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[1] Many boundary layer processes simulated within a Mars General Circulation Model
(MGCM), including the description of the processes controlling dust rising from the
Martian surface, are highly sensitive to the aerodynamic roughness length z0. On the basis
of rock-size frequency distributions inferred from different Martian landing sites and
Earth analog sites, we have first established that lognormal-modeled rock-size frequency
distributions are able to reproduce correctly the observed Martian rock populations. We
have validated the hypothesis that the rock abundance z of a given area could be estimated
at a first order from its thermophysical properties, namely its thermal inertia I and its
albedo a. We have demonstrated the possibility of using rock abundance z to estimate the
roughness density l on Mars and to retrieve subsequently the aerodynamic roughness
length by using semi-empirical relationships based on terrestrial wind-tunnel and field
measurements. By combining our methodology with remote sensing measurements of the
Thermal Emission Spectrometer aboard Mars Global Surveyor, we have derived a global
map of the aeolian aerodynamic roughness length with a 1/8� � 1/8� resolution over
the entire Martian surface. Contrary to what is often assumed, the Martian aeolian
aerodynamic roughness length is spatially highly heterogeneous. At the fullest resolution,
the Martian aerodynamic roughness length varies from 10�3 cm to 2.33 cm. About 84%
of the Martian surface seems to be characterized by an aeolian aerodynamic roughness
length value lower than 1 cm, the spatially uniform value that most of the MGCMs
simulations have assumed recently. Since the aerodynamic roughness length z0 is a key
parameter in deriving the erosion threshold wind velocities, we anticipate a significant
impact of our findings on the efficiencies for lifting dust in future MGCMs.

Citation: Hébrard, E., C. Listowski, P. Coll, B. Marticorena, G. Bergametti, A. Määttänen, F. Montmessin, and F. Forget (2012),
An aerodynamic roughness length map derived from extended Martian rock abundance data, J. Geophys. Res., 117, E04008,
doi:10.1029/2011JE003942.

1. Introduction

[2] Dust emission on Mars can result from large-scale dust
storms as well as from smaller dust events, such as dust-raising
convective vortices (dust devils). According to Cantor et al.’s
[2001] classification, regional dust storms are defined as

events covering an area ≥ 1.6 � 106 km2 over a duration
>3 sols whereas local dust storms either cover an area
< 1.6 � 106 km2 or persist <3 sols. These regional- or local-
scale dust storms are susceptible to combine and evolve
toward global dust storms leading to global obscuration.
Identified up to now as bright spots, such active dust-raising
regions appear to develop over the lifetime of the global
storm [Martin, 1974, 1976; Zurek, 1982; Cantor, 2007].
These regions end up producing and sustaining a dust haze
that extends upwards to reach altitudes of about 65–70 km,
longitudinally encircles the planet, and latitudinally obscures
one or both hemispheres [Cantor, 2007]. On the basis of
spacecraft and Earth-based observations, these different dust
storm events have been spotted in the Hellas and Argyre
basins, Noachis, Amazonis, Hellespontus, Syrtis, Thaumasia,
Solis, Claritas, Meridiani and Chryse regions. The local or
regional dust storms typically appear during one or two
seasons every year whereas the global dust storms are thought
to occur only once every two to three Martian years, around
perihelion during the southern spring and summer season
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[Zurek and Martin, 1993]. For a nonglobal dust storm year,
the annual dust flux lifted by both local and regional dust
storms and by dust devils has been estimated on Mars to
range between 7.3 � 1011 and 10.8 � 1011 kg per Martian
year [Cantor et al., 2001, 2006;Whelley and Greeley, 2008].
One global dust storm, however, can raise a comparable
amount of dust over a far shorter period. For example, the
1977b global storm was estimated to have raised 4.3 �
1011 kg only during a fraction of a Martian year (Ls �
268�–350�) [Martin, 1995], quite comparable to what regular
Martian dust storm activity may lift in one full Martian year.
[3] The global magnitude of natural dust injected in the

Earth’s atmosphere is currently suggested to range between
10 � 1011 and 26 � 1011 kg per standard year [Zender et al.,
2004; Cakmur et al., 2006]. By comparing the globally and
long-term time-averaged dust lifting on both planets, Mars
is found to be up to 3 times “dustier” than Earth. Terrestrial
dust events do not occur on such a massive scale, despite
surface wind stresses being generally larger than those on
Mars. It is mainly because only a small fraction of Earth’s
surface, unlike Mars’, is covered with dust - the remainder
being water, ice or non-erodible soil (with or without vege-
tation cover). Any dust storm beginning within a desertified
area on Earth (e.g. Sahara or eastern Asian deserts) will
rapidly run out of source particles when it moves over dust-
free surfaces. Moreover, the presence of more water in Earth’s
atmosphere means that dust particles are scavenged more
rapidly by precipitation.
[4] The tremendous amounts of atmospheric dust lifted

during Martian dust events strongly absorb and scatter short-
wave solar radiation, but also absorb and emit long-wave
radiation, which results in a considerable impact on the
radiative heating and the atmospheric thermal structure, the
global circulation patterns and thus the climate in general
[Haberle et al., 1982; Murphy et al., 1995; Wilson, 1997].
The potential for such large quantities of dust to appear in
some regions, in only a broadly predictable manner, there-
fore makes it a major contributor to atmospheric variability
on Mars. Thus, a good representation of the dust cycle is an
important component of any model intended to recreate the
observed behavior of the atmospheric circulation [Newman
et al., 2002a].
[5] However, even the latest models generally fail in

simulating the variability of the dust distribution on Mars
because of limited spatial resolutions and simplistic and/or
inaccurate dust lifting parameterizations. Detailed dust emis-
sion schemes have recently been included in General Circu-
lation Models to simulate the interactive lifting and transport
of radiatively active dust [Newman et al., 2002a; Basu and
Richardson, 2004; Kahre et al., 2005, 2006] and to forecast
the spatial and temporal variability of dust storms [Newman
et al., 2002b, 2005; Basu et al., 2006; Spiga and Lewis,
2010] and atmospheric dust particle sizes [Kahre et al.,
2008]. The emission schemes used in these modeling studies
[Bagnold, 1954; White, 1979; Greeley and Iversen, 1985;
Westphal et al., 1987; Raupach, 1991; Gillette et al., 1998;
Shao, 2001] provide a physical description of the main
processes involved in the wind stress-driven dust emission:
the erosion threshold, the saltation fluxes (of larger sand-
sized particles) and the dust emission by sandblasting pro-
cesses (in which sand particles sendoff dust). The erosion
threshold friction velocity udrag

t , which is the minimal wind

friction velocity udrag required to initiate the emission of
mineral dust by aeolian erosion, is one of the key para-
meters to describe these emissions. Indeed, the dust emis-
sion frequency is determined by the number of times the
wind friction velocity exceeds the erosion threshold friction
velocity while the dust emission intensity depends on the
amount by which this threshold is exceeded. This erosion
threshold is mainly controlled by a handful of surface features
(surface roughness, soil particle size distribution, interparticle
cohesion, etc.), among which the aeolian aerodynamic
roughness length z0 is one of the main influencing factors. It
raises two opposing effects. On the one hand, z0 determines,
for a given wind velocity profile u(z), the total wind friction

velocity udrag ¼ kuðzÞ=ln z
z0

� �
[Priestley, 1959] (with k the

Von Kármán constant): udrag increases with z0. On the other
hand, z0 reflects the effect of the non-erodible surface rough-
ness elements on this air flow momentum [Schlicting, 1936].
It accounts therefore for the wind shear stress partition
between these roughness elements and the intervening
smooth surface: the fraction of wind friction velocity udrag
actually available for lifting dust decreases with z0.
[6] Even so, these surface features, and particularly the

aeolian aerodynamic roughness length, are still poorly docu-
mented in the literature and their spatial variations have not
been fully investigated yet on Mars. Mars General Circulation
Models (MGCMs) simulations [Newman et al., 2002a, 2002b,
2005; Kahre et al., 2005, 2006, 2008; Spiga and Lewis, 2010]
have thus often assumed a spatially uniform aerodynamic
roughness length either within the 0.1–1 cm range estimated
for the Viking landing sites [Sutton et al., 1978] or even
outside, as it is the case in the Geophysical Fluid Dynamics
Laboratory Mars GCM, which implements a uniform z0 =
16.62 cm [Wilson and Hamilton, 1996]. However, a few
MGCMs (e.g. the MarsWRF GCM described by Richardson
et al. [2007]) do include a spatially variable roughness map as
standard. Heavens et al. [2008] recently described some
impact of running the Mars implementation of the Planetary
Weather Research and Forecasting Model (MarsWRF) with
two different spatially variable aerodynamic roughness
length maps ranging from 2� 10�2 cm to 16.62 cm and from
1 cm to 10 cm, respectively. Indeed, the aerodynamic rough-
ness length is highly likely to vary spatially by 3 or 4 orders
of magnitude as it is the case in terrestrial arid areas [see,
e.g., Marticorena et al., 2006, Table 7].
[7] In this study, we extended this approach to Mars. Our

main objective was to perform an exhaustive and self-
consistent mapping of the Martian aerodynamic roughness
length as required for the estimation of mineral dust emis-
sions at a global scale. A step-by-step description of the
physical processes mandatory to model the wind erosion
threshold is first detailed in section 2, and emphasizes the
dual importance of the aerodynamic roughness length z0. In
section 3, we outline the methodology we relied on to retrieve
remotely the aerodynamic roughness length z0 of Martian
terrains by using the geometry of the surface roughness ele-
ments and some simple assumptions over their shapes. We
present in section 4 our extension to the whole Martian sur-
face of the rock abundance data derived from the measure-
ments of the Thermal Emission Spectrometer (TES) onboard
Mars Global Surveyor (MGS) from the National Aeronautics
and Space Agency (NASA). In section 5, we investigate the
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relationships between the aerodynamic roughness length z0,
the roughness density l, and the rock abundance z on Mars
using rock size-frequency distributions inferred from dif-
ferent Martian landing sites and Earth analog sites. We
finally apply in section 6 these relationships by generalizing
them to the whole Martian surface and discuss our mapping
of the aerodynamic roughness length z0 with a spatial res-
olution down to 1/8� � 1/8�.

2. Physical Modeling of the Wind Erosion
Threshold

[8] Dust emissions are the result of the aeolian action on
erodible soil particles. From a physical point of view, the
particles’motion initiated by wind is controlled by the forces
acting on them. For a particle at rest, these forces are the
weight, the interparticle cohesion forces, and the wind shear
stress t on the surface. Unlike the weight and the inter-
particle cohesion forces, the wind shear stress does not rely
on the size and density of the particles being lifted but
depends on the transfer of the wind energy to the erodible
surface, which is in turn controlled by the presence of larger
roughness elements on the surface. In combination, these
factors determine the threshold friction velocity, udrag

t , which
must be exceeded by the friction velocity udrag to initiate
particle motion. The friction velocity udrag, defined as

udrag ¼
ffiffi
t
r

q
, is determined by the physics of the Surface

Boundary-Layer where the wind profile is assumed loga-
rithmic in neutral conditions [Priestley, 1959]:

uðzÞ � udrag
k

ln
z

z0

� �
ð1Þ

where k is the Von Kármán constant, usually taken �0.4,
z is the height above the surface and z0 is the height at
which velocities go to zero, called the aeolian aerodynamic
roughness length. Therefore, for a given wind velocity
profile u(z):

udrag � kuðzÞ
ln z

z0

� � ð2Þ

Recent physical models have been developed to account for
the influence of these surface characteristics on the dust
emission, including in particular explicit parameterizations of
the aeolian erosion threshold as a function of the surface
roughness [Marticorena and Bergametti, 1995; Shao et al.,
1996]. Marticorena and Bergametti [1995] proposed an
operational parameterization to describe the increase of the
threshold wind friction velocity udrag

t as a function of the
aeolian aerodynamic roughness length z0, which can be
experimentally derived from vertical profiles of dynamical
parameters (wind velocity, air temperature and pressure).
Such a parametrization has been found to reproduce satis-
factorily the thresholds of erosion measured on a variety of
natural surfaces [Marticorena et al., 1997].

