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Over the past decade, orbital images of the Martian surface revealed key
evidences about the history of the planet environment (craters, faults, paleo-lakes
and rivers), partially hidden under a widespread layer of aeolian deposits.
Furthermore, several recent observations and studies support the hypothesis that
water could be found in the shallow sub-surface of Mars. Low frequency SAR -
Synthetic Aperture Radar — has demonstrated its subsurface imaging capabilities
on Earth, especially in arid regions. While SAR potentials for Mars exploration
have already been widely discussed, we present here results of a theoretical and
parametric study, based on the experience we gained from terrestrial surveys on
Mars analog test sites, which evaluates the capabilities of a P-band (430 MHz)
SAR for Mars exploration, for both shallow subsurface geology mapping and
moisture detection. We suggest that a P-band polarimetric SAR can probe the
first meters of the Martian subsurface to reveal the dust-covered geology and to

monitor moisture changes over large scales.
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1. Introduction

The NASA Mars exploration has defined the “follow the Water” strategy as one of its highest
priorities in order to understand past geological and climatic history of the planet. Liquid water
appears to have existed in the past history of Mars, leaving various tracks such as valley networks
and outflow channels [Carmr, 1996]. A large amount of water is likely to be present in the subsurface
of Mars, in the form of ice or possibly locally liquid water, at depth ranging from a couple of meters
to several kilometers [Clifford, 1993].

As far as liquid water is concerned, one of the most important recent discoveries are the
numerous geologically young features, resembling terrestrial water-carved gullies, observed by the
Mars Observer Camera (MOC) onboard the Mars Global Surveyor spacecraft at mid and high
latitudes. As they are superposed on “geologically young” surfaces such as dunes and permafrost
polygons, these small-scale gully features are believed to indicate recent, i.e. within the past few
million years, superficial flows of liquid water [Malin et al., 2000; Mellon et al., 2001; Mellon et
al., 2004]. Numerous models have been proposed to explain the origin of Martian gullies. Using a
general circulation model to calculate ground temperature and pressure conditions above the triple
point and below the boiling point, [Haberle et al., 2001] determined the current locations on Mars
where pure liquid water or brine solutions could exist in the present climate. [Mellon et al., 2001]
evaluated two mechanisms for the formation of gullies: solar heating with subsurface conduction or
geothermal heating at shallows depths. [Malin et al, 2000] also suggested shallow aquifers as the
cause of a massive outflow of water from the regolith which carved the gully features, while
[Costard et al., 2002] considered the role of topography where the melting of shallow ground-ice is
the source of water at high latitudes during periods of high obliquity. Using a simple model for local
heat transport, [Hetch, 2002] suggested that transient melting of ice in the form of a seasonal trickle
of small water flows may occur in depressions almost everywhere on Mars where thin ice is
illuminated by normal incidence exposure. Recently, [Christensen, 2003] suggested that the gullies
may be formed from melting ice within snow packs deposited during high obliquity periods and still
remaining in almost permanently shaded slopes. Using the neutron spectrometer of the Gamma-Ray
Spectrometer onboard Mars Odyssey, Mitrofanov et al., 2002; Feldman et al., 2004] produced maps
of ground-ice (in the form of water or hydrated minerals) in the upper few meters of the Martian
surface at mid and high latitudes. These authors propose a twolayer model of the regolith,

presented as a water-ice rich layer buried beneath a relatively dry hydrogenpoor layer. The analysis
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of all these results provides a strong scientific rational to search for residual amounts of liquid water
in the first few meters of the Martian subsurface.

Much of the Martian surface has been intensely shaped and reworked by aeolian processes, so
that a widespread layer of dust now covers large portions of the planet. Polar layered deposits of
Mars show thick accumulations of dust in the past. [Tanaka, 2000] considers that widespread and
voluminous accumulation of dust occurred during the Noachian, generated by impacts, volcanism
and surface processes, the Arabia deposits having formed as dust accumulation waned. During the
Early Hesperian, thick dust sedimentation may have occurred essentially in the south pole and deep
Hellas and Argyre basins, but north polar sedimentary records prior to the Amazonian are largely
obscured. Deposits at Electris and Medusae Fossae may have been produced by local sources of
fine-grained materials, for instance volcanic eruptions. Large regional fine dust deposits could be
observed on Mars: they are located in northern equatorial regions (Tharsis, Arabia, Elysium). The
thickness of these dust deposits were estimated to 0.1 — 2 m, in all case less than 5 m, and the age of
the deposits are estimated at 1 Ma [Christensen, 1986a]. [Christensen, 1986a] proposed a cyclic
aeolian process of deposition and removal of the dust. Local observations at the Mars Pathfinder
landing site show very fine-grained (micron-size) dust deposition at rates of about 20 — 45 wm per
year. This value is consistent with previous studies of dust deposition on Mars and dust devils seem
to play a major role [Johnson et al, 2003]. Dust deposits also show dynamic behavior: the MOC
has repeatedly imaged slope streaks in dust-covered regions on Mars. Variations in dust deposition
could explain the observed changes in the formation rate of such mass movements [Aharonson et
al.,, 2003]. At present, no method is available to estimate the aeolian dust thickness at a global scale.
[Vincendon et al., 2003] proposed to study the disturbance of the small impact crater distribution to
estimate a dust layer thickness: a map of dust thickness in Arabia Terra was produced, with a
maximal thickness reaching 50 m. It is then very likely that a significant number of geological
features, such as river networks [Mangold et al., 2004], witnesses of the past environment of Mars,
are hidden under meters to tens of meters of “Martian dust”.

