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Abstract. Drainage densities are calculated for five Mar-
tian drainage basins computationally extracted from the dis-
sected Noachian surfaces. Mars Orbiter Laser Altimeter data is
used to construct digital elevation models (DEMs) representing
topography of selected Martian locations. Our computational
method uses these DEMs to extract and reconstruct individual
basins. Channel networks are delineated from their underlying
basins using a channelization threshold based on the constant
drop property for streams. Calculated drainage densities refer
to individual basins and their values are in a relatively narrow
range of 0.06 − 0.11 km−1, one to three orders of magnitude
smaller than values of drainage density for terrestrial basins.
We claim that the values of drainage density calculated using
our method are more robust than values obtained using im-
agery data. We also calculate uniformity of drainage density
and obtain values of ρ in the range of 2.55−3.28, comparable
to low-end terrestrial values. Finally, we calculate the slope-
area relations for these basin and find the value of concavity
exponent to be in the range of 0.1 − 0.22, lower than typi-
cal terrestrial values. These findings are inconsistent with the
notion of the origin of Martian valley networks by means of
surface runoff due to sustained and widespread precipitation.

Introduction. The interest in origin of Martian valley
network systems remains high ever since these features were
discovered on images taken by Mariner and Viking probes. A
visual resemblance of some of Martian networks to terrestrial
river networks gave rise to an early suggestion that Martian
valley networks were sculpted by surface runoff erosion, a
process requiring a warmer, wetter climate on Mars at the time
of valley networks formations (only Noachian valley networks
are considered here). However, closer examination of imagery
data revealed dominance of morphometric features associated
with erosion by groundwater sapping rather than surface runoff
(see Carr, 1996 for review). The issue of the origin of Martian
valley networks remains unresolved. One property of dissected
terrain that can help to resolve this issue is its drainage density,
D, with low values of D being indicative of sapping, whereas
higher values of D suggesting precipitation and runoff.

The bulk of existing work on origin of Martian valley
networks relies on the method of descriptive geomorphology
working from imagery data. Low values of D, in the range of
10−3 to 10−2 km−1, have been reported using such methodol-
ogy (Carr and Chuang, 1997). However, both, the data format
and the method have a number of shortcomings that put the
above estimate in question. An image is a skew representation
of a landscape it portraits, and descriptive technique can be
easily influenced by biases and interpretations. The availabil-
ity of the Mars Orbiter Laser Altimeter (MOLA) data makes
possible a different approach. This new method uses topo-
graphical data and relies on computer algorithms to analyze
dissected terrain on Mars. Digital Elevation Models (DEMs)
constructed from the MOLA data are much more fundamental

geomorphologic indicators than images and are suitable for a
quantitative analysis. A DEM is a regular rectangular grid of
sites for which elevations are assigned. The introduction of
DEMs revolutionized terrestrial geomorphology. In particular,
a formal and quantitative watershed analysis became possible,
including objective calculation of drainage density. The same
type of analysis is applicable to Martian terrain.

Martian terrain can be represented as a series of drainage
basins, regardless of the historical presence or absence of actual
fluid flow. Thus, a drainage basin can be thought about as a
surface that collects and drains water presently rained upon it.
In the remainder of this paper we briefly describe the process
of computational extraction and analysis of Martian drainage
basins. We also present and discuss results of such calculations
as applied to selected Martian locations belonging to the Npld
geological unit. The emphasis here is on calculating values of
D for specific drainage basins, in contrast to previous estimates
of D that pertained to an arbitrary area and were obtained by
simply assessing the total valley length in a given area and
dividing it by the area.

Methods. The computational analysis consists of two
steps, extracting and reconstructing a drainage basin from a
DEM and then analyzing it, including computing the value of
D. A drainage basin is extracted from a DEM using an algo-
rithm developed for studies of terrestrial river basins (Tarboton
et al., 1989). An algorithm takes a DEM as input and produces
a number of consecutive grids of the same dimension as the
original DEM as output.