2.1. Parameterization of the Threshold
Friction Velocity

[9] Once the particle is in motion, its path depends on the
balance between its weight acting downward and the opposite
aerodynamic drag. The vertical extent of these trajectories

defines three major types of grain motion, generally classified
in relation to the particle size [Bagnold, 1941], which relates
to the planet’s gravity as well as on the typical density of
the dust particles material. The medium-sized soil grains
(60–2000 mm on Earth) are able to be lifted from the surface
to a height of some tenths of centimeters but, as the drag is not
sufficient to exceed the weight, they are carried downwind
back to the surface. Such trajectories define a motion called
“saltation”. The larger and/or heavier particles (>2000 mm
on Earth) cannot be lifted from the surface and roll along
the surface in a motion called “creeping”. Only the finest
particles (<60 mm on Earth), or dust, are small enough to be
transported upward by turbulent eddies, sometimes very far
from their source. However, owing to interparticle cohesion
forces, which are greatest for the smallest particle sizes,
their threshold wind friction velocities are so high that their
motion could not be initiated directly by the wind. On Earth,
saltation is generally a necessary intermediate process for
dust production, whereby dust particles are released by the
impacts on the surface of the saltating particles [Gomes et al.,
1990; Shao et al., 1993; Alfaro et al., 1997]. As a result, the
emission of mineral dust on Earth is especially efficient when
both fine sand-sized particles (�100 mm) and aggregates of
dust-sized particles are present in the soil. Wind tunnel
experiments under simulated Martian conditions showed
however that moderately rough surfaces onMars may be able
to lower the wind speeds needed to entrain dust-sized parti-
cles directly without saltation required [e.g., White et al.,
1997; Greeley et al., 2000]. Since interparticle cohesion
forces have not been measured on Mars, it remains however
unclear exactly how close these wind tunnel experiments
come to using the actual range of threshold friction velocities
found on Mars.

2.2. Threshold Friction Velocity Versus Soil
Particle Size

[10] The particle size dependence of the threshold wind
friction velocity has been extensively investigated, both from
a theoretical point of view and using wind-tunnel experi-
ments [Iversen and White, 1982]. A theoretical formulation
of the threshold friction velocity on a smooth surface
udrag
ts can be established by considering the equilibrium of the

forces acting on a spherical loose particle at rest on a similar
particle bed under an air flow stream. At the threshold of
aeolian erosion, the aerodynamic forces due to the fluid equal
the particle weight and the interparticle cohesion forces.
Based on a similar analysis but ignoring the cohesion forces,
Bagnold [1941] gave the following formulation for the
threshold friction velocity on a smooth surface udrag

ts :

utsdrag ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDp

rd � r
r

r
ð3Þ

where g is gravitational acceleration, rd is particle density,
Dp is particle diameter and r is atmospheric density. A is
called the dimensionless threshold parameter and is expected
to depend on the friction Reynolds number R∗t, which is
defined at the erosion threshold as follows:

R∗t ¼ utsdragDp=n ð4Þ

where n is the atmospheric kinematic viscosity.
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[11] Experimental data from Bagnold [1941] and Chepil
[1945] confirmed this size dependence but also revealed an
increase of the threshold friction velocity values for the
smallest particles. This determines an optimum particle size
(�80 mm in terrestrial conditions) for which the threshold
friction velocity is minimum. Iversen et al. [1976] consid-
ered that interparticle cohesion forces could be responsible
for this unexpected behavior of the finest particles. Based on
a large set of measured threshold friction velocities obtained
in wind tunnels and involving various particle densities
(1.1 to 2.65 g.cm�3) and diameters (37 to 673 mm) and low
fluid density conditions (rp/ra ranging from 900 to 630,000),
Iversen and White [1982] proposed new formulations to
predict the saltation threshold friction velocity, including
the effect of the interparticle cohesion forces Ip. Different
numerical expressions for A were established by fitting semi-
empirical relations to these experimental data, each of them
corresponding to a different range of the friction Reynolds
number R∗t.
[12] These semi-empirical expressions provide a satisfying

estimation of the threshold friction velocity on a smooth
surface udrag

ts as a function of the particle diameter Dp for a
range of atmospheric density r and dust particle density rd.
The Martian atmospheric dust presumably is related to the
surface dust and soils, representing the finest grained mate-
rials produced from mechanical and/or chemical weathering
of surface deposits. Earth’ and Mars’ atmospheric dust par-
ticles appear to share similar mineral compositions [see, e.g.,
Hamilton et al., 2005, Table 3]. Therefore, we reasonably
assumed their densities to be similar and we adopted in the
following calculations rd = 2.65 kg.m�3.

2.3. Parameterization of the Drag Partition

[13] A second factor that strongly affects the erosion
threshold in natural situations is the presence of nonerodible
elements (gravel, stones, pebbles, boulders). They affect the
erosion threshold in two ways. First, the roughness elements
cover part of the surface and thus protect it from the aeolian
erosion. Secondly, they consume part of the wind momen-
tum that will not be available to initiate particle motion. This
leads to a global decrease of the wind shear stress acting on
the erodible surface and thus of the erosion efficiency. A
physical scheme of the drag partition between the rough-
ness elements and the erodible surface is therefore necessary
to parameterize the “effective” threshold friction velocity
udrag
t over “rough” surfaces.
[14] For practical and predictive applications, Raupach

[1992] initially proposed an analytical expression of the
drag partition on a rough surface based on a dimensional
analysis and some physically based assumptions. The pro-
posed equation gives the ratio of the overall wind shear
stress t to the wind shear stress on the smooth, uncovered
surface ts as a function of the roughness density l (see
section 3.1.1), the ratio s of the roughness elements’ basal to
frontal area, the ratio b ¼ CR

CS
of the drag coefficients of an

individual roughness element and of the smooth surface, and
an empirical parameter m:

t
ts

¼ 1

1� msl
1

1þ mbl
ð5Þ

Though agreeing well with measurements performed in
wind-tunnel experiments and on natural sites, this expres-
sion was however found to be quite inappropriate for
large-scale modeling issues. Its adjustment to measured
ground-truth erosion data has led to the recommendation
of two kinds of values for m according to the stabilization
state of the particle bed [Raupach et al., 1993]; but no
objective method to generalize these values for large-
scaled modeling were indicated and this empirical parameter
does not seem to refer to and/or correlate with any mea-
surable physical value. Gillies et al. [2010] recently explored
the effect that large roughness elements may have on the
entrainment of sediment by Martian winds using a shear
stress partitioning approach based on Raupach et al. model.
They concluded that developing global or regional dust
transport models using such an expression would be a very
complex exercise.
[15] An alternative specification of the drag partition was

therefore developed by using the aerodynamic roughness
length, which appeared to be a more integrative parameter to
represent the loss of wind momentum attributable to the
roughness elements. The physical basis of that approach was
proposed by Arya [1975] to determine the wind stress on the
Arctic pack ice. As introduced previously, the wind profile
in the Surface Boundary-Layer is assumed to be logarithmic
in neutral conditions [Priestley, 1959] and defines both the
overall friction velocity udrag and the global aerodynamic
roughness length z0. Arya [1975] assumed that an Interactive
Boundary-Layer (IBL) develops between the roughness
elements as well. On small enough scales within this IBL,
there are effectively no roughness elements. Defined within
this IBL, which is also characterized by a logarithmic pro-
file, there is therefore as well a small-scale friction velocity
udrag
s and a local aerodynamic roughness length corresponding
to the intervening erodible surface, i.e. an aerodynamic
roughness length on a smooth surface z0s. By connecting the
two profiles at the top of the IBL, the ratio of the small-scale
friction velocity udrag

s to the overall friction velocity udrag
can be determined as a function of both the aerodynamic
roughness length z0 and the aerodynamic roughness length
z0s of the erodible part of the surface, i.e. the smooth surface
existing between the roughness elements. For convenience,
an effective friction velocity ratio feff is defined as the ratio of
small-scale to overall friction velocities:

feff ðz0; z0sÞ ¼
usdrag
udrag

¼ 1�
ln z0

z0s

� �

ln 0:35 10
z0s

� �0:8
� � ð6Þ

where z0 and z0s have units of centimeters.
[16] This partition scheme has been validated by compar-

ison with shear stress partition measurements performed in
wind-tunnels for a large range of values for both the global
aerodynamic roughness length z0 [Marshall, 1971] and the
aerodynamic roughness length on a smooth surface z0s
[Alfaro and Gomes, 1995]. Combining the relation between
the threshold wind friction velocity on a smooth surface
udrag
ts and the particle diameter Dp (equation (3)) with this

partition scheme provides a parameterization of the threshold
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wind friction velocity udrag
t for any surface submitted to

erosion:

utdragðDp; z0; z0sÞ ¼
utsdragðDpÞ
feff ðz0; z0sÞ ð7Þ

This parameterization of the threshold wind friction velocity
udrag
t has been successfully used for terrestrial applications,
to quantify the fraction of the total wind shear stress acting on
the erodible surface to mobilize the soil-derived dust particles
[Marticorena and Bergametti, 1995]. It has been tested by
comparison with wind-tunnel measurements [Gillette et al.,
1982; Nickling and Gillies, 1989] and field measure-
ments made on various natural sites in semi-arid regions,
ranging from smooth erodible surfaces to surfaces totally
protected from erosion [Marticorena and Bergametti, 1995;
Marticorena et al., 1997]. King et al. [2005] showed that
Raupach et al.’s [1993] model predictions were better than
Marticorena and Bergametti’s [1995] model owing to the
incorporation of more variations in the roughness geometry
and the alterations to the flow they can cause. However,
Raupach et al.’s [1993] model requires more inputs and is
therefore quite difficult to apply for large-scaled modeling.
[17] Classically, the aerodynamic roughness length z0s of

an erodible smooth surface is estimated as a function of the
size of the erodible particles. A relation between the size of
the particles composing a quiescent sand bed and its aero-
dynamic roughness length is generally admitted to be
[Bagnold, 1941; Greeley and Iversen, 1985]:

z0s ¼ Dp

30
ð8Þ

For the typical size range of the erodible particles (10 to
2000 mm) this relation leads to values for the aerodynamic
roughness length on a smooth surface z0s of the order of
10�4 to 10�3 cm. Such values have been measured in wind-
tunnels [Gillette et al., 1982; Li and Martz, 1994] for smooth
surface. According to relation 8, the aerodynamic roughness
length on a smooth surface z0s is expected to vary from one
soi1 to another in relation to their particle size distribution.
It is therefore important to test the sensitivity of the partition
scheme to this parameter and the precision required for its
determination. When using a mean value of �10�3 cm to
represent the whole range of values for the aerodynamic
roughness length on a smooth surface z0s, the errors on the
computation of the effective friction velocity ratio feff are
lower than 20% for the major part of the usual range of
values for the global aerodynamic roughness length z0 and
exceed 40% only for the very low values [Marticorena and
Bergametti, 1995]. Thus a value of the aerodynamic rough-
ness length on a smooth surface z0s = 10�3 cm can be gen-
erally considered as a correct estimation for most of the
natural conditions, for which the aerodynamic roughness
length on a smooth surface z0s will be controlled by the size
of the erodible particles. Assuming that these physics prin-
ciples which describe the shear stress partitioning can be
applied to the Martian surface boundary layer, this parame-
terization of the threshold wind friction velocity on any sur-
face udrag

t can be used to estimate the erosion thresholds on
Mars as a function of its roughness. This requires beforehand

the knowledge of the surface pressure P and temperature
T - in order to calculate the density r at the surface -,
the soil size distribution Dp and the aerodynamic roughness
length z0.
[18] Until recently, there have not been enough surface

data available to estimate a spatially variable threshold wind
friction velocity udrag

t (or a related spatially variable wind
shear stress threshold tt) accounting for the effects of sur-
face roughness elements on the drag partition scheme nor,
for that matter, to derive a map for the physical factors that
are controlling it (soil size distribution Dp, aerodynamic
roughness length z0). As we showed previously, the aero-
dynamic roughness length especially affects the model-
calculated wind stresses and wind stress thresholds for dust
lifting; a spatially varying aerodynamic roughness length
field could thus affect the whole simulated dust cycle. Until
now, most of MGCM simulations have thus assumed a
spatially uniform aerodynamic roughness length within the
0.1–1 cm range estimated for the Viking landing sites [Sutton
et al., 1978], while the aerodynamic roughness length is
expected to vary spatially by 3 or 4 orders of magnitude as it
is the case in terrestrial arid areas and should be the case in
their Martian counterparts.