It is then clear that a better understanding of the history of Mars requires the exploration and
characterization of its subsurface: paleogeography (e.g. drainage networks and paleo-lakes) and
geological structures (e.g. impact craters and faults) may be still hidden under the dust cover, and
liquid water could be present in the near subsurface. Earth remote sensing experiences on several
Mars analogs have shown that one of the best instrument to address a shallow subsurface mapping
task on a global scale is orbital radar. Low frequency sounding radars, such as MARSIS onboard
Mars Express and SHARAD foreseen for Mars Reconnaissance Orbiter, are dedicated to deep

(several hundreds of meters) sounding with a low spatial resolution, with a main scientific goal to
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map deep subsurface water. Using aperture synthesis techniques, synthetic aperture radar (SAR)
provides high resolution imaging capabilities of planetary surfaces from orbit that complement
these ongoing radar experiments by providing a detailed data for the top few meters of the Martian
subsurface (a blind zone for the dorementioned low frequency sounding radars). A successful SAR
mission revealed the surface of Venus in the 90s [Saunders et al., 1992] and the technique is still
widely used for Earth observation [Elachi, 1988]. We present here a study of the potential of a low
frequency imaging SAR to map the shallow subsurface of Mars: we rely on results obtained for
comparative test sites to extrapolate our models to the Martian case, taking into account the geology
of Mars. This work intends to provide a proof of concept and utility for a potential P-band SAR
mission that could be sent to Mars within the next decade [Paillou et al., 2001a; Campbell et al.,
2004a].

2. The Terrestrial Case: Subsurface Geology and Moisture Detection

2.1. Subsurface Geology

Low frequency orbital SAR in L-band (1.25 GHz) allows us to investigate the subsurface down
to several meters over arid areas, when covered by dry material such as sand [McCauley et al.,
1982; Elachi et al., 1984; Schaber et al., 1986; Abdelsalam et al., 1996; Schaber et al., 1997].
Subsurface imaging using SAR presents then high potential for terrestrial applications in arid and
semi-arid environments, such as hydrology, geological mapping, natural hazard monitoring, and
archaeology. “Subsurface geology” down to a couple of meters is made of a complex combination
of materials (generally sediments) and structures, and the ground truth needed for model
development and inversion is hard to obtain. Few outdoor and laboratory experiments were
conducted to actually measure the microwave penetration in desert soils [Farr et al., 1986; Schaber
et al., 1986; Mitzler, 1998; Paillou et al., 2001b; Williams and Greeley, 2001; Heggy et al, 2001],
and approaches based on a combination of GPR — Ground-Penetrating Radar — and SAR data
proved to be successful: the GPR is operated to derive geometrical and dielectric characteristics of
the subsurface structures which are then used as input for the interpretation of the SAR image
[Grandjean et al., 2001; Paillou et al., 2003a].

One of the most interesting results regarding subsurface imaging with SAR was obtained more
than 20 years ago by [McCauley et al., 1982] for a site located in southern Egypt, the Bir Safsaf
region, using the Shuttle Imaging Radar (SIR). SIR-A radar revealed buried and previously
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unknown paleodrainage channels. Several field expeditions were afterwards undertaken in this
region in order to explore and understand the geology of subsurface structures and their relationship
with the radar signal [Schaber et al., 1986; Pailou et al., 2003a]. However, the limited geographical
coverage of Shuttle Imaging Radar missions did not allow regional scale mapping of hidden
hydrological and tectonic structures of East Sahara, and scientific interpretations of available data
remain partial and incomplete. Nevertheless, complete L-band radar coverage of East Sahara by the
Japanese JERS-1 satellite (operated by JAXA from 1990-1998) exists but has yet to be fully
exploited. Although JERS-1 radar mosaics have been realized over large equatorial regions for the
study of tropical vegetation, mapping of the arid regions of Africa and Arabia has not been
considered. We then realized the first global radar mosaic of East Sahara, covering Egypt, northern
Sudan, eastern Libya and northern Chad, from JERS-1 images at a resolution of 50 meters (cf.
Figure 1). The production and scientific analysis of a geocoded mosaic generated from more than
1600 radar scenes will reveal the near-surface geology hidden by the superficial sand layer [Paillou
et al, 2003b].

Such a dataset has contributed to the discovery of a number of unknown subsurface structures
(rivers, lakes, faults, impact craters) and will help answer several key questions about the climatic,
geological, and hydrological recent history of East Sahara. Primary analysis of this radar mosaic
already allowed the discovery of a double impact crater in south-east Libya [Paillou et al., 2003c]
and a potential giant impact crater field in south-western Egypt [Paillou et al., 2004].

