldo [1997] for details. The net-
work constituent streams are ordered by an interactive
pruning [Dodds and Rothman, 2000]. Source streams are
defined as sections of the network that run from channel
heads (sources) to nodes. The source streams are classified
as the first order streams. Removing the first order streams
defines new source streams that are classified as the second
order streams etc. The order of the network, denoted by W,
is equal to the order of the stream terminating at the outlet.
[17] Computationally extracted Martian drainage net-

works are fractals [Stepinski et al., 2004], as are terrestrial
river networks [Rodriguez-Iturbe and Rinaldo, 1997;
Rinaldo et al., 1998]. Because of the network’s fractal
geometry, the total length of channels, Lb, is sensitive to
the channelization threshold Ath. A network extracted using
a smaller value of Ath extends to smaller scales, resulting in
a larger value of Lb. Because the total area of a drainage
basin, Ab is independent of Ath, the value of drainage density
D increases with decreasing value of Ath. By extracting
drainage networks for large numbers of different values of
Ath, we have established the relationship D � Ath

�0.5, in
conformance with what could be expected from dimensional
analysis. This relatively slow dependence of D on Ath

alleviates somewhat the problem of choosing just the right
value of Ath.
[18] In terrestrial context, Tarboton et al. [1991] sug-

gested an objective procedure to establish the proper value

of Ath. His criterion was to take the smallest value of Ath

such that the resultant drainage network satisfies the con-
stant drop property for streams, an empirical geomorpho-
logic attribute of terrestrial drainage networks. Specifically,
the network is selected if the average drop in elevation in its
first order streams is statistically identical to the average
drop in elevation in its higher order streams. The Student’s
t-test for the comparison of means of different populations is
used to establish the statistical equality of averages in the
two groups of streams. Networks resulting in jtj � 2 (95%
confidence level that mean drops in the populations of first
and higher orders streams are equal) are selected.
[19] By comparing extracted and mapped networks, we

have determined that the direct application of the constant
drop criterion to Martian basins results in networks that are
often under-extracted. However, we have established that a
modified constant drop criterion, selecting a network yield-
ing jtj � 3, produces networks that coincide closely with
mapped networks. Networks analyzed in this paper have
been extracted using the modified criterion. Figure 2 illus-
trates an importance of choosing the right value of Ath. The
drainage basin extracted from the terrain at the Millochou E.
(12 in Table 1) location is shown with networks extracted
using different values of Ath. Using a large, arbitrarily
chosen value of Ath = 1000 pixels results in a network
characterized by D = 0.05 km�1 (Figure 2a). This network
is clearly under-extracted as can be determined by compar-

Figure 2. Drainage network at various levels of extraction for the Millochou E location (12 in Table 1).
In Figures 2a (Ath = 1000 pixels), 2b (Ath = 30 pixels), and 2c (Ath = 130 pixels), the network is drawn on
top of a visual rendering of the elevation field with exaggerated vertical dimension. The thickness of the
blue lines, representing streams, is proportional to stream order, and the black line shows the basin’s
boundary. Figure 2d shows the Viking image of the same terrain with the red line indicating the basin’s
boundary.
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ing it to the channels visible on the image (Figure 2d).
Using a small, arbitrarily chosen value of Ath = 30 pixels
results in a network characterized by D = 0.27 km�1

(Figure 2b). This network is clearly over-extracted. Using
Ath = 130 pixels, as calculated from our criterion, we obtain
a network characterized by D = 0.15 km�1 (Figure 2c).
Inspection of the resultant network with respect to both the
topography and the image confirms that the network has the
right degree of penetration.

3.3. Comparing Extracted Networks to Mapped
Channels

[20] Our method does not identify channels per se,
instead it infers channels by constructing a drainage net-
work resulting from application of virtual rainfall to a
Martian landscape. It is possible, in principle, that extracted
networks do not coincide with valleys mapped from images.
Such a discrepancy would indicate either a non-fluvial

character of visible valleys, or significant modification of
terrain subsequent to channel incision.
[21] We have compared valley network systems mapped

by Hynek and Phillips [2003] with drainage networks
extracted using our automated method. Figure 3 (top row)
shows a side-by-side comparison between valleys mapped
by Hynek and Phillips and an extracted drainage network in
the Naktong Vallis (27 in Table 1) region. Note that a DEM
error disrupts the continuity of a very large system of valleys
mapped by Hynek and Phillips in this region. This is why
only a portion of their network is used for comparison. Also
note that the extracted network pertains to a single drainage
basin, so it should be compared to valleys mapped within
this basin. Overall, there is an excellent agreement between
the two networks, with only few minor discrepancies. The
value of drainage density is D = 0.065 km�1 according to
Hynek and Phillips and D = 0.07 km�1 according to our
calculations.