3. Methodology for Mapping the Aerodynamic
Roughness Length

[19] Apart from direct in situ experimental measurements
of some dynamical parameters (wind velocity, air tempera-
ture and humidity), the only way to determine the aerody-
namic roughness length z0 of any rough surface is to study
its correlation with the surface roughness; a key parameter
for surface-atmosphere exchanges of mass and energy. The
surface roughness can usually be estimated through the use
of different techniques depending on the data availability
and accessibility in a given region which can therefore pro-
duce retrievals at different scales. Once the surface rough-
ness has been retrieved, it can be formally translated to an
aerodynamic roughness length through the practical appli-
cation of different empirically derived correlated relation-
ships based on ground-truth in situ measurements.

3.1. Geometric Roughness and Aerodynamic
Roughness

[20] The common approach used to estimate the geometric
surface roughness of an erodible surface is based on the
close inspection of some geomorphologic features [Callot
et al., 2000] and/or some characteristics of the surface rough-
ness elements [Lettau, 1969; Raupach, 1992; Lancaster and
Baas, 1998; Lancaster, 2004; Marticorena et al., 1997,
2006] Such features/characteristics may include the granu-
lometry of the loose soil, the geometric dimensions of the
rough mineral elements present on the surface like rocks,
gravel, pebbles, etc., but also the horizontal and vertical
extent of the biological part of the surface, especially
vegetation.
3.1.1. Determination of the Roughness Density l
[21] Among the different parameters characterizing the

geometrical surface roughness, the roughness density l, also
called the lateral cover Lc, is commonly used as a measure
of the roughness characteristics [see, e.g., Marshall, 1971].
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The interaction between the wind shear stress and the sur-
face roughness is dependent on the vertical surface of
obstacles exposed to the wind. The roughness density l is
thus defined as the sum of the frontal silhouette areas fi of
each obstacle present on the surface and facing the wind
direction divided by the surface footprint area S:

l ¼ nf

S
¼

Xi¼n

i¼1

fi
S

ð9Þ

where n and f are, respectively, the number and the arithmetic
mean frontal silhouette area of the obstacles present over this
given horizontal surface area S and facing the wind direction.
The mean frontal silhouette area f can be computed from the
geometrical dimensions of the obstacles, given the shape of
the obstacles. On the basis of this definition, the roughness
density l can be estimated by counting the obstacles
present on a representative surface of any rock abundance z
and by measuring their geometrical dimensions. Preliminary
assumptions on the roughness element shapes are therefore
mandatory to allow a determination of the roughness den-
sity l from the geometrical dimensions of the roughness
elements.
[22] From direct observations and photographs of the dif-

ferent types of obstacles, we adopted a semi-ellipsoidal
shape for our Martian and Martian-analog roughness
elements: gravels, pebbles and boulders. The area S of a
semi-ellipse is given by: S = pab/2, a being the short axis
and b the long axis of the ellipse. This equation can be
applied to any roughness elements i of diameter di and
height hi with di = 2b and hi = a (see Figure 1).
[23] The surface area covered by each roughness element

i is thus given by:

si ¼ pd2i
4

ð10Þ

while its frontal surface is given by:

fi ¼ phidi
4

ð11Þ

Applying these relations to an entire field of study of total
surface area S, allows to link the total rock abundance z,
the total roughness density l and the geometric dimensions
of the n roughness elements present on the field.

z ¼
Xi¼n

i¼1

si
S
¼

Xi¼n

i¼1

pd2i
4S

¼ npD2
m

4S
ð12Þ

l ¼
Xi¼n

i¼1

fi
S
¼

Xi¼n

i¼1

phidi
4S

¼ npHmDm

4S
ð13Þ

where Hm and Dm are the generalized means associated
with the height and diameter, respectively, of the total
number of rocks in this rock population.
3.1.2. Relation Between the Roughness Density l
and the Aerodynamic Roughness Length z0
[24] To estimate the aerodynamic roughness length for

terrestrial arid areas from the geometric dimensions of the
roughness elements, Marticorena et al. [1997] established
an empirical relationship between the roughness density l
and the ratio of aerodynamic roughness length to the mean
height of the roughness elements z0/Hm. This relationship,
given by equations (14) and (15) and illustrated in Figure 2,
was mainly derived from wind-tunnel experiments using
artificial roughness elements but also included some data
obtained over vegetated surfaces in semiarid areas [Marshall,
1971; Jarvis et al., 1976; Garratt, 1977; Raupach et al.,
1980; Musick and Gillette, 1990; Raupach, 1991]. The
numerical relationship used throughout this paper has been
corrected for a calculation error in the original Marticorena
et al. [1997] paper, as detailed by King et al. [2005]. The
credibility of the corrected relationship was confirmed by
the experimental wind-tunnel data [Minvielle et al., 2003;
King et al., 2005] and has been found to be valid when
applied to natural desert surfaces [Marticorena et al.,
2006].

Forl < 0:0408 log10
z0
Hm

� �
¼ 1:31� log10ðlÞ þ 0:66 ð14Þ

Forl ≥ 0:0408 log10
z0
Hm

� �
¼ �1:16 ð15Þ

[25] In practice, the generalization on a scale compatible
with MGCMs of the empirically derived relationship between
the geometric and aerodynamic roughnesses given in 14 and
15 is quite limited. Its practical application on a global
scale is indeed difficult since it would require (1) an
exhaustive and accurate documentation of the geometric
roughness on the whole surface of Mars and (2) multiple field
observations to precisely calibrate the information on the
aerodynamic roughness. However, only very few field mea-
surements of both aerodynamic roughness length and geo-
metrical characteristics of the Martian surface are available.

3.2. Remote Sensing Data and Aerodynamic Roughness

[26] For terrestrial arid and semiarid natural areas, another
approach consists in estimating the aerodynamic roughness

Figure 1. Geometric dimensions of our Martian semi-
ellipsoidal-shaped roughness elements.
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of an erodible surface by using remote sensing data or, more
specifically, by mapping the surface geometric roughness at
a global scale through the scattering behavior of an incident
beam of radiation on a naturally rough surface and cali-
brating it with the corresponding aerodynamic roughness
measured in situ in a number of sites. Greeley et al. [1991,
1997] and Marticorena et al. [2006] have experimentally
correlated the aerodynamic roughness length with C- and
L-band radars backscatter cross section s0 obtained from
both aircraft and/or spacecraft data. These correlations
were validated by using ground-truth data derived from
wind profile measurements over various arid and semi-arid
terrestrial surfaces (Death Valley and Lunar lake, USA;
Gobabeb, Namibia; North Africa). Recently, Marticorena
et al. [2004] and Laurent et al. [2005, 2008] have inves-
tigated the possibility of retrieving the aerodynamic rough-
ness length of terrestrial arid areas using the bidirectional
reflectance distribution function (BRDF) derived from pas-
sive multidirectional measurements in the solar spectrum of
the Polarization and Directionality of the Earth Reflectance
(POLDER-1) radiometer. They established an empirical rela-
tionship between the aerodynamic roughness length and the
so-called protrusion coefficient (PC) of the surface derived
from the POLDER-1 bidirectional reflectance distribution
function (BRDF) and applied it successfully over the Sahara,
the Arabian Peninsula and the eastern Asian deserts. These
latest remote sensing approaches appear to be a valuable
alternative to the in situ measurement techniques for gener-
alizing these empirical estimations to remote areas with
severe climatic conditions such as dry hot deserts.
[27] The application to Mars of these most valuable remote

sensing techniques currently used on Earth appears quite
limited by the fact that no C- nor L-band radars currently
orbit, have orbited, or have ever been fully proposed to orbit

around this planet. Following Menenti and Ritchie [1994]
and De Vries et al. [2003] and their use of high-resolution
airborne laser altimetry to determine roughness element
properties in complex vegetated areas, Heavens et al. [2008]
succeeded in deriving two different aerodynamic roughness
length z0 maps representing a plausible range for Mars under
typical conditions by using high-resolution laser altimetry
data from theMars Orbiter Laser Altimeter (MOLA) onboard
Mars Global Surveyor (MGS). Their first aerodynamic
roughness length map was scaled directly from the surface
geometric roughness derived from the MOLA topography
(as a composite of 0.6, 2.4, and 9.2 km baseline lengths
[Kreslavsky and Head, 2000]), by assuming that centimeter-
to-kilometer-scaled roughness on Mars follows overall
fractal self-affine statistics and by calibrating it further with
the results from the Mars PathFinder wind measurements
[Sullivan et al., 2000]. Their second aerodynamic roughness
length map was derived from the MOLA beam scattering,
presumed to provide a measure of a relative surface geo-
metric roughness on the footprint-scale of the optical pulse
width (�75 m) [Neumann et al., 2003] that was further
calibrated with the uniform aerodynamic roughness length
z0 = 16.62 cm used in the Geophysical Fluid Dynamics
Laboratory Mars GCM [Wilson and Hamilton, 1996].
3.2.1. Rock Abundance on Mars
[28] Other data sets have however emerged in the past

years that also enable the mapping of the surface geometric
roughness at a global scale, as required for the estimation of
mineral dust emissions on Mars. Indeed, nighttime infrared
spectral observations returned fromMartian orbiters can been
used for determining the spatial distribution of rocks at the
surface of Mars. The thermal inertia of any material represents
its ability to conduct and store heat. In the context of planetary