Figure 1: Landsat-ETM image (left) and JERS-1 L-band SAR image (right) of northern Sudan showing
ancient valley network hidden under sandy sediments. The scene covers 400 x 350 km, the SAR scene has a
resolution of 50 m and penetration depth is about 2 m.

2.2. Moisture Detection
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Besides it penetration capabilities in arid surfaces, SAR is also sensitive to soil moisture through
the variation in dielectric constant of materials: soils containing water present a higher permittivity
and are then more reflective for the radar. SAR data can then be used in order to monitor changes in
soil moisture [Ulaby et al., 1986]. Several experimental and theoretical studies, based on both
empirical and semi-empirical approaches, have investigated this potential [Dubois et al., 1995; Oh
et al, 1992; Okamura et al., 2000]. We investigated the potentials of L-band SAR systems to map
subsurface wet structures on an experimental test site, the Pyla dune in France. Paleosoils, acting as
moisture traps, are buried inside the dune under a dry sand cover, and they could be detected down

to 3.5 m using an airborne L-band polarimetric SAR [Grandjean et al., 2001] (cf. Figure 2).

Figure 2: Airborne optical (a) and SAR (b, c) images of the southern part of the Pyla sand dune in
France. HV polarization image (c) shows subsurface moisture related to paleosoils (arrow). SAR images
have a resolution of 1 m and penetration depth is about 4 m.

Whereas classical moisture detection techniques rely on the amplitude of the radar signal, we
recently proposed to consider the co-polar phase information to map subsurface moisture [Lasne et
al., 2004]: by analyzing polarimetric SAR data, we established that a phase difference of 23°
between horizontal (HH) and vertical (VV) channels was correlated to the buried wet structures,
allowing the detection of the paleosoil down to 5.2 m. Field measurements using truck-mounted

horn antennas and time-domain analyzer confirmed the phase signal. We modeled the phenomenon
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using a two-layer Integral Equation Model (IEM) [Fung, 1994], taking into account both single and
multiple scattering components of the backscattered radar wave [Lasne et al., 2005].

Considering the penetration capabilities of L-band SAR in dry sand, of the order of a couple of
meters [Schaber et al., 1986; Grandjean et al., 2001; Paillou et al., 2003a], together with the fact that
the Martian dust is likely to be less favorable to radar penetration due to its iron content [Paillou et
al., 2001b], we have to go to longer radar wavelengths in order to explore the shallow subsurface of

Mars. For a wavelength A, the /e penetration depth 0p in a medium of dielectric constant ¢ = € -je ”

is given by [Ulaby et al, 1982]:
A [T *
N JE £ ) _
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A I-band (1.25 GHz) SAR should then penetrate 1.3 m in dry sand (¢ = 2.85-0.05], cf. [Paillou et
al.,, 2003a]), whereas a P-band (435 MHz) SAR should penetrate 1.9 m in a typical “Martian dust”
(e = 5.87-0.14j, cf. section 3). Although no orbital platform was yet developed for Earth
observation, experimental P-band SAR onboard aircrafts such as AIRSAR or RAMSES have
demonstrated higher penetration capacities [Farr, 2001; Paillou et al., 2002]. Also, as the Martian
soil is likely to contain high quantities of impact deposits and ejecta [Newsom, 1980], a long-wave
radar such as P-band should be less sensitive to possible volume scattering occurring in the first
meters of the subsurface.

A potential problem, when dealing with phase measurements and orbital SAR, is the effect of
free electrons in the ionosphere: the Faraday rotation, depending on the TEC (Total Electron
Content) of the ionosphere, the planet’s magnetic field B and the SAR frequency f, can cause
polarization rotation of linearly polarized waves as given by [Davies, 1990]:

¢ =1.35 1063;# (in degrees) )

The rotation can reach several degrees for I-band SAR orbiting around Earth and about 30° at P-
band at high latitudes during the daytime. However, Mars present no magnetic field (except at some
locations on its surface) and its ionosphere is likely to contain very low TEC [Krymskii et al.,
2004], soit should not affect an orbital SAR.