In the first step (referred to as “flooding") the algorithm
modifies the original elevation field in order to make it drain-
able. This step is very important in the context of Martian
terrain. Not flooding a typical Npld terrain produces unreal-
istically small basins, because, due to the presence of craters,
unadjusted Npld topography breaks into a large number of
very small drainage basins, majority of them internal. Com-
plete flooding of a typical Npld terrain produces large basins,
but incurred properties of such basins are skewed by the fact
that basins embody large, artificial lakes (flooded craters). A
reconstruction is a process to flood these craters that prevents
continuity of a basin, but to exclude large craters from being
incorporated into a basin. It is an attempt to reproduce a pri-
mary drainage basin before it was contaminated by posterior
cratering.

In the second step, each site is assigned a drainage pointer
to a neighboring site in the direction of the steepest slope
(this step is frequently referred to as the D8 algorithm). In
the third step, the total contributing area, A, is calculated for
each site. This quantity is the total number of sites draining
through a given site, an area (in pixel units) of a drainage basin
culminating at a given site. The contributing area at the outlet,
Aout is the total area of the basin.

A drainage network is this part of a drainage basin where
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Figure 1: Visual rendering of DEMs constructed for selected Martian locations. Vertical dimension is exaggerated. The thickness
of blue lines representing streams in computationally extracted networks is proportional to the Horton-Strahler order of the stream.
Basins and networks properties are given in Table 1. North is to the top of the page, except in E, where it is to the left of the page.
Terrain A is Naktong Vallis, B is Locras Valles (West), C is Parana Valles, D is Locras Valles (East), and E is Tyrrhena Terra.

Table 1: Properties of Selected Martian Drainage Basins

Name outlet Number % of Mean Number Ω Ath t D 〈D〉 σ(D) ρ
coord. of pixels adjust- of km−1 km−1 km−1

(E,N) pixels adjusted ment links
(m)

Tyrrhena 91.24, -24.29 52285 9.0 38 141 4 200 -3.0 0.11 0.1 0.04 2.55
Terra
Naktong 31.57, 9.24 284015 24.2 52 205 5 750 -2.5 0.06 0.05 0.02 2.79
Vallis
Parana -11.82, -21.84 118305 14.0 37 71 4 1000 -3.0 0.06 0.05 0.02 2.58
Valles
Locras 47.67, 9.79 108928 14.0 32 129 4 400 -3.05 0.08 0.07 0.02 2.91
Valles E.
Locras 46.58, 10.9 88562 18.7 32 107 4 400 -2.38 0.08 0.07 0.02 3.28
Valles W.
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the flow is concentrated, or channelized. Martian valley net-
works are identified with drainage networks. A drainage den-
sity of a given basin is the total length of channels in the
network divided by the basin’s total area, D =

∑
l/Aout.

Although, the value of Aout is unambiguously determined
by the algorithm (a big advantage of our approach over the
previous method), the value of

∑
l requires channelization

criterion, Ath. A given site is a part of a channel if A ≥ Ath.
Thus, a value of a threshold sets the drainage density of the
basin. To calculate Ath objectively, we are using the constant
drop property for streams (Tarboton et al., 1991). Ath that
produces a channel network where the mean stream drop in
first order streams is not statistically different from the mean
drop in higher order streams, is selected as the channelization
threshold. Student t test is used to evaluate the statistical sig-
nificance of a difference in mean stream drops. The constant
drop property is an empirical geomorphic attribute of drainage
networks sculpted by surface runoff. A difficulty to derive a
threshold by such a method is in itself an argument against
surface runoff.

A drainage basin can be defined at any point on a land-
scape. In particular, every node in a drainage network is an
outlet for a smaller sub-basin. Thus, embedded within the
main basin is a multitude of sub-basins. The value of D is
calculated at each node of the network, the basin’s drainage
density is the value calculated at the outlet, other values are
used to establish how uniform is drainage density throughout
the basin. To measure uniformity we define ρ, the ratio of the
mean, 〈D〉, to the standard deviation, σ(D), of variable D;
large values of ρ indicate high uniformity of D.