Figure 2. Ratio of the aerodynamic roughness height z0 to the generalized mean height Hm of the rough-
ness elements as a function of the roughness density l.
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sciences, it is a measure of a (sub)surface’s ability to store
heat during the day and radiate it during the night. Thermal
inertia I is defined as I ≡

ffiffiffiffiffiffiffiffiffi
krC

p
where k is the bulk thermal

conductivity, r the bulk density and C the specific heat
capacity of the surface. For a surface such as that of Mars, it
predominantly depends on the physical properties of the
surface materials such as particle size, degree of induration
(i.e., cementation of grains), rock abundance, and exposure
of bedrock within the top few centimeters of the subsurface.
In general, surfaces of unconsolidated, fine-grained materials
will have low values of thermal inertia, whereas cemented
surfaces and surfaces composed of sand-sized grains will
have intermediate values, and rocky surfaces and bedrock
outcrops will have higher values. By checking the consis-
tency of the thermal inertia signal at high resolution with
Viking image mosaics, Mellon et al. [2000] observed cor-
relations between the spatial variations in thermal inertia and
local geomorphological features, suggesting some relation-
ship between the centimeter-scale surface layer in these
thermally mapped regions and the tens to hundreds of meter-
scale morphology. Whereas daytime thermal observations
are dominated by the topography, the atmospheric emis-
sivity, the global albedo and surface emissivity, which are in
turn controlled by the mineralogic composition of concerned
materials, the nighttime thermal emission is primarily con-
trolled by the surface thermophysical properties. Since a
surface made of materials with different brightness tempera-
tures does not behave as a homogeneous blackbody, night-
time multiwavelength observations can be inverted to split
up the thermal contributions of the different components and
to retrieve the fraction of the surface covered by each of
them. Using such a thermal differencing technique on the
measurements of the InfraRed Thermal Mapper (IRTM)
onboard Viking and the Thermal Emission Spectrometer
(TES) onboard Mars Global Surveyor (MGS), Christensen
[1986] and Nowicki and Christensen [2007] provided esti-
mates of rock abundance z with spatial resolutions of 1� � 1�
and 1/8� � 1/8�, respectively. Their results indicate a total
abundance or surface area of rocks greater than 10–15 cm
diameter versus fine component materials such as soil, dust
or sand [Christensen, 1982] and are believed to be accurate up
to about 20% [Christensen, 1986; Nowicki and Christensen,
2007]. A direct intercomparison between these two different
data sets proved to be difficult considering their differences
in spatial resolution and sampling of observations. Their
agreement is nonetheless quite satisfactory. Both reveal the
same overall morphological features and their relative rock
distributions match on the global scale. Nowicki and
Christensen [2007] have claimed that the use of the high
resolution MGS-TES data is likely to survey surfaces possi-
bly resulting from a single or uniform set of geologic pro-
cesses such as impact cratering, fluvial erosion, volcanic
flows and/or, what particularly appeals us here, aeolian ero-
sion. MGS-TES data seem therefore particularly suitable to
serve our calculations of the aerodynamic roughness length.
However, the estimation of the rock abundance z from
MGS-TES observations is currently restricted between lati-
tudes 60�S and 60�N. It is therefore mandatory to extend the
range of MGS-TES rock abundance data set to these areas,
well beyond the current limited coverage, before using the
computed maps in a MGCM (see section 4).

3.2.2. Relation Between the Rock Abundance z
and the Aerodynamic Roughness Length z0
[29] By assuming a semi-ellipsoidal shape for the rough-

ness elements, equations (12) and (13) give:

l ¼ Hm

Dm
� z: ð16Þ

[30] Knowing the rock abundance z, it is thus possible to
introduce it into equations (14) and (15) to infer the associ-
ated aerodynamic roughness length :

For z < 0:0408� Dm

Hm
log10

z0
Hm

� �
¼ 1:31� log10

Hm

Dm
�z

� �
þ 0:66

ð17Þ

For z ≥ 0:0408� Dm

Hm
log10ð

z0
Hm

Þ ¼ �1:16 ð18Þ

[31] If the knowledge of the rock abundance z appears
essential to estimate the aerodynamic roughness length, it is
far from being sufficient since it depends also on some rock
size parameters, namely the mean height Hm and mean
diameter Dmof the specific rock population (see section 5).

4. Extension of the MGS-TES Rock Abundance
Global Map

[32] Because of cold temperatures, icy seasonal surfaces
and high solar incidence angle at high latitudes, neither
MGS-TES nor Viking-IRTM rock abundance data sets
extend poleward of 60� latitude. Moreover, rock abundances
for surfaces that have extremely low nighttime surface tem-
peratures or high dust opacities (e.g. Olympus Mons, Hellas
basin), which prevent good systematic data coverage, are also
unknown [Nowicki and Christensen, 2007]. The spectral dif-
ference algorithm used by Nowicki and Christensen [2007]
from nighttime thermal infrared observations to determine
the rock abundance on the surface of Mars provided corre-
lated information between thermophysical properties, global
albedo and local morphologies. Those properties proved to
be useful to characterize the Martian surface and to interpret
the nature of the materials present. Thus, with the aim of
filling both the [60�N, 90�N] and [60�S, 90�S] region, we
have made the assumption that the rock abundance of a given
area could be well constrained by both its thermal inertia I
and its albedo a. For more consistency, we have used the
latest version of thermal inertia [Putzig and Mellon, 2007]
and albedo [Christensen et al., 2001] global maps derived
from the Thermal Emission Spectrometer (TES) aboard Mars
Global Surveyor (MGS), which both range between latitudes
87�N and 87�S.

4.1. Learning From the [60�S:60�N] Region of Mars

[33] In the [60�S:60�N] MGS-TES data sets with a 1/8� �
1/8� spatial resolution, the thermal inertia and the albedo
both range between 0 and 5000 J.m�2.K�1.s�1/2 and 0.06–
0.32, respectively, with the majority of the points below
1000 J.m�2.K�1.s�1/2. We have constructed 2D-bins of
thermal inertia and albedo [Ik, al] = [Ik � DI/2, al � Da/2]
withDI = 8 andDa = 0.006. Figure 3 is a map depicting the
density of grid points on both the MGS-TES thermal inertia I
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and albedo a global maps whose values belong to a certain
2D-bin. In other words, the plot shows for each [Ik, al] bin,
the number of 1/8� � 1/8� pixels of both the MGS-TES
thermal inertia and albedo global maps having simultaneously
a thermal inertia value enclosed between DIk � DI/2 and
Ik + DI/2, and an albedo value enclosed between al � Da/2
and al + Da/2. Empty bins mean that no pixel in the MGS-
TES global maps was found within the corresponding range
of thermal inertia I and albedo a.
[34] Figure 3 clearly displays three modes for the density,

(low I, high a), (high I, low a) and (intermediate to high I,
intermediate a), as already pointed out by Mellon et al.
[2000] who defined accordingly A, B and C soil types,
respectively (see Table IV of their study). Each non-empty
[Ik, al] bin points to a corresponding rock abundance dis-
tribution (hereafter : bin-distribution) extracted from the
corresponding pixels of the MGS-TES rock abundance
global map. It might be a single point (if there is only one
pixel in the bin) or a well-defined distribution. The observed
MGS-TES bin-distributions might be either very scattered or
clearly defined with a peak value. Some MGS-TES bin-
distributions are even bimodal, i.e. with two values of rock
abundance corresponding to an absolute and a local maxi-
mum in the bin-distribution. Figure 4 gives an overview of

Figure 4. Example of MGS-TES rock abundance distributions (bin-distributions) found in different
MGS-TES [Ik, al] 2D-bins and plotted on a log-scale. The numbers displayed above each graph represent
the studied ranges of thermal inertia I and albedo a, [Ikmin

, Ikmax
] and [almin

, almax
], respectively.

Figure 3. Density of points throughout the different
MGS-TES [Ik, al] bins. The A, B, and C units are indicated,
as defined by Mellon et al. [2000]. The grey area corre-
sponds to empty bins. For convenience, the map was limited
to thermal inertia I values ≤1000 J.m�2.K�1.s�1/2.
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some statistical MGS-TES bin-distributions. In order to
extrapolate the MGS-TES rock abundance global map
poleward, we have attempted to choose the most represen-
tative rock abundance value for each [Ik, al] 2D-bins. To do
so, we have extracted from each bin-distribution the mode
value, or most probable value, (i.e the value with the largest
occurrence in the considered bin-distribution) rather than
the mean or the median value. The most probable value
exhibits the higher probability of occurrence over the whole
set of MGS-TES bin-distributions. It is therefore the most
likely parameter to be a relevant proxy for the rock abun-
dance of a soil characterized by [Ik, al] 2D-bin distributions.
[35] Figure 5 is constructed in the same manner as

Figure 3 except that the color scale is correlated to the most
probable rock abundance value of each MGS-TES bin-
distribution and its associated probability of occurrence in
each [Ik, al] bin. It appears that the three modes observed in
the density map displayed in Figure 3 are not represented
anymore in Figure 5. The A, B, C units all correspond to
representative values of rock abundance lower than 15%,
with some values of rock abundance higher than 15% found
only in the B unit. However, the pattern suggests a global
trend : from the left top corner of the map (high albedo - low

inertia), the rock abundance value increases toward the right
bottom corner (mid-to-low albedo - high inertia) with an
exceptions for bins around I = 400 J.m�2.K�1.s�1/2 and
a = 0.1 that alter this global trend with an isolated pocket
of low rock abundance values, however well restrained to
a small area. The overall appearance thus remains a well
established pattern. Thermal inertia and albedo by them-
selves do not provide a unique characterization of the
surface physical characteristics [Christensen, 1982], but do
provide significant insight into the physical nature of the
surface [Fergason et al., 2006]. The shape and color of the
scatterplot indicate indeed that a most probable value of
the rock abundance can be inferred for each bin-distribution
from the combined consideration of both its thermal inertia
Ik and its albedo al. This pattern we uncovered legitimates
the use of both the thermal inertia and albedo for charac-
terizing a most probable rock abundance value. The infor-
mation contained in this map has been used to extend the
rock abundance map poleward to latitudes higher than 60�S
and 60�N.

4.2. A Closer Look to the Limited North [50�N:60�N]
and South [60�S:50�S] Bands
[36] Before extrapolating the rock abundance, we have

investigated the closest region to each pole in order to
determine whether any bias could be caused by terrain too
far from the regions of interest. Figure 6 displays the density
of points throughout the different bins for both the north
band [50�N:60�N] and the south band [60�S:50�S] and
their associated most probable values. The density patterns
observed in both regions are not the same, suggesting dif-
ferent terrains/morphologies close to each pole. Besides, the
most probable rock abundance values displayed for the same
two regions are different where the same [Ik, al] bins overlap.
This justifies the need of accounting as much as possible
for the different terrains - northern and southern ones -
when extrapolating poleward.
[37] Nevertheless, the [Ik, al] bins in both these limited

bands ([50�N:60�N] and [60�S:50�S]) do not extend to
thermal inertia Ik values as high as they do in both polar
regions ([60�N:90�N] and [90�S:60�S]). It is therefore
mandatory to rely on the entire [60�S:60 �N] reference
region to achieve a complete extrapolation, when the infor-
mation is missing from the north and the south band. Finally,
some [Ik, al] bins that are represented in the polar regions are
missing from the [60�S:60�N] reference region. This limi-
tation is actually due to the high thermal inertia values
(above 1000 J.m�2.K�1.s�1/2) of the exposed ice at the
surface, in both polar regions (Figure 7).

4.3. Extrapolating Poleward

[38] Estimation of the rock abundance values at the poles
was performed as follows. For each non-empty [Ik, al] bin
present in the polar regions, the corresponding rock abundance
value was extracted from the reference density maps, first
by looking at the nearest non-polar band (i.e. [50�N:60�N]
or [50�S:60�S] for the [60�N:90�N] or [60�S:90�S] region
respectively) and then at the [60�S:60�N] region when the
corresponding [Ik, al] bin was missing from the nearest
non-polar band. The extrapolated rock abundance map
obtained is shown in Figure 8. The transition at 60�N
remains globally visible. The transition between the south

Figure 5. Most probable values of the MGS-TES rock
abundance bin-distributions and associated probability.
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band and the South polar cap remains somewhat rough
mainly at the south of Argyre Planitia whereas it is smoother
on the higher terrains (Terra Sirrenum, Aonia Terra, Noachis
Terra, Promethei Terra Cimeria).