3. A Two-layer Geo-electrical Model for the Martian Subsurface
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A first step for modeling the SAR performances in terms of penetration depth and signal
backscattering is to build a reasonable geological and electromagnetic model for the shallow
subsurface of Mars. Such work was already done by [Heggy et al., 2001; Heggy et al., 2003] in
order to estimate penetration capabilities of low frequency sounding radar such as MARSIS and
SHARAD. We shall consider here a twolayer model for the first meters of the Martian subsurface.
Figure 3 shows a sketch of this model, with parameters which have to be estimated for further radar
simulation: a superficial dry layer of “Martian dust”’, of thickness d, covers a wet (or dry) layer of
basaltic bedrock. The dust layer is characterized by its dielectric constant (real part ¢;’ and
imaginary part €;”), its surface roughness (height standard deviation oy, correlation length Lj,
autocorrelation function W; [Dierking, 1999]), its albedo a (the ratio between the extinction
coefficient k¥, and the diffusion coefficient «;) and its optical depth k.d. The surface roughness is a
crucial parameter related to the density and size of rocks covering the surface [Campbell, 2001].
The dielectric constant depends on the mineralogical composition and porosity of the layer (we do
not here take into account possible magnetic properties of the Martian soil [Morris et al., 2000], but
this will be considered in future work), its albedo and optical depth being related to heterogeneities
(rock clasts) present in the subsurface. The basalt layer is also characterized by its roughness (height
standard deviation o2, correlation length L2, autocorrelation function W2) and dielectric constant
(real part €2’ and imaginary part €2”), the latter one varying in considerable ways depending on the
moisture content of the layer. It should be noted that when containing significant amount of water,
the “roughness” of the basalt layer can be controlled by the water distribution rather than by the
geological interface between dust and basalt. This two-layer model is illuminated by a radar wave
of frequency A amiving with an incidence angle 0. Such a simple two-layer model does not describe
the actual complexity of the geology of the first meters of the Martian subsurface, nevertheless it is
a first step to evaluate performances of polarimetric imaging radar in a Martian context. The
validity of our results strongly depends on the choice of realistic values for all the above described
parameters, taking into account what we know about the geology of Mars. From the radar point of
view, the most important parameter is the local incidence angle 0 which can be obtained from
Digital Elevation Models (DEM) of Mars. Then comes the surface roughness which can be
estimated from landscape images of the Martian surface taken by various landers and rovers.
Finally comes the dielectric constant, albedo and optical depth of the geological layer: these

parameter values are derived from laboratory measurements performed on terrestrial analogs.

A P-band SAR for Mars Ph. Paillou et al.



A i
I
LY ] I
-y
.8
\ }
L
.
=  mal
1= B -lE \ |
iy v
1Y Gy Diest bayer (diry)
, B yer (dry]
[Fd I'g '||
1 st
I _— A F
. 'b-r-"..}l-"'_ - oo Lo

T
By = &p =idp’ )
Basalt layer (wet)

Figure 3: Geometry of the two-layer geo-electrical model used to simulate the SAR response of the first
meters of the Martian subsurface. The upper layer is described by its dielectric constant, thickness (a few

meters here), surface roughness and volume scattering parameters, the lower layer is described by its
dielectric constant and surface roughness.

In order to characterize the first layer of “Martian dust”, we have to consider that the surface of
Mars is covered by a widespread layer resulting of the erosion of volcanic formation. In situ
measurements made by Viking, Mars Pathfinder and MER missions, as well as orbital observations
by Mars Global Surveyor (TES instrument) and Mars Express (Omega instrument), indicate the
presence of iron-oxide rich elements such as Hematite, Maghemite, Goethite and Jarosite all over
the Martian surface [Rieder et al.,, 1997, Christensen et al.,, 2000; Christensen et al., 2004;
Klingelhofer et al., 2004; Rieder et al, 2004; Bibring et al., 2005]. Recently, the neutron
spectrometer onboard Mars Odyssey as well as the Omega instrument onboard Mars Express
indicated that evaporites could also be present on the Martian surface (hydrated sulfate for instance)
[Mitrofanov et al., 2002; Gendrin et al.,, 2005]. The Martian surface is also very likely to contain
meteoritic material accumulated for millions of years. We then simulated a typical “Martian dust”
by mixing basalt, iron oxides, salts and Chondrites. The basaltic substratum was simulated using a
basalt from East Africa (Djibouti) which appears to be comparable to Martian basalts [Paillou et al.,
2001b]. In order to dispose of realistic values for the dielectric constants of our two-layer geo-
electrical model, we characterized various rocks and minerals at a central frequency of 430 MHz (P-
band). We used both capacitive and open coaxial cells connected to HP4291A impedance analyzer
to measure the real and imaginary parts of the dielectric constant of both dry powder and pellet
samples. Some results obtained for the P-band are presented in Table 1. For a “Martian dust”
mixture composed of 45% Dijiboutian basalt, 10% Hematite, 10% Goethite, 10% Maghemite, 10%
Chondrite, 5% Pyroxenolite, 5% Chlorite and 5% Gypsum, we used the second formula of
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Lichtenecker [Lichtenecker et al., 1931] in order to compute the total dielectric constant €, of the

mixture from the dielectric constant € ; of each individual constituent:

n

€ =Hsf"" ©))

m i
i=1

where ¢; is the volume fraction of the component i We finally obtained a value of ¢; = 5.87-0.14j
for the covering dust layer. [Williams et al., 2004] measured comparable values using Carbondale
Red Clay and Mars JSC-1 soil simulant. In a similar way, we computed the dielectric constant of
basalt mixed with various amount of water content, from the dielectric constant of dry basalt (cf.
Table 1) and the dielectric constant of pure water for the P-band ,, = 86.75-3.77j) [Ulaby et al.,
1986]. The case of basalt mixed with ice, which can also be relevant for the Martian case, will not
be considered since water ice presents a low dielectric constant (typically &; = 2.9-0.002j for P-band
at 20°C [Ulaby et al., 1986]) that cannot significantly change the electrical properties of geological

materials.