Figure 3. Comparison of extracted and mapped drainage networks for the Naktong Vallis region (top
row, 27 in Table 1) and Schiaparelli (bottom row, 28 in Table 1). The left panels show extracted networks,
drawn on top of visual renderings of elevation fields. Black lines show the basins’ boundaries. The right
panels are figures adopted from Hynek and Phillips [2003] showing the same regions. Yellow lines
indicate mapped valley networks. Points of interest in the Schiaparelli region are labeled for discussion in
the main text.
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[22] Figure 3 (bottom row) shows a side-by-side compar-
ison between valleys mapped by Hynek and Phillips and an
extracted drainage network in the Schiaparelli (28 in Table 1)
region. Again, overall, there is an excellent agreement
between the two networks. We have labeled spots of
selected discrepancies by numbers 1 to 5. In spots 1 and
3 the mapped network is disrupted by shallow craters.
Because these craters were chosen not to be a part of our
reconstruction process, the extracted network continues
through them. An inspection of the map strongly suggests
that an original network was indeed continuous in these
spots, and only later it was disrupted by impacts. In spot 2
the mapped network passes through a topographical divide
as indicated by a DEM. An image inspection suggests
continuity of an original network in this spot. A divide
maybe a result of subsequent landscape evolution or a DEM
error. In spot 4 the map indicates the existence of channels
that are absent in an extracted network. The topography of
the landscape is such that these channels would connect to
the main system through the deep crater to the left of the
spot 4, and not through the space between the craters as
indicated on the map. Because the deep crater and its
catchment are excluded from the basin by the reconstruction
procedure, these channels are not the part of the extracted
network. In spot 5 the mapped network indicates a tributary,
whereas the extracted network indicates the main stream.
This is a consequence of the discrepancy in spot 2, with the
main stream of the mapped network continuing on the other
side of the topographic divide. The value of drainage
density is D = 0.082 km�1 according to Hynek and Phillips
and D = 0.09 km�1 according to our calculations.
[23] In general there is a remarkable agreement between

mapped valleys and extracted drainage networks. This
conformity verifies that valley networks are indeed drainage
systems. Moreover, the coincidence of ancient valleys with
modern drainage systems indicates modest degree of land-
scape evolution from the Noachian epoch.

4. Results

[24] We have applied the methods described in section 3
to the 28 Martian terrains. In all cases the largest drainage
basin in a given DEM was delineated and reconstructed.
The drainage network was extracted using the modified
constant drop criterion. The drainage density, pertaining to
the reconstructed basin, was calculated.
[25] Our results are summarized in Table 1. The first

column gives an ordering number, and the second column
gives the name of a prominent landscape feature nearest to
the basin. The third and fourth columns contain coordinates
of the center of the DEM, longitude (E) and latitude (N),
respectively.
[26] The area of reconstructed basin is given in the fifth

column and ranges from 3448 km2 to 61,731 km2 with an
average (± standard deviation) of 22,284 ± 15,042 km2. The
largest of our basins is comparable in size to drainage basins
studied by Hynek and Phillips [2003]. The sixth column
shows the percentage of pixels in the reconstructed basin
that have required some degree of flooding adjustment in
order to obtain a continuous drainage. The percentage of
flooded pixels ranges from 4% to 24% with an average of
15 ± 5%. For comparison, a typical terrestrial DEM requires

flooding to <5% of its pixels [Tarboton et al., 1989]. An
average amount of flooding per pixel necessary for drainage
continuity is given in the seventh column and ranges from
14 meters to 53 meters with an average of 28 ± 10 meters, to
be compared to an average flood of �10 meters in a typical
terrestrial DEM [Tarboton et al., 1989].
[27] The last four columns in Table 1 give values for

properties of drainage networks: extraction threshold, Ath,
number of links, network order, W, and the drainage density,
D, respectively. The resultant networks are the 4th or 5th
order systems with as many as 391 links. The drainage
density ranges from 0.06 km�1 to 0.22 km�1 with an
average of 0.1 ± 0.03 km�1.
[28] In almost all cases the networks ‘‘fill-in’’ the basins,

with source links approaching the basin’s boundary. In the
predominant number of basins the source links are oriented
perpendicular to the basins’ boundary. A few networks (25,
24, 1, 8, and 15 in Table 1) with the large number of source
links oriented parallel to the basin’s boundary are those that
also display the overall parallel drainage pattern. Interest-
ingly, these networks are in the drainage basins character-
ized by the largest slopes, in a range of 2.15� to 1.34�. The
basins (3, 11, 4, 9, and 12 in Table 1) with the smallest
slopes, in the range of 0.31� to 0.45�, are drained by the
networks with the most dendritic pattern. This trend is
similar to what is observed in terrestrial drainage networks.
[29] Our values of D are comparable to those estimated

by Baker and Partridge [1986] and Cabrol and Grin [2001]
for much smaller basins. They are also comparable to the
values of D calculated by Hynek and Phillips [2003], Grant
[2000], Irwin and Howard [2002], and Craddock et al.
[2003] for similar-size or larger drainage basins.