4.4. Extrapolating in the Tharsis Region
and in Hellas Planitia

[39] The initial MGS-TES rock abundance global map
displays missing values not only poleward of 60�N and 60�S
but in the Hellas impact basin and in the Tharsis region as
well [Nowicki and Christensen, 2007]. These pixels were
filled following the same extrapolation technique used for
the polar regions.
[40] The Hellas basin displays a very localized and com-

pact region of missing rock abundance values. Most of
these were filled by extrapolating rock abundances based on
[Ik, al] bin values of a region extending between longitudes
20�E and 100�E and between latitudes 20�S and 60�S and
thus centered on the Hellas basin. By doing so, the geomor-
phology of the surrounding region was taken into account
as much as possible. However, very few pixels remained
unfilled due to a lack of necessary [Ik, al] bin values in this
region. In order to achieve the extrapolation of the rock
abundances in the Hellas basin, the corresponding rock

Figure 6. (a, c) Density of points and (b, d) most probable values throughout the [Ik, al] bins in the north
band [50�N:60�N] (Figures 6a and 6b) and in the south band [60�S:50�S] (Figures 6c and 6d).

Figure 7. Density of points throughout the [Ik, al] bins in
the north pole [60�N:90�N]. Many more thermal inertia I
values greater than 1000 J.m�2.K�1.s�1/2 are involved in
the different bins than in the central region, due to exposed
ice regions.
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abundance values were extracted from the reference density
map of the whole central region [60�N, 60�S].
[41] The missing rock abundance values in the Tharsis

region are spread over a wider area. Using directly the
corresponding rock abundance values extracted from the
reference density map of the whole central region gave a very
consistent extrapolation, with respect to the rock abundance
values found in the surrounding areas (the whole Tharsis
region and heading east from Tharsis, Arabia Planitia).

4.5. Error Analysis on Rock Abundance Data

[42] It is mandatory to estimate the statistical significance
related to our extrapolation method using the most probable
rock abundance value. Figure 5 displays the actual proba-
bility of obtaining the most probable value in each [Ik, al]
bin. Here again a pattern appears showing that the lowest
probabilities - given the reference region [60�S:60�N] - are
centered around the (intermediate I, low a) values. The
average probabilities to find the most probable values of the
rock abundance differ in each of the three modes defined
by Mellon et al. [2000]. The highest confidence level is to
be found in the A mode (above 30%) whereas the lowest
confidence level lies in the B mode (below 8%). The C mode
provides 10% to 30% probability of displaying the most
probable rock abundance value. The low probability in the
B mode are partly explained by the presence of a large
number of bimodal distributions in the corresponding [I, a]
bins. Around these modes and toward the end of the inves-
tigated domain, the probability increases: it is due to the
diminution of the density in each [Ik, al] bin which in return
increases the probability of the most probable rock abun-
dance value.

[43] In addition, we ran some sensitivity tests to estimate
how the errors attached specifically to the thermal inertia and
albedo might influence our grid of [Ik, al] bin, their
associated bin-distributions and their most probable rock
abundance value. Uncertainty in the visible bolometer mea-
surement [Christensen et al., 2001] results in an albedo
overall uncertainty of approximately Da = � 0.001 (0.5%
relative error for an albedo of 0.2). Putzig and Mellon [2007]
estimated the different sources of uncertainty in their com-
putations of the nighttime bolometric thermal inertia for a
180 K Martian surface. These sources comprise physics
not taken into account by the thermal model and inaccura-
cies in the ancillary data used on which the computations of
Putzig and Mellon [2007] rely on, especially the albedo.
This results in an thermal inertia overall uncertainty DI =
Da � f (I) where f (I) can be estimated from Figure 4a in the
work of Putzig and Mellon [2007]. As a result, the median
value of the relative error Dz

z we get on the determination of
the most probable value of rock abundance in each bin, due
to the errors on the albedo and the inertia, through the whole
reference map of [60�S:60�N], is 0.004% when choosing
Da = 0.001 and 0.034% when choosing Da = � 0.001. A
very few bins displayed values above 5% and lower than
17% (0.3% and 0.5% of the total for case Da = 0.001 and
case Da = � 0.001 respectively). Therefore, the errors on
the albedo and on the thermal inertia are not responsible for
an appreciable uncertainty in the extrapolation of the rock
abundance regarding the natural dispersion already observed
in the [Ik, al] bins. This dispersion can be quantified by the
probabilities Pr(z) of obtaining the most probable rock
abundance value in each [Ik, al] bin, or by its corresponding

Figure 8. Extended MGS-TES rock abundance data (in %) with a 1/8� � 1/8�spatial resolution. White
areas map pixels for which no values could be derived with our method because of missing inertia and
albedo data (poleward of 87�) or because of missing references for [Ik, al] bins that correspond mainly
to areas of exposed ice.
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uncertainty Dz that can be roughly estimated at 3s(99%) by
inversing PrðzÞ ¼ 1� 2Dz

zð½Ik ;al �Þ.
[44] As a whole, the high uncertainties resulting from our

extrapolation method emphasize its limitations. Still, it
appears to us, at least on a statistical point of view, that it is
the best choice to get relevant proxies for different rock
abundances, for different surfaces characterized by [Ik, al]
2D-bin distributions, and extrapolate them to the whole
surface of Mars.

5. Rock Size-Frequency Distributions

[45] The main difficulty before applying to Mars the
empirically derived correlated relationship displayed in
equations (17) and (18) is the determination of the general-
ized mean diameter Dm and the generalized mean height Hm

associated to a rock population with a rock abundance z.
Indeed, the roughness elements present at the surface of
Mars may exhibit very different size distributions. Though
essential to its determination, the knowledge of the rock
abundance z is far from being sufficient to estimate the
aerodynamic roughness length z0 since this parameter
depends also on the rock size-frequency distribution.

5.1. Rock Size-Frequency Distributions on Mars

[46] Understanding the size-frequency distribution of rocks
at potential landing sites from remotely observed data is of
prime importance for quantifying the hazards for landing a
spacecraft, for evaluating the trafficability of any rovers
maneuvering and thus for ensuring the mission success. On
the basis of the two Viking landers findings, it was first
suggested that a power law could be used to describe the
populations of rocks greater than 0.1 m [Moore and Jakosky,
1989; Moore and Keller, 1990, 1991]. By combining the
same surface rock counts at Viking 1 and Viking 2 landing
sites with Martian-analog rocky locations on Earth (mostly
volcanic and alluvial fan surfaces in Death Valley and the
Mojave Desert, California, USA), Golombek and Rapp
[1997] developed an improved model of the observed size-
frequency distributions of rocks on Mars. In this model,
based on a simple crushing law related to fracture and frag-
mentation theory, the size-frequency distributions of rocks
are fitted with exponential curves of the form:

FkðDÞ ¼ k exp�qðkÞD ð19Þ

where Fk(D) is the cumulative fractional area covered by
rocks with diameter greater than or equal to a given diameter
D, k is the total fractional area covered by rocks, and q(k) is
an exponential factor - approximated by qðkÞ ¼ 1:79þ 0:152

k -
governing how abruptly the area covered by rocks decreases
with increasing diameter D [Golombek and Rapp, 1997].
Rock abundances derived from Viking-IRTM and MGS-
TES data are determined for 10 cm and larger blocks on
the surface. At this diameter, the cumulative fractional area
versus diameter plots tend to flatten out, approaching their
total fractional area of rock coverage at smaller diameters.
As a result, Golombek and Rapp [1997] were able to use
the rock abundance derived from the thermal infrared
differencing techniques [Christensen, 1986; Nowicki and
Christensen, 2007] as k and to calculate q(k) for any rock
abundance value, thereby allowing them to crudely estimate

the size-frequency distribution of rocks at any location on
Mars. Even though the Viking-IRTM and MGS-TES
rock abundances were estimated at spatial resolutions of
1� � 1� (�60 km) and 1/8� � 1/8� (�3 km) respectively
[Christensen, 1986; Nowicki and Christensen, 2007], they
have been generally quite successful in reproducing the
size-frequency distributions of rocks larger than about 10 cm
in diameter observed for all subsequent landing sites at
much smaller spatial scales (�10 m) [Golombek et al.,
1999, 2005, 2008]. All landing site selection efforts have
relied since then on this model to estimate the probability
of encountering a rock of any given size over any landing
area for any total rock abundance. Since a critical point for
assessing the quality of a landing site is to reproduce cor-
rectly the population of the most damaging and hazardous
rocks, the attention has been especially focused on the size-
distribution of the largest rocks.
[47] For our purpose, we have to proceed in a different

way from [Golombek et al., 1999, 2005, 2008]. As explained
previously, the aerodynamic roughness length, in terms of
aerodynamic interactions, is indeed characterized by the
roughness density l which depends not only on the size of
rocks but also on their number. This can often lead to
situations for which the roughness density l is completely
defined/dominated by the smallest rocks if their number
greatly exceeds that of the larger rocks. However, the results
obtained by Golombek and Rapp [1997] indicate that neither
the power law nor the exponential distributions are able to
reproduce correctly the populations of the smallest rocks:
the power law distributions strongly overestimate them
while the exponential distributions significantly underesti-
mate them (see Figure 10). A distribution function able to
reproduce with a comparable quality the various-sized com-
ponents of the whole population is therefore needed. More-
over, preliminary results indicate that the size-frequency
distribution of rocks at the Phoenix landing site seems to
deviate from the modeled curves. Such a strong deviation
suggests that a simple crushing law based on fracture and
fragmentation theory used to derive the exponential dis-
tributions does not fully explain the rock populations at every
Martian site [Heet et al., 2009].
[48] When looking at the number distribution of rocks

versus diameter at Viking Lander 1, Viking Lander 2 and
Mars PathFinder landing sites (cf. Figure 9), it is clear that
the distribution does not follow a monotonically decreasing
function (note the maximum values at diameters in the 2–
10 cm range). A classical distribution function used to fit
such a frequently encountered pattern for environmental and
geophysical parameters - such as aerosol size [Gomes et al.,
1990] or soil texture [Chatenet et al., 1996] - is the lognor-
mal distribution. One of the advantages of the lognormal
distribution is that the parameters characterizing it (median
diameter m and standard deviation s) have an implicit phys-
ical meaning. In our model, any rock population is fitted with
a lognormal distribution of the form:

f ðD;mN ;sN Þ ¼ 1

D
ffiffiffiffiffiffiffiffiffiffiffi
2ps2

N

p exp
�ðlnD�mÞ2

2s2
N ð20Þ

where f (D, mN, sN) is the lognormal distribution describing
the number of rocks of each diameter D associated with a
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rock population characterized by a median diameter emN and a
standard deviation sN, in number. There is currently no
global knowledge of the size-frequency distributions of rocks
on Mars to compare with this model. The only existing direct
observations were made around the landing sites where
spacecraft have returned data [Moore and Jakosky, 1989;
Moore and Keller, 1990, 1991; Yingst et al., 2007]. We were
able to fit the Viking 1, Viking 2 and Mars Pathfinder data
with these lognormal distributions. In general, the data on
occurrence of various rock diameters at each site may be
plotted as histograms showing the number of rocks for each
diameter. Accordingly, Figure 9 reports the results of our
lognormal least squares fitting procedure on the number
distributions of rocks, displayed as the number of rocks of
each diameter, at these different landing sites. With Pearson
product-moment correlation coefficients r ≥ 0.99 for all
landing sites, our lognormal least squares fitting procedure
appears excellent and provides a good and satisfying
adjustment for every rock size class. However, in this paper
where we are primarily concerned with estimating the rela-
tive areal importance of rocks, it is therefore more valuable to
deal with the cumulative fractional area covered by rocks of
any diameter, integrating from the smallest to the largest rock
sizes. In this form, the fractional area of rocks greater than
any diameter provides critical and useful information about
the surface roughness element populations, and has been
widely used in the scientific literature [Moore et al., 1979;
Malin, 1988; Golombek and Rapp, 1997]. We therefore fit
our rock populations using a cumulative distribution of the
form:

FðD;mA;sAÞ ¼ z
1

2
þ erf � lnD� mA

sA

ffiffiffi
2

p
� �� �

ð21Þ

where F(D, mA, sA) is the cumulative fractional area covered
by rocks greater than any diameter D associated with a rock
population characterized by a median diameter emA and a
standard deviation sA, in fractional area, for a total rock
abundance z. Figure 10 displays the cumulative fractional
area covered by rocks with diameters greater than diameter D
versus rock diameter D for the near fields of the Viking 1,
Viking 2 and Mars PathFinder landing sites, along with the
different theoretical distributions that have been suggested to
describe them. As pointed out previously by Golombek and
Rapp [1997], the power law-modeled distributions sug-
gested by Moore and Jakosky [1989] and Moore and Keller
[1990, 1991] provide a reasonable fit to the data over the
range of rock diameters from 0.2 to 0.4 m, but signifi-
cantly overestimates the cumulative area covered by rocks
smaller than 0.2 m and larger than 0.4 m. Comparison of
our lognormal-modeled distributions with the actual data is
very satisfying. With correlation coefficients r ≥ 0.98 for
all landing sites, our lognormal least squares fitting proce-
dure appears to be as good as the exponential least squares
procedure of Golombek and Rapp [1997]. Similarly to
exponential-modeled distributions, our lognormal-modeled
distributions establish a family of non-crossing curves that
flatten out at small rock diameter. However, contrary to
exponential-modeled distributions, our lognormal-modeled
distributions are able to reproduce correctly both the smallest
and the biggest rock size ranges.