Sample | Basalt | Hematite | Maghemite | Goethite | Pyroxenolite | Chlorite | Gypsum | Chondrite Water

e’ 4.19 25.72 14.25 3.86 4.55 4.07 3.63 5.75 86.75

e” 0.178 1.447 1.47 0.071 0.092 0.023 0.015 0.202 3.77
dust % 45 10 10 10 5 5 5 10 -

Table 1: Dielectric constant measured at 430 MHz for various rocks and minerals relevant for Mars. All
samples were in powder form except basalt for which a pellet was used. Percentages assumed in the Martian
dust mixture are indicated.

The albedo, optical depth and roughness parameters of the superficial layer are estimated from
the analysis of Martian landscapes captured by Viking, Mars Pathfinder and MER missions. Such
data were analyzed to study the rock-size distribution at the surface of Mars for various landing
sites [Golombek et al., 1997, Golombek et al., 2003]. Also, the rock abundances over large regions
of the Martian surface were studied using thermal signatures of the surface [Christensen, 1986b;
Moore et al., 1989]. Studies indicate that 50% of the Martian surface has rocks covering 8% of the
surface of which 2% are larger than 20 cm (e.g. Chryse Planitia, the Viking 1 landing site). Few
terrains, such as Viking 2 landing site in Utopia Planitia, present a rock cover of more than 20%
with 1% rocks larger than 50 cm. [Golombek et al., 1997] proposed a rock-size distribution law in

the form of:

F, (D) = ke ?®" @)
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where Fi(D) is the cumulative fraction of the surface covered by rocks of size larger than D, k is the
total area of the rock cover weighted by the rock diameter D and (k) is the exponential decrease
factor characterizing the area, depending on k. Examples of rocky and smooth regions are presented
in Figure 4, with corresponding values of k. In order to derive values for the albedo and optical
depth, we can extrapolate the use of k, designed for surface description, to a parameter fp
representing the volume fraction of rocks of diameter D in the superficial hyer. The density of rock

can then be expressed by:

_5h
N -l )

and the diffusion and extinction coefficients can be obtained using [Fung, 1994]:

dn f,D% | e, —¢

s IS |es+28m|
. 2
‘ =% 21 = f) e, + fn\/a; sis—gsm } v

where €., is the dielectric constant of the “Martian dust” and €5 is the dielectric constant of the rock

clasts (we shall consider here basalt).

Figure 4: Left: Landscape of the Ares Vallis region taken by Mars Pathfinder, corresponding to a value
k=0.2. Right: Landscape of the Spirit rover landing site close to Gusev crater, corresponding to a value
k=0.05. Source NASA.

In the following, we shall simply divide the Martian surface into two different cases: a radar
“favorable” case and a radar “unfavorable” case. The favorable case roughly corresponds to the
Northern hemisphere of Mars: a smooth superficial layer of Martian dust, containing very few rock
clasts, covering a basalt bedrock. The superficial layer will then be characterized by a small value
for the fp parameter and will present a limited volume scattering contribution in the backscattered
radar signal. We shall consider fp ranging between 0 and 0.02 for a mean clast diameter D = 4 cm.

The “smooth” surface will correspond to o; = 0.5 to /.5 cmand L; = 10 cm. On the opposite, the
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unfavorable case, which better represents cratered terrains of the southern hemisphere, will be
modeled by an heterogeneous superficial layer containing higher densities of rock clasts,
corresponding to higher values for the fp parameter between 0.08 and 0.2 and a mean clast diameter
D = 10 cm. The surface roughness will also be higher in that case: we shall consider ¢; = 1.5 to 3.5
cmand L; = 10 cm. In both cases, the subsurface layer of basalt will be characterized by roughness
parameters 0, = 3.5 cmand L, = 10 to 12 cm, its dielectric constant varying from ¢, = 4.19-0.178j

(dry basalt) to € » = 86.75-3.77j (pure liquid water).

4. IEM Modeling of the SAR Backscattering Coefficient

Modeling of microwave scattering is still an active topic. First models for the study of planetary
surfaces were driven by ground-based observations of the Moon and Venus [Hagfors et al., 1974].
The availability of orbital SAR for Earth observation quickly induced several studies to model the
sensitivity of radar to surface roughness (defined in comparison to the radar wavelength) and
dielectric constant. The description of several models can be found in [Ulaby et al., 1982; Fung,
1994]. Among most used analytical models, we find the Geometrical Optics (GO) model assuming
a stationary phase for very rough surfaces, the Physical Optics (PO) model based on a scalar
approximation of the electromagnetic fields for medium-rough surfaces and the Small Perturbation
Model (SPM) which is valid only for smooth surfaces. [Fung et al., 1992] proposed a more
complete analytical model, the Integral Equation Model (IEM), based on a simplified expression of
tangential fields. It allows to take into account both single and multiple scattering components of
the radar wave [Wu et al, 2001] and the IEM model is also valid for a wider range of roughness
parameters than the other models, allowing to take into account various surface types. The domain

of validity of the IEM model can be defined by the relationships:
ko<l kokIL<.[lem

@
where o and L describe the roughness of a surface of dielectric constant €, illuminated by a wave
of wavenumber k = 2g/\. For P-band at 430 MHz and a typical volcanic material of permittivity
around 6, o should be smaller than /0 cm and L should be smaller than3 0 cm.