Data. We have selected five Martian locations from the
Npld geological unit to extract and analyze drainage basins.
The names and coordinates of these locations are given in
Table 1. The input data for our analysis is a DEM constructed
from the MOLA global topographic model grid (Smith et al.,
2001), which currently has resolution of 1/128 degree in both
latitude and longitude. The Locras Valles location has been
divided into two sections designated as East (E) and West (W).
Figure 1. shows visual renderings of DEMs constructed for
selected locations together with extracted drainage networks.

Results. Table 1. summarizes our results. Column 2 gives
approximate coordinates of an outlet, column 3 gives the total
area of a drainage basin in units of pixels. Each pixel is 1/128
by 1/128 degree, or roughly 0.25 km2. Because we study in-
dividual basins, their areas are relatively small. The smallest
basin in our study has an area approximately that of Connecti-
cut, and the largest basin has an area larger than that of West
Virginia. Column 4 gives the percentage of pixels that were
adjusted by flooding algorithm. In terrestrial context flooding
fills the pits that are generally considered to be artifacts, thus a
typical terrestrial DEM requires adjustment to < 5% of pixels.
However, due to existence of craters, > 50% of pixels would
have to be adjusted in order to make a Martian DEM com-
pletely drainable. Our reconstructed basins have 10 − 20%
pixels adjusted. Column 5 gives an average adjustment to be
compared to a typical terrestrial average adjustment of ∼ 10
m. As expected the Martian mean adjustment is higher than

terrestrial because even a reconstructed basin still contains a
significant number of small craters that needs to be filled.

Column 8 gives the values of channelization threshold.
Our targeted value of t was t = −3 (instead of more often
used t = −2), column 9 shows an actual value of t. Despite
the more lenient requirement, the values of Ath are high;
it is difficult to fulfill a constant drop condition for Martian
networks. Columns 6 and 7 pertain to the resultant drainage
network, giving number of links (link is a network segment
between two nodes) and Horton-Strahler order, respectively.
Horton-Strahler order describes the branching hierarchy of
a network (see, for example Dodds and Rothman, 2000 for
details). Finally, columns 10 to 13 pertain to drainage density,
giving basin drainage density, average drainage density over all
the sub-basins, standard deviation, and uniformity of drainage
density, respectively.

Overall, we have found rather similar values of D for
all basins in our study. Moreover, other attributes related to
drainage density (see columns 11 to 13) are also similar for
basins in our study. This suggests common origin for all these
drainage basins. Our derived values of D suggest D ∼ 10−1

km−1 as a typical value of drainage density in basins extracted
from the Npld surfaces. This is one to two orders of magnitude
higher than values derived from studying images. Note, how-
ever, that image-derived values refer to areas not basins and are
expected to be lower because Martian terrain contains exten-
sive nondissected sections. A characteristic value of drainage
uniformity is ρ ∼ 2.8, compatible with low end of terrestrial
ρ values (see Stepinski et al. 2002).

Some of the Martian locations considered here have been
previously studied. Craddock et al. (2003) used topog-
raphy to computationally extract drainage network from a
Tyrrhena Terra location. They have calculated drainage den-
sity D = 0.193 km−1 versus 0.01 km−1 estimated for the
same region on the basis of Viking images. Our value is
D = 0.11 km−1 for the same location. The factor of ∼ 2
difference in calculated values of D can be attributed to differ-
ences in methodology. The most important difference is the
lack of objective channelization threshold in Craddock et al.
calculations. The second difference is that they calculate D for
an area not a basin. However, other factors being equal, values
of D for Martian areas should be smaller than those calculated
for basins, so high value of D obtained by Craddock et al. can
probably be attributed to channel overextraction.

Hynek and Phillips (2003) used Mars Orbiter Camera im-
age mosaic together with MOLA data to study valley networks
in the Naktong Vallis location. Their method does not use a
computer algorithm to extract a network from topography,
rather the network is inferred manually on the basis of images
with additional support from topography. They calculated
drainage density of D = 0.065 km−1, an order of magnitude
increase over the earlier estimation. Our value is D = 0.06
km−1 for the same location. Again, the two values were ob-
tained by different methods. Our method is computational,
oriented on a single basin, and incorporates objective channel-
ization threshold, whereas Hynek and Phillips method is more
traditional and oriented toward an area rather than a basin. In
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this case both methods arrived to approximately the same value
for D.