Figure 9. Number distribution of rocks versus diameter
at (a) Viking lander 1, (b) Viking lander 2, and (c) Mars
PathFinder landing sites (binned to a resolution of a half
centimeter) along with our lognormal-modeled distributions
for the same sites.
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5.2. Rock Size-Frequency Distributions
for Earth-Analogue Sites

[49] The rock size-frequency distributions found on Mars
can be compared with rock size-frequency distributions for a

variety of rocky sites found in the McMurdo Dry Valleys, a
hyper-arid cold desert that forms the largest ice-free area of
the Antarctic continent and is considered a preferential area
to understand aeolian processes occurring in many rocky,
unvegetated and hyper-arid deserts on Earth, as well as on
Mars [Lancaster, 2004]. Indeed, strong winds that transport
sediments of sand and dust size (1000 mm to 2 mm) are an
important feature of this environment and evidence for
aeolian processes is therefore widespread throughout the
McMurdo Dry Valleys. A total of 17 sites were selected by
Lancaster [2004] in the McMurdo Dry Valleys for studying
wind profile parameters and surface roughness character-
istics. These sites were selected to span a range of roughness,
from sand sheets to boulder-covered moraines, and so as to
be relatively homogenous and have low relief and surface
slope. Further information summarizing the characteristics
and locations of the sites can be found in the work of
Lancaster [2004, Table I].
[50] Figure 11 reports the results of our lognormal least

squares fitting procedure on the rock distributions, displayed
as the number of rocks of each diameter, at different analog
sites investigated in the McMurdo Dry Valleys whose rock
abundance span the entire range of terrains investigated by
Lancaster [2004]: Wright Valley 3 (smooth site), Lake
Fryxell 3 (moderately rough site) and Lake Hoare (rough
site). With correlation coefficients r ≥ 0.95 for most studied
cases, our lognormal least squares fitting procedure appears
quite good and provides a satisfying fit for all rock size
classes. Figure 12 displays the cumulative fractional area
covered by rocks with diameters greater than D versus rock
diameter D for the same analog sites investigated in the
McMurdo Dry Valleys, along with the different theoretical
distributions that have been suggested to describe them. As
for the Mars landing sites, comparison of our lognormal-
modeled distributions with the actual data is quite satisfying.
Again, with correlation coefficients r ≥ 0.97 for most studied
cases, our lognormal least squares fitting procedure appears
indeed to be as good as the exponential least squares fitting
procedure of Golombek and Rapp [1997]. The lack of
satisfying solutions for a limited number of sites (Wright
Valley 1 and Victoria Valley 2 for which the correlation
could not be performed, and Lake Joyce 3 for which r = 0.78)
demonstrates however that the flexibility of our lognormal-
modeled distributions is somewhat limited. It is worth
pointing out here that arid and semi-arid terrestrial areas

Figure 10. Cumulative fractional area covered by rocks
greater than diameter D versus rock diameter D for the near
fields of the (a) VL1, (b) VL2, and (c) MPF landing sites.
Red lines correspond to the lognormal-modeled distributions
for the same sites as derived in section 5.1 of this paper.
Straight dashed line corresponds to the power law–modeled
distribution for the VL2 landing site suggested by Moore
and Jakosky [1989] and Moore and Keller [1990, 1991]
for rocks with diameters D > 0.1 m. Black lines correspond
to the exponential-modeled distributions for the same sites
as derived by Golombek and Rapp [1997]. Grey lines corre-
spond to the generalized exponential-modeled distributions
for 2.5%, 5%, 10%, 20%, 30%, 40% and 50% rock abun-
dances as derived by Golombek and Rapp [1997].
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Figure 11. Number distribution of rocks versus diameter at
representative analog sites investigated in the (a) McMurdo
Dry Valleys, Antarctica: Wright Valley 3 - smooth site,
(b) Lake Fryxell 3 - moderately rough site, and (c) Lake
Hoare - rough site (binned to a resolution of a half centimeter)
along with our lognormal-modeled distributions for the same
sites.

Figure 12. Cumulative fractional area covered by rocks
greater than diameter D versus rock diameter D at (a) Wright
Valley 3 - smooth site, (b) Lake Fryxell 3 - moderately rough
site, and (c) Lake Hoare - rough site. Red lines correspond to
the lognormal-modeled distribution for the same sites as
derived in section 5.2 of this paper. Grey lines correspond
to the generalized exponential-modeled distributions for
2.5%, 5%, 10%, 20%, 30%, 40% and 50% rock abundances
as derived by Golombek and Rapp [1997].
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subjected to dust erosion often exhibit a bimodal size distri-
bution [Chatenet et al., 1996]. It would have been therefore
possible to base our procedure on the fitting of two lognormal
distributions (each characterized by an amplitude, a median
diameter and a standard deviation, i.e. six independent
parameters for a two-component distribution) to the observed
values by minimizing the difference between the simulated
and observed rock populations. But then, it would have been
quite hazardous to generalize each of these parameters to the
whole Martian surface with the limited amount of available
data at our disposal. For this purpose, in the frame of this
study, we preferred therefore to stick with our monomodal
distribution.

5.3. Generalized Rock Size-Frequency Distributions

[51] The data gathered at some Martian landing sites, as
well as the data collected from different Earth-analog sites,
suggest that the statistical characteristics (median diameter
em and standard deviation s) for any rock population and
used in the lognormal fitting expressed by equations (20)
and (21) might be roughly related to its total rock abun-
dance z. By assuming that there is a smooth variation in both
the fz(D, mN(z), sN(z)) and Fz(D, mA(z), sA(z)) distributions
between different values of z, we aimed at extrapolating our
previous results to any value of rock abundance z. After a

simple linear fitting procedure applied to the entire set of
rock populations, the results were:

emA ¼ 2:62� z þ 0:14 ðr ¼ 0:76Þ ð22Þ

sA ¼ 0:66� z þ 0:78 ðr ¼ 0:56Þ ð23Þ

[52] Figure 13 displays these parameters derived from
the rock-size frequency distributions at every site we
considered. It establishes relatively satisfying relationships
between both the median diameter em and the standard
deviation s of our lognormal-modeled distributions with
the total rock abundance z, with correlation coefficient r
values of 0.76 and 0.56, respectively. We were therefore able
to derive the generalized equation

FzðD;mAðzÞ;sAðzÞÞ ¼ z
1

2
þ erf � lnD� mA

sA

ffiffiffi
2

p
� �� �

;

where Fz(D, mA(z), sA(z)) is the cumulative fractional area
covered by rocks of diameter D or larger, z is the total rock
abundance, and mA(z) and sA(z) are, respectively, the
median diameter and the standard deviation of our lognor-
mal-modeled rock distribution associated with the total rock
abundance z. Our generalized lognormal-modeled distribu-
tions are noncrossing, i.e. there are unequivocal bijective
relationships between mA(z), sA(z)) and z. Our generalized
lognormal-modeled distributions are also of a globally
similar shape to what is observed for the Martian landing
sites and different Earth-analog sites as well, i.e. the gen-
eralization of several lognormal-modeled distributions
remains a lognormal-modeled distribution. It is therefore
legitimate to generalize these distributions to the whole
surface of Mars. Figure 14 displays the cumulative

Figure 13. Relation between the (a) mean diameter em and
(b) standard deviation s of our fitted lognormal distributions
for a rock abundance z. Plain red line corresponds to the
best linear fit applied to the entire set of rock populations.
Dash red lines correspond to the 2-s uncertainty in our
linear regression. Blue, red and black points correspond
to the VL1, VL2 and MPF landing sites in situ data sets,
respectively.

Figure 14. Rock size-frequency distributions at three loca-
tions along the Spirit traverse, VL1, VL2 and MPF landing
sites. Solid grey lines display our generalized lognormal-
modeled distributions for 2.5%, 5%, 10%, 20%, 30%, 40%
and 50% rock abundances along with their estimated 2-s
regression uncertainties (adapted from Golombek et al.
[2005]).

HÉBRARD ET AL.: AN AERODYNAMICAL ROUGHNESS LENGTH MAP E04008E04008

17 of 26



fractional area covered by rocks with diameters greater than
D versus rock diameter D observed at the different landing
sites (adapted from Golombek et al. [2005]) along our gen-
eralized lognormal-modeled distributions for a large diver-
sity of regularly spaced total rock abundances z. The
observed rock size-frequency distributions globally follow
our lognormal-modeled distributions for the total rock
abundances observed at the five respective visited sites on
Mars. However, our generalized lognormal-modeled dis-
tributions do not compare with the observations as satisfyingly
as the corresponding observationally derived lognormal dis-
tributions (Figures 10 and 12). This emphasizes the diffi-
culty to rely on increasingly indirect input data to generalize
in situ ground-truth results to the whole surface of Mars.
[53] For every site, the total roughness density l was

plotted against the total rock abundance z in Figure 15. The
best fit was a linear least squares giving:

l ¼ 0:3596� z ðr ¼ 0:87Þ ð24Þ

Equation (24) establishes a generalized relationship that
forces the overall shape of the roughness elements to vary
proportionally with the total rock abundance z with a cor-
relation coefficient r values of 0.87.
[54] Moreover, by assuming a semi-ellipsoidal shape for

the roughness elements, equations (12) and (13) give
l = Hm/Dm � z. Equation (24) would thus imply that
Hm/Dm = 0.3596 everywhere, i.e. that rocks tend to be
generally roughly as high as they are wide, no matter how
rocky the site is. Actual values of Hm/Dm range between
0.26 and 0.54 which is to be compared with a value of 0.5
for hemispherical roughness elements (where di = 2hi). For
every site, the generalized mean diameter D was plotted
against the total rock abundance z in Figure 16. The best fit
was a linear least squares giving:

Dm ¼ 1:369� z þ 0:158 ðr ¼ 0:82Þ ð25Þ

Equation (25) establishes a generalized relationship that
forces the generalized mean diameter D of any population
of roughness elements to vary proportionally with the total
rock abundance z with a correlation coefficient r values of
0.82.

[55] Equations (12), (13), (24), and (25) imply finally:

Hm ¼ 0:492� z þ 0:057 ð26Þ

By assuming a semi-hemispherical shape for the roughness
elements on the surface of Mars, the generally good relations
obtained above show clearly that the roughness elements
geometry and density are related: the roughness density l,
the generalized mean diameter Dm and the generalized mean
height Hm of the roughness elements can all be estimated as
a function of the rock abundance z. Knowing the rock
abundance z, it is thus possible to derive these parameters
and introduce them into equations (17) and (18) to infer the
aerodynamic roughness length associated to the rock popu-
lations in question.