The radar backscattering coefficient can be expressed as the sum of a single scattering

component and a multiple scattering component:

0

Ogp =

s M
O *Oup ©
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where g and p indicate the polarization state of the emitted and received wave espectively (H for
horizontal and V for vertical). The single scattering coefficient is expressed by:

2 W™ (=2k sin(0),0)

I"
qp n!

(10)

k 2.2 2 —
S _ % ,-2k"cos (B)0
0., ®) = S

n=1

with:

I = (2kcos®)0)" f,, e + W[qu(—k $in(6).0) + F,, (k sin(0 ),0)] (11)

and:

W<n>(u,v)=\/% Lot (12)

being the Fourier transform of the n™ power of the surface correlation function, that we shall
consider Gaussian in the following. f,, and Fy, are respectively the coefficient of the Kirchoff fields
and complementary fields [Fung, 1994]. The multiple scattering coefficient is expressed by:

© © 2 2 2 +m
3% cos (8) (2k 0 ° cos (6)yl y

n!m!

k2
0%(@)=Ee

n=1 m=1

If Rel £ F,, (u,v)]| W =k V) W™ (u + k) dudy+

2 0 © 2 2 2 1+
k -2k%52cos*(0) (k O COos (6 ))
—e X
16m

n=l  m=l n‘m'
ﬂ“qu(u,v)r + Fq*p(u,v)Fq;(—u,—v)JW(")(u +k VW™ (u -k, ,v)dudv (13)

where k, = k sin® and (u,v) are the variables of the Green’s function. We also have to take into
account a volume scattering term which should be added to the single and multiple scattering terms

in order to simulate the diffusion effects of clasts in the superficial layer:

o40)=

éE leTzlcos(e)(l—e_ 20509 )Pqp (14)

where T;; is the Fresnel transmission coefficient from medium i to medium j and P, has a value 1.5
for the co-polar case and O for the cross-polar case [Fung, 1994].
If we consider now the twolayer case as described in Figure 3, the total radar backscattered

power will be expressed as the coherent contribution of the two layers:
o, ©)=0{,0)+0p, 0)+0,,0) (15)

with GOS;qp being the surface component of the dust layer of thickness d (cf. equation (9) with

parameters €, o, Lj), 00\/1,,,, being the volume component of the dust layer of thickness d (cf.
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equation (14) with parameters k. and ¥j), and Oossqu being the subsurface component of the basalt
layer of parameters € 2, 02 and Lz, attenuated by the first layer. It is given by:

e K ed
og&qp(e) %ﬂﬂ"ﬂ e czosez)ngqp(Gz) (16)

where Oosqu is obtained from equation (9) for the basalt layer parameters and 0O; is the angle
between the transmitted radar wave and the normal to the surface. Equation (15) allows to simulate
the radar scattering of the two-layer case, taking into account both multiple and volume scattering
terms, which are relevant for the Martian case [Baron et al., 1998, Harmon et al., 1999].

Expression (15) allows to compute the amplitude of the backscattered radar wave for various
polarizations, HH and VV for instance. As regards the phase difference between HH and VV

channels which can be used to detect subsurface moisture, it is given by [Lasne et al., 2004]:

O §ouSin( @r)

— (- Ogﬂvvsm(cpp)
08111h+0\91hh+0252hhcos(cpp)) Arcig( )| (17)

Oglvv +0\(/)l vv+0§)S2vvCOS(CPP)
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where the expression of the phase ¢p only depends on the superficial layer thickness [Lasne et al.,
2005].

5. Simulation Results

5.1. Subsurface Geology

Previous work already evaluated the potentials of a low frequency SAR for mapping buried
structures, using a simple two-layer model of the Martian surface and radar scattering being
simulated with the Small Perturbation Model [Campbell et al., 2004b]. However, the proposed
approach relies on a single scattering surface term and is mainly valid for smooth surfaces. It also
does not take into account the possible screening effect of rock clasts in the superficial layer (no
volume scattering component) and considers dielectric constants for the Martian materials which
are lower than the ones we obtained from laboratory measurements. Result of the study nevertheless
shows that a P-band orbiting SAR, with HH and VV polarization capabilities, should be able to map
subsurface geology down to several meters.

