Planetary and Space Science 59 (2011) 1222-1230

journal homepage: www.elsevier.com/locate/pss

Contents lists available at ScienceDirect

Planetary and Space Science

Multilayer simulations for accurate geological interpretations of

SHARAD radargrams

M.G. Spagnuolo ®*, F. Grings °, P. Perna®, M. Franco ¢, H. Karszenbaum ”, V.A. Ramos ?

2 Laboratorio de Tectonica Andina, Facultad de Ciencias Exactas y Naturales, Pab. 2, Ciudad Universitaria, Buenos Aires, Argentina
P Instituto de Astronomia y Fisica del Espacio (IAFE), Ciudad Universitaria, Buenos Aires, Argentina
€ Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales (FCEyN), Departamento de Fisica, Ciudad Universitaria, Pab. I, 1428 Buenos Aires, Repiiblica Argentina

ARTICLE INFO

Article history:

Received 29 March 2010

Received in revised form

25 October 2010

Accepted 26 October 2010
Available online 3 November 2010

Keywords:

SHARAD

Mars

Simulation
Radargram
Subsurface mapping

ABSTRACT

SHARAD (SHAllow RADar) is a nadir-looking Synthetic Aperture Ground Penetrating Radar on board
NASA’s 2005 Mars Reconnaissance Orbiter. There are three main characteristics that define the
performance of this instrument: ground penetration (due to the operational frequency, the observed
echoes can be related to reflections from surface or subsurface), spaceborne operation (the first reflection
does not necessarily correspond to the nadir reflection), and nadir looking SAR (there will always be
left/right ambiguities). All this implies that there will be surface/subsurface range ambiguity and the
geological interpretation of the radargrams cannot be straightforward. In order to avoid data mis-
interpretation, a simulator of SHARAD’s expected response for a given observation geometry and
topography is needed. Simulations can take into account all surface/subsurface reflections in order to
identify common families of ambiguities and facilitate the interpretation. In this work we present
SHARSIM (SHARAD Radargram SIMulator), a software tool designed to simulate SHARAD radargrams
taking as inputs Mars surface information and hypothetical subsurface structure. Its performance is
analyzed by investigating typical artifacts and by a direct comparison with real radargrams. We show that
SHARSIM simulations can help to discern between artifacts and real subsurface features in order to make

accurate geological interpretations.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

SHARAD (SHAllow RADar) is a nadir-looking Synthetic Aperture
Ground Penetrating Radar on board NASA’s 2005 Mars Reconnais-
sance Orbiter (Seu et al., 2007). SHARAD is capable of monitoring
the first 2 km of Mars subsurface and therefore potentially
discriminate layers of different materials in the Martian upper
crust with an average vertical resolution of 15 m (dependent on
material relative permittivity). The principal SHARAD objective is,
as Seu et al. (2007) stated, is "to map, in selected locales, dielectric
interfaces to at least several hundred meters depth in the Martian
subsurface and to interpret these results in terms of the occurrence
and distribution of expected materials, including competent rock,
soil, water and ice”. To this end, SHARAD is very well suited, since
the relative permittivity of ice is different than the permittivity of
rocks. A secondary, geologically related objective is to identify Mars
subsurface dielectric interfaces and to interpret them in terms of
geological processes at different environments.
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Orbital radars are instruments capable of obtaining reflectivity
maps from a planet surface at a given frequency and incidence
angle. Reflectivity depends on both geometrical and dielectrical
properties of the surface, and therefore carries information about
surface structure and composition. A typical (side looking, not GPR)
SAR can be considered an instrument capable of transforming
reflectivity maps measured in the time delay/Doppler shift coor-
dinates into range/azimuth coordinates. The algorithm responsible
of this transformation is called SAR processor, and is a key step to
obtain reliable reflectivity maps. There are several, well documen-
ted, SAR processing artifacts that degrade or even destroy the
information content of some areas the reflectivity maps (Cumming
and Frank, 2005).

SHARAD is different from a typical SAR in two main aspects: (I) it
is not a side looking radar and (II) it is a ground penetrating radar
(GPR). Point (I) implies that there always will be left/right range
ambiguity (Quegan and Kingsley, 1999), and (II) implies that there
always will be subsurface/superficial range ambiguity (Daniels,
2004). This is due to the fact that the received echo is the result of
the combination of (1) nadir surface echoes, (2) nadir subsurface
echoes, (3) off-nadir surface echoes and (4) off-nadir subsurface
echoes, reaching the radar before and after nadir surface echoes. In
principle, all these echoes cannot be discriminated because there is
no one-way relation between time delay/Doppler values and target
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coordinates. Although it is assumed that the radargrams carries
stratigraphic information about Martian crust, they cannot be
interpreted straightforward as geological subsurface sections due
to the ambiguities mentioned before. Several approaches have
been proposed to this end (Campbell, 2002; Biccari et al., 2001; Holt
et al., 2006; Nouvel et al., 2004; Russo et al., 2008).