5. Discussion and Conclusions

[30] The aim of this study was to develop an autonomous
algorithm for extracting and analyzing Martian drainage
basins and networks, and to demonstrate its usage. Several
technical issues have been addressed in order for an
autonomous algorithm to produce desirable results.
[31] First, the analysis is based on digital topography and

not on images because only topographical data allows for an
automated analysis. This could be a problem only inasmuch
as the Martian topography data has worse resolution than
the Martian imagery data. However, in section 2, we have
estimated that our method can find drainage density values
of up to Dmax = 2 km�1, an order of magnitude higher than
the highest values of D we have actually found. Thus a
coarse resolution of Martian DEMs does not limit the ability
of our method to find correct values of drainage density.
[32] Second, the Martian surface of interest, the Npld

geological unit where most VNs are found, is heavily
cratered. Most of the craters are a ‘‘contaminant,’’ features
superimposed on the original landscape that destroy drain-
age integration. Some craters may be contemporaneous
with, or prior to, the process of valley incision and are
not considered a contaminant. This problem is specific to
Martian studies and has not been addressed in terrestrial
applications. We have solved it by introducing the ‘‘recon-
struction’’ procedure, an adjustment to the original elevation
field that leaves large, contaminant craters outside the
drainage basins and floods smaller contaminant craters
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(and other pits) inside the drainage basins to restore flow
integration.
[33] Third, in order for our extracted network to represent

actual channels, we need an objective criterion to set the
value of channelization threshold, Ath. We have found that a
modified constant drop criterion produces networks that
closely corresponds to mapped networks. We can consider
this new criterion to represent an empirical attribute of
valley networks. It is worth noting that our extraction
method yields spatially uniform valley density. However,
an inspection of Figure 2d reveals that density of Martian
valleys may be spatially variable. A further improvement
in an accuracy of extracted networks could be achieved
by modifying a drainage identification algorithm so it
allows for spatially variable valley density. For example,
Montgomery and Dietrich [1992] suggested using Ajrzja >
Cth, where jrzj is a local slope, a > 1 is a coefficient, and
Cth is the channelization threshold. Such an algorithm yields
denser networks at steeper slopes.
[34] With all of these technical issues resolved, we claim

that our automated method achieves delineation of valley
networks that is on par with the best mapping efforts.
Because of its speed and consistency, the automated method
can produce a large data set of delineated VNs to be used in
studying their origin. In addition to delineating a network,
the algorithm provides a wealth of other information about
the network and its underlying basin. For example, it
generates data to study longitudinal stream profiles and
relation between local slope and contributing area [see
Aharonson et al., 2002].
[35] We have demonstrated the utility of our method

by extracting and analyzing 28 drainage networks cor-
responding to prominent VNs. Overall, the planar morphol-
ogy of extracted Martian networks is similar to the
morphology of terrestrial river networks. We have found
that Martian networks fill the entirety of their respective
drainage basins and display a high degree of integration on
the length-scale of the basins. The pattern of drainage
depends on a basin’s slope in a fashion similar to what is
observed on Earth. We have found a relatively high value of
drainage density, D � 0.1 km�1, in agreement with esti-
mates of Hynek and Phillips [2003] based on accurate
mapping. These values are comparable to terrestrial values
of Dim [Carr and Chuang, 1997]. However, values of D and
Dim are not directly comparable inasmuch as Dim depends
on the degree of integration between different basins present
in an image. The value of Dim is smaller than the value of D
calculated for an individual basin located within an image.
Martian values of D are low in comparison with the
terrestrial values of D given by Abrahams [1984]. We
conclude that the drainage density of Martian networks,
although much higher than previously estimated, is low in
comparison with the drainage density of terrestrial river
networks.
[36] The need to modify the constant drop criterion

indicates that the vertical scaling of Martian drainage basins
is different than the vertical scaling in terrestrial basins. We
have found that, in the optimally extracted Martian drainage
network, the average drop in higher order streams tends to
be larger than the average drop in the first order streams.
Thus, in Martian networks, the slope decreases downstream
at the slower rate than in terrestrial river networks. This

result is in agreement with findings of Aharonson et al.
[2002] and Stepinski et al. [2004], who had found small
values of the concavity exponent, q in Martian basins.
[37] Our results constrain the origins of VNs. The coin-

ciding of extracted drainage networks with mapped valley
networks proves that VNs are indeed drainage systems. The
similarity of planar morphology of extracted networks to the
morphology of river networks suggests precipitation-fed
fluvial erosion as a mechanism responsible for the forma-
tion of these drainage systems. However, relatively low
values of D appear to be inconsistent with surface runoff.
Noting lack of valleys less than 100 meters wide in high
resolution MOC images, Carr and Malin [2000] argued
against surface runoff. However, such small-scale valleys,
even if originally present, would not survive subsequent
landscape evolution due to impact gardening [Hartmann et
al., 2001] or aeolian infilling process [Craddock and
Howard, 2002]. However, valleys with a length scale of
0.5–10 km, expected in landscapes eroded by terrestrial-
style surface runoff, would survive such degradation. The
scarcity of such valleys in our extracted networks suggests
that they were not incised in the first place. Moreover,
differences in vertical scaling between VNs and river net-
works are difficult to reconcile with origin by erosion due to
sustained, terrestrial-style precipitation. The pattern emerg-
ing from our results is that of an immature drainage system,
having some, but not all attributes of precipitation-fed
runoff erosion. Future work will investigate scenarios ca-
pable of producing the geomorphic signature of VNs as
established by the present analysis.
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