In order to simulate the performances of a P-band (430 MHz) SAR for subsurface geology
mapping on Mars, we considered a subsurface bedrock of basalt with paleo-topographic features,
the deepest structures being located 10 meters under the surface. The bedrock was then covered
with a 4 m thick layer of our “Martian dust” mixture. Figure 5 shows the subsurface basalt before

and after being covered by a homogeneous dust layer, the final result corresponding to what a
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classical optical sensor such as MOC would see. Our SAR simulator combines a radiometric
module, based on the twolayer IEM approach previously described, with a geometric module
which allows, for a given incidence angle chosen here to 30°, to take into account SAR
forshortening, layover and shadowing effects. We simulated radar images for a 430 MHz SAR
operating in HH polarization for both the “favorable” northern hemisphere case and the
“unfavorable” southern hemisphere case as described in section 3. As the response of natural
volcanic surfaces is generally higher for VV polarization [Campbell et al., 1993], simulations in HH
polarization provide a kind of “low limit” for the backscattered power. The northern hemisphere
case is characterized by a superficial layer containing very few and little rock clasts, ie. a = 0and

K«d = 0.5 m, causing no volume scattering effect. On the opposite, the southern hemisphere case
presents a superficial layer with a considerable amount of rock clasts, ie. a = 0.08 and xd = 2 m,
leading to a strong volume scattering effect which is added to the surface and subsurface scattering
components. For each case, we simulated a SAR image for a dry basalt bedrock €2 = 4.19-0.178j)
and for a wet basaltic substratum (€2 = 14.08-0.604, corresponding to a water content of 40%).
Roughness parameters for the dust layer were chosen to be o; = 0.5 cm and L; = 10 cm and we
took 0, = 3.5 cm and L, = 12 cm for the subsurface basalt layer. Results for the “favorable” and
“unfavorable” case are respectively presented in Figures 6 and 7. The radar backscattered

coefficient is computed in decibels and transformed into gray values with a linear look-up-table to
produce images. For all cases, the backscattered power for outcropping areas (dry basalt layer not

cover by dust) is varying between -10 and -12 dB, depending on the local slope.

Figure 5: Left: DEM simulating the subsurface basaltic bedrock (height range is 10 m, source IGN).
Right: The same landscape when covered by 4 m of “Martian dust”. The scene covers 25 x 25 km and the
pixel size is 50 m.
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Figure 6 shows result for the favorable case of an homogeneous superficial layer containing no
rock clasts, i.e. no volume scattering effect screens the subsurface signal. For the dry case, 0un
varies between -19 and -28 dB, meaning that deeper structures at 4 m correspond to a return higher
than -30 dB (a reasonable limit for an orbital P-band SAR [Oberto, 2000]). In the case of a wet
subsurface layer, o’m varies between -13 and -26 dB: swbsurface structures show a stronger return

because of their higher dielectric constant, making them easier to detect.

.

Figure 6: Simulated P -band SAR images (HH polarization) for the northern hemisphere “favorable” case.
Left: SAR image for a dry subsurface. Right: SAR image for a wet subsurface.

Figure 7 presents simulation results for the unfavorable case: the superficial layer contains rock
remains which produce a disturbing volume scattering component. For a dry subsurface layer, 0’un
varies between -14 and -19 dB, a smaller dynamics than the one obtained for the favorable case:
volume scattering is of the same order of magnitude as the subsurface component, reducing the
discriminating capacities d the radar. In the case of a wet subsurface layer, 0'up varies between -12
and -14 dB: the global backscattered power is increased by a more reflective subsurface layer, but
the dynamics remains poor. Even if some buried structures can still be detected by the radar in the
unfavorable case, volume scattering in the superficial layer strongly reduces the subsurface imaging
capabilities of the instrument. In both favorable and unfavorable cases, a penetration depth of 4 m

seems to be achievable using a P-band SAR.
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Figure 7: Simulated P-band SAR images (HH polarization) for the southern hemisphere “unfavorable
case”. Left: SAR image for a dry subsurface. Right: SAR image for a wet subsurface.

5.2. Moisture Detection

Previous work performed on the Pyla sand dune in France have demonstrated the potential of the
co-polar radar phase to detect subsurface moisture. We computed a ®ppyy phase value for both
“favorable” and unfavorable” Martian cases using equation (17), for three different incidence angles
of the radar beam: 20°, 30° and 40°.

For the favorable case, we considered a surface dust layer of parameters: ¢; = 5.87-0.14j, o; =

1.5cm, L; = 10 cm, fp = 0.02 and D = 4 cm. The subsurface layer was characterized by ¢ ; ranging
from 4.19-0.178j (dry basalt) to 86.75-3.77j (pure liquid water), o2 = 3.5 cm and L2 = 10 cm.