For z < 0:1135 z0 ¼ 58:90� z2:31 þ 6:82� z1:31 ð27Þ

For z ≥ 0:1135 z0 ¼ 3:40� z þ 0:39 ð28Þ

6. Aerodynamic Roughness Length z0 on Mars

6.1. A Critical View

[56] Equations (27) and (28) can be applied to any rock
abundance data z, either measured directly in situ or derived
remotely. From the poleward extension of the MGS-TES
rock abundance global map, we were able to derive an
extended map of the aerodynamic roughness length, at the
fullest 1/1� � 1/1�resolution, up to 87� and 87�S latitudes.
This extended map of the aerodynamic roughness length is
shown in Figure 17. There are different sources of uncer-
tainty that affect this final modeled aerodynamic roughness
length values: (1) inaccuracies due to erroneous assump-
tions in the semi-empirical physical model, (2) imprecisions
due to the need to generalize localized in situ observations
to the whole surface of Mars, (3) imprecisions due to
undetected inter-annual or seasonal changes in the input
rock abundance data [Nowicki and Christensen, 2007],
(4) imprecisions due to the need to extrapolate where the
input rock abundance data are absent. The first two sources
are discrepancies that could exist between the modeled

Figure 15. Relation between the roughness density l and
the rock abundance z. Plain red line corresponds to the best
linear fit applied to the entire set of rock populations. Blue,
red and black points correspond to the VL1, VL2 and MPF
landing sites in situ data sets, respectively.

Figure 16. Relation between the generalized mean diame-
ter D and the rock abundance z. Plain red line corresponds
to the best linear fit applied to the entire set of rock popula-
tions. Blue, red and black points correspond to the VL1,
VL2and MPF landing sites in situ data sets, respectively.
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values and the actual conditions of the considered surface
of Mars. It is difficult to estimate their extent without a
validation based on ground-truth data. The latter sources of
uncertainty are directly related to the uncertainties Dz

attached to the original rock abundance data and to their
extrapolated values at high latitudes. They both have been
previously outlined and estimated in detail, either in Nowicki
and Christensen’s [2007] article or in section 4.5 of this

Figure 17. Extended aerodynamic roughness length z0 (in cm) inferred from MGS-TES rock abundance
data with a 1/8� � 1/8� spatial resolution. For the white pixels no values could be derived with our method
because of missing inertia and albedo data (poleward of 87�) or because of missing information for [Ik, al]
bins that are present in the polar regions ([60�N:90�N] and [90�S:60�S]) but missing from the [60�S:60�N]
reference region. These pixels mainly correspond to areas of exposed ice sheets.

Figure 18. Uncertainty Dz0 attached to the aerodynamic roughness length z0 (in cm) inferred from the
extended MGS-TES rock abundance data with a 1/8� � 1/8� spatial resolution.
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paper. These are significantly large errors. We illustrate in
Figure 18 a critical regard of their effect on the final calcu-
lated aerodynamic roughness length. We derived an overall
uncertainties Dz0 from a propagation of the rock abundance
uncertainties Dz in equations (27) and (28).

6.2. Intercomparison of Aerodynamic Roughness
Length z0 Data Sets

[57] Equations (27) and (28) can be applied both to the
Viking-IRTM and MGS-TES rock abundance data z. A
direct comparison between the aerodynamic roughness
lengths derived from these two data sets is difficult consid-
ering the differences in spatial resolution and sampling of
observations [Christensen, 1986; Nowicki and Christensen,
2007]. MGS-TES rock abundance data are averaged to
1/1� � 1/1� spatial resolution and a significant fraction of
the area included in the bin is not observed (Figure 19).
Despite the differences in spatial resolution and sampling
of observations, the agreement between the aerodynamic
roughness lengths derived from the Viking-IRTM and MGS-
TES data sets is good. Such agreement was expected since
it was already fulfilled when comparing the original
Viking-IRTM and MGS-TES rock abundance data sets (see
Nowicki and Christensen [2007] for a detailed discussion).
The smoother and rougher regions match in both maps
and, generally, the large-scale patterns exhibited by the
aerodynamic roughness length agree on the global scale.
The higher occurrences of both rougher (z0 > 1 cm) and
smoother surfaces (z0 < 0.01 cm) in MGS-TES data was
expected, considering the higher resolution of the MGS-TES
rock abundance data.
[58] A few recent in situ data sets have become sufficient

these past years to motivate the use of empirical relation-
ships between the aerodynamic and geometric roughnesses
on Mars. The six Mars landing sites (Viking landers 1 and 2,
Mars PathFinder, MER-A Spirit, MER-B Opportunity and
Phoenix Mars Lander) are the only points of reference for
directly relating remotely observed aerodynamic roughness
length to any in situ information about the geometric
roughness. In these specific locations of the Martian surface,
some indirect estimations and/or direct measurements of the
aerodynamic roughness length have been performed along
with its corresponding local geometrical characteristics. For

Figure 19. Comparison of aerodynamic roughness length
z0 (in cm) inferred from (a) Viking-IRTM rock abundance
data and (b) MGS-TES rock abundance data convolved to
(1/1� � 1/1� spatial resolution).

Table 1. Aerodynamic Roughness Length Values (in cm) Inferred From Our Processing of Viking-IRTM, MGS-TES and In Situ
Estimations of Rock Abundance Data Compared to Direct Measurements and/or Other Estimations

Landing Site Viking-IRTMa MGS-TESb In Situ Estimations
Direct Measurements or
(Other Estimations)

Viking 1 0.94 0.42 � 0.19 0.25c (0.1–1.0)d

Viking 2 0.97 0.84 � 0.14 0.87c (0.1–1.0)d

Mars PathFinder 1.04 0.80 � 0.14 1.01e 3.00f

MER-A Spirit 0.42 0.74 � 0.14 0.34g (0.14)h

MER-B Opportunity 0.19 0.52 � 0.26 ≤0.19g NA
Phoenix Mars Lander NA 0.03 � 0.17 ≤0.19i 0.6 � 0.3 / 0.5 � 0.3j

aViking-IRTM rock abundances were calculated by Christensen [1986] and were selected for landing site hazard assessment and selection studies by
Golombek and Rapp [1997] and Golombek et al. [1999, 2003, 2005]. Viking-IRTM observations were restricted between latitudes 60�S and 60�N due
to seasonal frost and atmospheric conditions, and are therefore not available for Phoenix landing site.

bMGS-TES rock abundances (and their associated uncertainties) were calculated by Nowicki and Christensen [2007] and were selected for landing site
hazard assessment and selection studies by Golombek et al. [2008]. MGS-TES observations were restricted between latitudes 60�S and 60�N due to
seasonal frost and atmospheric conditions, and we relied upon our rock abundance extrapolation methodology to derive the aerodynamic roughness
length z0 for Phoenix landing site.

cAt Viking 1 and 2 landing sites, rock abundances were estimated by Moore and Jakosky [1989] and Moore and Keller [1990, 1991].
dAs estimated by Sutton et al. [1978].
eAt Mars PathFinder landing site, rock abundances were estimated by Yingst et al. [2007].
fAs measured by Sullivan et al. [2000].
gAt the MER-A Spirit and MER-B Opportunity landing sites, rock abundances were estimated by Grant et al. [2006].
hAs estimated by Greeley et al. [2008].
iAt Phoenix landing site, rock abundances were estimated by Heet et al. [2009].
jAs measured by Holstein-Rathlou et al. [2010].
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each site, all available rock abundance data were compiled
and used for estimating the aerodynamic roughness length
according to the methodology described above. Results are
displayed in Table 1.
[59] First, comparisons are made between the aerody-

namic roughness length we derived at these sites from binned
1 pixel/degree Viking-IRTM and 8 pixels/degree MGS-TES
rock abundance data sets. Viking-IRTM rock abundance
values were presented by Christensen [1986] and were
selected for further landing site hazard assessment and
selection studies by Golombek and Rapp [1997] and
Golombek et al. [1999, 2003, 2005]. While three of the six
sites were observed directly with MGS-TES, those for
Viking Lander 1, MER-B Opportunity and Phoenix Mars
Lander were not. Rock abundance values for both VL1 and
MER-B were interpolated by Nowicki and Christensen
[2007] from surrounding pixels to provide a rough estimate
of the local surface rock abundance, although the actual site
had not been observed. The rock abundance value at
Phoenix landing site was derived using our own extrapo-
lation technique (see section 4). One should keep in mind
that the spatial scale of the orbiter observations is �60 km
for Viking-IRTM and �7.5 km for MGS-TES, whereas the
landers are only on the order of 10 m [Moore and Keller,
1990, 1991; Golombek et al., 2003, 2005]. Then, we
derived the aerodynamic roughness length from the best
estimate rock counts performed on visible images [Moore
and Jakosky, 1989; Moore and Keller, 1990, 1991; Grant
et al., 2006; Yingst et al., 2007; Heet et al., 2009]in these
locations. Finally, the last column of Table 1 displays the
aerodynamic roughness length values that have been either
estimated from the Viking landers and MER-A Spirit images
[Sutton et al., 1978; Greeley et al., 2008]through the relation
previously suggested by Lettau [1969] (z0 = l/2) or have
been measured directly through exhaustive wind profiles
analysis during Mars PathFinder and Phoenix Mars Lander
operations [Sullivan et al., 2000; Holstein-Rathlou et al.,
2010]. The field measurements performed during these last
two missions consisted of the only direct measurements of
near-surface wind profiles, including the determination of
the wind friction speeds and the aerodynamic roughness
length, ever made on Mars. This was accomplished by the
Imager for Mars PathFinder (IMP) windsock experiment
and by the Telltale wind indicator through the measurement
of wind speeds at different heights above the Martian surface
during Mars PathFinder and Phoenix Mars Lander opera-
tions, respectively. The IMP windsock experiment aboard
Mars PathFinder measured wind speeds at three heights
within 1.2 m of the Martian surface. These wind data allowed
Sullivan et al. [2000] to measure directly the near-surface
wind profiles on Mars for the first time and therefore to
characterize the local aeolian properties. Winds were light
during periods of windsock imaging, but data from the
strongest breezes indicated an aerodynamic roughness length
z0 � 3 cm at the landing site, and wind friction velocities ut

reaching 1 m.s�1. Results reported by Mars PathFinder were
therefore slightly above the previous assumptions regarding
an overall aerodynamic roughness length on Mars which
typically ranged from 0.1 cm to 1 cm [Sutton et al., 1978].
Nevertheless, they still seemed reasonably consistent because
the PathFinder landing site was believed to be significantly

rockier and rougher than most typical plains units elsewhere
on Mars. Using the Telltale wind indicator, Holstein-Rathlou
et al. [2010] were able to derive two different aerodynamic
roughness lengths z0 at Phoenix landing site, situated in the
northern polar region (68.22�N, �125.75�W), by measuring
the strength of the 3 Hz turbulence through the blurring of
the instrument and by studying the wind stability at night-
time. Both methods gave roughly the same estimates,
6 � 3 mm and 5 � 3 mm, respectively, which were lower
than previous estimates for Mars PathFinder and Viking
landing sites. Such a result was expected as the Phoenix
landing site seems, on the contrary, depleted in rocks of all
sizes relative to these previous landing sites [Heet et al.,
2009].
[60] The match between the aerodynamic roughness