The Parana Valles locations has been studied by Grant
(2000) who calculated drainage density of D = 0.07 km−1

using descriptive method and working from imagery data. Our
value is D = 0.06 km−1 for the same location, a good agree-
ment considering very different methodologies.

Conclusions. In this paper we have described and applied
a new method to study Martian drainage basins in general, and
to calculate their drainage densities in particular. The new
method uses full topographical description of Martian terrain
instead of imagery data and utilizes algorithmic extraction of
drainage basins and drainage networks, instead of manually
mapping networks using overlays. This approach has a num-
ber of significant advantages. First, a single drainage basin
can be easily extracted and its area can be measured precisely,
something not possible in the method based on imagery data
(see Baker and Partridge, 1986). Second, an algorithm, not
influenced by observational biases and interpretations, delin-
eates drainage network from the underlying basin. Third,
the method examines all basins using exactly the same pro-
cedure, the results can be compared with confidence. These
advantages result in much more robust estimation of Martian
drainage densities. A drainage density calculated using our
method refers to a specific drainage basin, a standard used in
terrestrial hydrology. Thus, a direct comparison to terrestrial
basins is possible. In contrast, previous estimates of Martian
drainage densities refer to arbitrary areas, and are not readily
comparable to standard terrestrial values. This problem was
recognized by Carr and Chuang (1997) who derived terrestrial
drainage densities defined for an arbitrary area especially for
the purpose of comparison with Martian values of D.

Establishing a correct value of channelization threshold
is the most important factor in computational calculation of
drainage density (terrestrial or Martian). The algorithm de-
lineates channels using a free parameter, Ath, which can be
related to the minimum flow rate that causes channelization.
The value of Ath has to be supplied to the algorithm from
independent considerations. Taking too small value of Ath

produces a dense network with high “drainage density." How-
ever, such value of D would be spurious because many surface
flows in a direction of steepest descent would be mistakenly
counted as channels. In other words, it is important to dis-
tinguish between a network of flow directions and a channel
network.

Using channelization threshold based on the constant drop
property for streams we have found 0.06 ≤ D ≤ 0.1 km−1

for basins extracted from Npld surfaces. Superficially, these
values are comparable to low-end terrestrial values obtained
by Carr and Chuang (1997). However, as noted above, our
estimates of D cannot be compared to Carr and Chuang esti-
mates due to differences in definitions, instead our values of D
need to be compared to drainage densities of terrestrial basins
which are in the 1 − 102 km−1 range (Abrahamas, 1984).

Thus, drainage densities of Martian Npld basins are one to
three orders of magnitude smaller than drainage densities of
terrestrial basins. The simplest interpretation of this result is a
very limited role of precipitation and resultant surface runoff in
sculpting Npld basins. This conclusion is further supported by
the so-called slope-area relation. In terrestrial drainage basin a
mean of the local slope |∇z| scales as a function of cumulative
area A, 〈|∇z|〉 ∼ A−θ , with parameter θ having range of 0.3
to 0.7 (Whipple et al., 1999). We have calculated the slope-
area relations for the five basins listed in Table 1. and have
obtained values of θ in the range of 0.1 to 0.22. This indicates
a very weak dependence of slope with contributing area and
points to an environment in which the rate of flow does not
increase downstream as expected in the presence of sustained
and widespread rainfall. Our finding of small values of θ is
consistent with results of Aharonson et al. (2002) who have
investigated drainage basins in Ma’adim Vallis and Al-Qahira
Vallis and have found equally low values of θ.

More Martian drainage basins needs to be analyzed com-
putationally to establish firmly a typical value of drainage
density. Additional information about an origin of a basin can
be obtained by studying longitudinal profiles of main streams,
fractal properties of drainage networks, and statistics of heights
and slopes.
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