Results presented in Figure 8 show a phase increase with the incidence angle value. This is due to
the increase of the multiple scattering erm which contributes to the phase difference [Lasne et al.,
2005]. For an incidence angle of 40°, we can observe a phase difference reaching 26° when the
subsurface water content is higher than 40%. The subsurface effect is confirmed by the fact that the
phase difference becomes zero when the surface and subsurface layers have the same dielectric
constant (left part of Figure 8). A water content of more than 40% in the first meters of the Martian
subsurface is unlikely, but Figure 8 (right) shows that the co-polar phase also presents strong
changes (up to 21°) when the subsurface moisture content changes from zero (dry basalt) to only a
few percents. A small seasonal change in the moisture content of the Martian subsurface could then

be detected using the radar phase information.
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Figure 8: Simulated co-polar phase ®yy.yy for the “favorable” case as a function of the moisture content of
the subsurface layer for three incidence angles: 200, 30" and 40°. Left: 0 to 100% moisture content. Right: 0
to 5% moisture content.

We also computed the corresponding value of the subsurface backscattered power oossgqp for
both HH and VV polarizations, in order to check that the backscattered radar signal is higher than
the typical instrument detection limit, fixed to -30 dB. Figure 9 shows the HH and VV subsurface
backscattered pow er, at 40° incidence angle, as a function of the subsurface water content for three
different thicknesses of the superficial dust layer: we can see that the radar can probe down to 1
meter deep in the 0 — 8% moisture range and detect deeper moisture down © 3 meters from 25%

water content for the VV polarization.
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Figure 9: Computed value for Gossqu for the “favorable” case as a function of the moisture content of the
subsurface layer at a 40 incidence angle, for three upper layer thicknesses: d = 1 m,d =2 mand d = 3 m.
Left: HH polarization. Right: VV polarization. The horizontal line corresponds to the -30 dB detection limit.

The unfavorable case was simulated with a rougher heterogeneous surface dust layer of
parameters € ; = 5.87-0.14j, o; = 3.5 cm, L; = 10 cm, fp = 0.08 and D = 10 cm. Again, the
subsurface layer was characterized by ¢, ranging from 4./79-0.178j (dry basalt) to 86.75-3.77] (pure
liquid water), o2 = 3.5 cm and L2 = /0 cm. As previously, results presented in Figure 10 show a
phase increase with the value of the incidence angle. For an incidence angle of 4(°, the phase
difference is however lower than for the favorable case: it reaches 20° when the subsurface water

content is higher than 40%. The volume scattering component of the superficial layer does not
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contribute to the co-polar phase difference and in fact screens the phase signal of the subsurface
layer. However, Figure 10 (right) shows that the co-polar phase still presents strong changes (up to
17°) when the subsurface moisture content changes from zero to only a few percents. A small
seasonal change in water content in the Martian subsurface should then be also detectable even in

the unfavorable case.
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Figure 10: Simulated co-polar phase @y, ., for the “unfavorable” case as a function of the moisture
content of the subsurface layer for three incidence angles: 20°, 30" and 40F. Left: 0 to 100% moisture
content. Right: 0 to 5% moisture content.

We again computed the corresponding value of the subsurface backscattered power 0%y, for
both HH and VV polarizations in order to check the radar backscattered level. Figure 11 shows the
HH and VV subsurface backscattered power, at 40° incidence angle, as a function of the subsurface
water content for three different thicknesses of the superficial dust layer: the radar can see down to
1 meter deep in the 0 — 6% moisture range and detects deeper moisture down to 3 meters from 40%
water content for the VV polarization. Penetration performances are lower than previously, again
because of the screening effect of the scattering in the superficial layer. In both favorable and
unfavorable cases, our simulation results show that a P-band polarimetric SAR should be able to

monitor moisture changes down to 2 m.
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Figure 11: Computed value for 0°ss,, for the “unfavorable” case as a function of the moisture content of
the subsurface layer at a 40 incidence angle, for three upper layer thicknesses: d = 1 m,d =2mand d = 3
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m. Left: HH polarization. Right: VV polarization. The horizontal line corresponds to the -30 dB detection
limit.

6. Conclusion

Using a twolayer geo-electrical model of the first meters of the Martian subsurface, we could
evaluate the potential performances of a P-band SAR for both subsurface geology mapping and
moisture detection. The geo-electrical model was built using laboratory characterization of analog
samples representing our actual knowledge of the mineralogy and petrography of the Martian
surface. We combined these laboratory measurements to results of the latest Mars exploration
missions to help defining the parameters of our model. We considered the Integral Equation Model,
with both single and multiple scattering terms, to compute surface, subsurface and volume
contributions to the backscattered radar wave. Our results, for both a “favorable” (homogeneous
superficial dust layer) and ‘“unfavorable” (clastic dust layer producing volume scattering) case,
indicate that a P-band SAR should be able to image subsurface geology down to 4 meters. Using a
polarimetric phase signature which allows to detect subsurface moisture, as it was shown from
airborne I-band data on the Pyla dune in France, we could simulate a detection limit of 2 meters for
a water content change of a few percent in the Martian subsurface. A polarimetric P-band SAR
could then be able to monitor small changes in the subsurface moisture on Mars. Such simulations
should of course be refined using more complete and realistic models of the Martian subsurface
(magnetic properties, multi-layering, better constrained surface roughness parameters, various size
distribution of scatterers, effect of salt water), but they already illustrate the potential scientific

returns we could expect from a SAR mission to Mars.
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