length values inferred from (i) MGS-TES remote sensing
and (ii) in situ derived rock abundances is quite good con-
sidering the difference in spatial scales. Even if we cannot
perfectly explain quantitatively all the values suggested by
these different techniques, our results agree qualitatively in
terms of orders of magnitude and relative differences (from
�4% to �74% for Viking Lander 2 and MER-A Spirit
landing sites, respectively). More precisely, the in situ esti-
mations from most of the landers lie within the range defined
by our treatment of MGS-TES observations and their asso-
ciated uncertainties, except for MER-A Spirit. We emphasize
once again that local meter-length scale phenomena could
not have been resolved by the MGS-TES resolution anyway,
or by Viking-IRTM. At the Viking and MER-A Spirit land-
ing sites, our derived values are quite comparable to the
estimations previously made [Sutton et al., 1978; Greeley
et al., 2008]. We were however unable to reproduce exactly
the aerodynamic roughness length values measured by Mars
PathFinder and Phoenix. The matching of our derived aero-
dynamic roughness length values to the range of local values
recently measured at the Phoenix landing site by Holstein-
Rathlou et al. [2010], each within their respective range of
uncertainties (above 50%), lends some limited confidence
not only in our model of rock size-frequency distributions
but in our extrapolation technique as well. Wind conditions
during Mars PathFinder lander operations were light, result-
ing in most data being unsuitable for a rigorous analysis of
the wind profile [Sullivan et al., 2000]. Short periods of
stronger breezes, however, deflected the windsocks suffi-
ciently to report an aerodynamic roughness length z0 = 3 cm
at the landing site. Considering the wind conditions during
Mars PathFinder landing operations and the extent of the
uncertainties reported by Holstein-Rathlou et al. [2010] for
Phoenix (above 50%), we can reasonably expect this value
to be associated with large relative uncertainties as well.
Moreover, such an observed value is considered to be
unusually high for plains [Sullivan et al., 2000] and we
derived for this landing site different values of z0 ranging
from 0.66 to 1.04 cm, much closer to what could be expected
from the rockiest sites available in our database.
[61] These results indicate that Mars is actually more

spatially heterogenous than has been assumed before, at least
from an aerodynamic roughness standpoint. The Martian
aerodynamic roughness length we derived from MGS-TES
observations varies from 10�3cm to 2.334 cm. It stretches
over a broader range of values than what has been recently
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reported by Heavens et al. [2008]. By using high-resolution
laser altimetry fromMGS-MOLA, they succeeded in deriving
two different spatially variable aerodynamic roughness
length maps ranging from 2� 10�2 cm to 16.62 cm and from
1 cm to 10 cm, respectively. The histogram of the resulting
8 pixel/degree aerodynamic roughness length data set exhibits
a bimodal distribution with maxima at 5 � 10�3 � 10�2 cm
and 0.80–0.85 cm, with an average of 0.44 cm globally
(Figure 20). At this fullest resolution and 0.5 mm bin size,
about 84% of the Martian surface is characterized by an
aerodynamic roughness length value lower than the spatially
uniform value z0 = 1 cm that many MGCM simulations have
often assumed so far [Newman et al., 2002a, 2002b, 2005;
Kahre et al., 2005, 2006, 2008; Spiga and Lewis, 2010].
About 11% of the Martian surface is characterized by an
aerodynamic roughness length value higher than z0 = 1 cm.
About 5% of the Martian surface is indeed characterized by a
value z0 comprised in the 0.95–1.05 cm range. These results
indicate that the methodology developed and applied in this
research project to estimate the aerodynamic roughness
length provides a reasonable picture of its nature on Mars and
suggests that the map we have derived at the fullest resolution
available will be crucial to characterize local aeolian features.
Whatever the approach, ours or any other described briefly in
this paper, the estimation of the aerodynamic roughness
length relies on some empirical relationships between a few
limited sets of ground-truth field measurements and some
geometrical roughness characteristics of the surface, deter-
mined either in situ or remotely. Their practical application
on a global scale remains therefore quite questionable [King
et al., 2005].

6.3. Aerodynamic Roughness Length z0 for the Exposed
Ice Sheets

[62] In the new mapping of the aerodynamic roughness
length we have derived up to high latitudes, there still remain
missing values. First, values could not be derived above
87�N and 87�S due to a lack of thermal inertia and albedo

data at these high latitudes. Secondly, below these latitudes
and above 80�N and 80�S high thermal inertia values pre-
vented us from extrapolating any value of rock abundance
from the [60�N, 60�S] reference region. These high thermal
inertia values correspond to the exposed ice sheets on the
North polar cap and, to a lesser extent, on the South polar
cap. As observed by the Mars Orbiter Camera (MOC)
onboard Mars Global Surveyor (MGS) (see, e.g., Malin and
Edgett [2001, Figure 76] for the North Polar cap and Malin
and Edgett [2001, Figure 100] for a global overview of
exposed ice sheets at the Martian surface), the thin layers of
missing values observed in the northern polar region map
exactly the exposed ice sheets whereas these local icy
regions cover only the [�150�E:15�E] region below 84�S
latitude in the southern polar region. Since our intent was to
provide a full map as an input for MGCMs, it was mandatory
to fill in the gaps by taking into account the local icy surface
morphologies in these peculiar regions.
[63] To do so, we first reviewed the observations of the

surfaces features available for both northern and southern
polar regions; the northern residual cap is characterized by a
rough surface made up of pits, knobs, and linear depressions
on scales of tens of meters [Milkovich et al., 2010] whereas
the southern cap exhibits greater structures, with sizes rang-
ing from about ten meters to a few hundreds of meters [Malin
and Edgett, 2001]. Indeed, MGS-MOC provided images
showing differences in surface textures of both polar caps
[seeMalin and Edgett, 2001, Figure 62] which suggest wider
depressions in the South polar cap than in the North polar
cap. However, the aerodynamic roughness length describes
micro-scale roughness features much smaller than the meso-
scale morphological features that such imaging of the polar
caps can resolve. For that reason it is not relevant to suggest a
different value of z0 relying on these observed meso-scale
differences and we chose to keep instead a similar value for
both poles. As a matter of fact, the values we successfully
derived for the aerodynamic roughness length at the North
and South polar caps (as close as possible to the 87�N and
87�S latitudes) are globally quite similar. Investigations of
the turbulent transfer in terrestrial polar regions and mountain
glaciers indicated that z0 = 0.01 to 1 cm over snow and ice
[Calanca, 2001, and references therein]. Values outside this
range seem to be observed either over very smooth ice sur-
faces or in the presence of snow drifts. Thus, the moderately
rough texture observed in these Martian polar terrains
allowed us to apply z0 = 0.1 cm wherever ice was present.
In the southern hemisphere, some areas which remained
unfilled could not be reasonably connected to ice sheets.
These areas can be related to areas where seasonal deposition
may occur but whose corresponding MGS-TES observations
have been averaged over different seasons with different
amounts of ice deposition. To determine which pixels cor-
responded to ice and which did not in these regions, we
roughly estimated the main region of the permanent south
polar ice cap as being located between �150�E and 30�E
in longitude and 87�S and 90�S in latitude, with a smaller
extension added up to latitude 84�S, between �115�E and
15�E which covers an area where seasonal deposition occurs.
[64] Regions at latitudes poleward of 87�S but outside the

longitude range of the southern cap were given a default
value corresponding to the mean rock abundance value found
at the 87�S border. The few remaining pixels identified as

Figure 20. Histogram of the aerodynamic roughness
length z0 values inferred from MGS-TES rock abundance
data with a 1/8� � 1/8� spatial resolution (binned to a reso-
lution of a half millimeter).
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not being related to ice with latitudes below 87�S were filled
by convoluting the previously extrapolated rock abundance
map with an inverse distance-weighted mean over a centered
(3 � 3 pixels)-sized kernel. By working with this smallest
possible kernel, we could still account as much as possible
for the local geomorphologies. The complete map we finally
obtained is shown in Figure 21.

7. Conclusion

[65] We have established a map of the aerodynamic
roughness length z0 over the entire Martian surface. We have
chosen to use rock abundance data sets to develop a high-
resolution mapping of this parameter, rather than extrapo-
lating the limited amount of ground-truth data to infer an
“idealized” coverage of this parameter. Our methodology
was calibrated on the basis of rock-size frequency distribu-
tions inferred from different Martian landing sites and Earth
analog sites. It was then generalized using extrapolated
rock abundance data derived from measurements of the
Thermal Emission Spectrometer (TES) aboard Mars Global
Surveyor (MGS). We have established that a lognormal dis-
tribution allows us to reproduce very well the smallest
rocks population which is of great importance in estimating
the aerodynamic roughness length. We have validated the
hypothesis that the rock abundance of a given area could be
estimated at a first order from its thermophysical properties,
namely its thermal inertia I and its albedo a. The extrapo-
lation of the rock abundance values is better when consid-
ering the thermal inertia and albedo of the closest regions

as a reference, because of the higher similarities of geo-
logical terrains. Finally, by comparing with previous mea-
surements and/or estimations made at different landing
sites, we have shown that our map gives a realistic overview
of the aerodynamic roughness length on Mars. It is the very
first attempt at deriving an aerodynamic roughness length
map at such a high resolution. One of the major results of this
research project is that we were able to map aerodynamic
roughness length values that are significantly higher and
lower than the one that has been previously used in many
MGCM simulations [Newman et al., 2002a, 2002b, 2005;
Kahre et al., 2005, 2006, 2008; Spiga and Lewis, 2010]. The
higher occurrences of both rougher (z0 > 1 cm) and smoother
(z0 < 1 cm) surfaces in our map is a direct consequence of the
high spatial resolution of the MGS-TES observations used
throughout this study, which have proven to be useful to
distinguish specific surfaces that may exhibit similar micro-
scale processes. Because of the limited amount of calibration
data and some methodological uncertainties we do not claim
to give an accurate representation of this parameter on Mars,
but only one that spans a plausible range of values to be used
in MGCMs, along with the parameterizations needed for
using it to estimate the wind erosion threshold velocity.

Notation

z0 aerodynamic roughness length (m).
z0s aerodynamic roughness length on a smooth

surface (m).
a albedo.

Figure 21. Completed aerodynamic roughness length z0 (in cm) inferred from MGS-TES rock abun-
dance data with a 1/8� � 1/8� spatial resolution. A default aerodynamic roughness length value of
z0 = 0.1 cm (sky blue) was given to areas identified as ice sheets. Pixels below 87�S latitude and not
related to the south polar ice cap were filled were filled by convoluting the previously extrapolated rock
abundance map with an inverse distance-weighted mean over a centered (3� 3 pixels)-sized kernel. Pixels
poleward of 87�S but outside the longitude range of the south polar ice cap were given a default value
corresponding to the mean rock abundance found at the 87� border.
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r atmosphere density (g.cm�3).
F(D, mA, sA) cumulative fractional area covered by rocks

with diameter greater than any diameter D
associated with a rock population character-
ized in fractional area by a median diameter
mA and a standard deviation sA (m2).

f(D, mN, sN) number of rocks of any diameter D. associated
with a rock population characterized in num-
ber by a median diameter mN and a standard
deviation sN.

rd dust particle density (g.cm�3).
feff effective friction velocity ratio.
f arithmetic mean frontal surface area (m2).
fi individual frontal surface area for the indi-
vidual roughness elements (m2).

Dm generalized mean diameter (m).
Hm generalized mean height (m).
n kinematic viscosity (m.s�1).

Dp particle diameter (m).
Re Reynolds number.
z rock abundance (%).
l roughness density (%).
si surface area for the individual roughness

elements (m2).
S total surface area (m2).
I thermal inertia (J.m�2.K�1.s�1/2)

udrag
t threshold wind friction velocity (m.s�1).

udrag
ts threshold wind friction velocity on a smooth

surface (m.s�1).
udrag wind friction velocity (m.s�1).

t wind shear stress (Pa).
ts wind shear stress on a smooth surface (Pa).
tt wind shear stress threshold (Pa).
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