All of these radargram simulators are based on hypotheses
about the Martian subsurface dielectric structure and geometry,
Martian surface geometry, and wave-matter interaction. In order to
develop a reliable reflectivity map of Mars subsurface (related to
real dielectric discontinuities), it is important to identify the type of
artifacts produced by the system. These artifacts will depend on
specific observation geometries and landscapes, but also on the
hypotheses governing the simulation experiment. To identify
artifacts and to help in radargram interpretations, we developed
SHARSIM, a coherent simulator of the SHARAD system that takes as
input: (1) Martian surface topography and dielectrical properties,
(2)SHARAD ancillary data (orbital and system), (3) subsurface layer
structure and dielectrical properties and (4) scattering models.

This paper presents an analysis of expected SHARAD artifacts
using SHARSIM simulations for different geometrical and dielec-
trical conditions of Mars surface/subsurface. The paper is organized
as follows. In Section 2, we present the hypotheses related to Mars
surface/subsurface geometry and dielectric properties, and
expected scattering characteristics at SHARAD frequency. In
Section 3, we show some basic SHARSIM simulations over different
Mars landscapes. In Section 4, we compare SHARSIM simulations to
some real SHARAD radargrams, in order to analyze the overall
consistence and the specific discrepancies. Finally, in Section 5 we
discuss the result of the analysis and propose some future
improvement of SHARSIM and future radar simulation software.

2. Target model
2.1. Surface model

Our two main sources of knowledge about Martian topography:
Mars Observer Laser Altimeter (MOLA) on board NASA’'s Mars
Global Surveyor mission (Smith et al., 2003) and Mars Digital
Elevation Models (DEMs) derived from HRSC (Neukum et al. 2004;
Jaumann et al., 2007). These DEMs differ in spatial resolution (both
horizontal and vertical) and coverage. MOLA grids have a resolution
of 1/128° both in longitude and in latitude, corresponding to a
horizontal distance of ~500 m at the equator. MOLA vertical
accuracy depends strongly on Mars region, but can be evaluated
of the order of ~1 m (Smith et al., 2003). DEMs have a resolution of
the order of 50 m both in longitude and in latitude and ~10 m
vertical resolution (Neukum et al., 2004; Jaumann et al., 2007).
HIRISE Stereoscopic derived DEMs vary in resolution according to
processing steps and image quality, but values of the order of
centimeters on both horizontal and vertical resolution was pub-
lished (Ivanov and Rossi, 2009). Since high resolution data exceed
Sharad’s wavelength (1) by many orders of magnitude, we decided
to work with MOLA grid and HRSC DEMs where available.

According to the scattering theory, the scattering behavior of a
random surface is a function of the bidimensional surface profile z
and dielectric and magnetic properties of the surface. For relatively
rough surfaces, where 2mwg/A~1, where ¢ is typical standard
deviation of surface heights, the scattering can be modeled using
the geometrical optics model (Kirchhoff model with stationary
phase approximation, Fung, 1994). Conversely, if 2ng/4 ~0.3, the
scattering can be modeled using the physical optics model (Kirchh-
off model with scalar phase approximation, Fung, 1994). All the
complex behaviors are related to the resonance range A/10 <z
< 10/. This is important because Martian surface is expected to

have spatial frequency components in all ranges, and there is no
theoretical scattering model able to take as input a general surface
profile and to estimate its scattering behavior. Therefore, a
scattering model reflecting a compromise must be selected.

At medium resolution (profiles of the order of A) DEM provides
important in situ data, and at low resolution MOLA's provides global
measure of the surface relief (~104). Some authors have implicitly
or explicitly assumed that, at MOLA resolution, Mars surface can be
modeled as a random surface characterized by a single correlation
length. Biccari et al. (2001) assumes a fractal surface, characterized
by a Hurst exponent, an rms slope and an exponential correlation
length. Using MOLA, Russo et al. (2008) found an rms height of the
order of several meters, above the threshold defined by Rayleigh’s
criterion (Fung, 1994).

Our objective is to build a model able to reproduce the most
common and expect artifacts of SHARAD. To this end, the high
resolution information of stereoscopic DEM is of no use, since at
this scale: (1) roughness is not expected to produce large changes in
the phase of the backscattered wave and (2) no variations of the
dielectrical properties are expected. Therefore, accepting as input
mid-resolution DEMs from MOLA and from HRSC, we have
information of Mars surface as a set of vertical points separated
by DEM’s resolution.

There are several ways to construct a surface from 3D grid. The
most common involves the use of facets, in which a rough surface is
approximated through a series of small planar facets. The expected
scattering is then obtained as the coherent sum of scattering from
individual facets. This model is suboptimal in terms of spatial
continuity, but has the advantage of being related to a simple
scattering model. Therefore, this is the model selected in this paper.
The consequences of this choice in the scattering behavior are
analyzed in the following section, but it is important to mention
that SHARSIM software can take as input any scattering model.

2.2. Surface scattering model

The scattering problem of the Mars surface at microwave
frequencies can be considered as follows. First, Mars surface is
assumed to be a bidimensional surface with a characteristic length
L. A plane wave illuminates the surface with an incident elevation
angle 0; and an azimuth angle ¢;. The instrument received power P,
from the surface and can be modeled using the radar equation:

PG22% [[a(6,$)
P = dA 1
(471)3 // M

where P; is the transmitted power, Gy is antenna gain, o(0, ¢) the
backscattering coefficient of the surface element and R the range
from the instrument to the surface element. Since we are using
facets to model the surface, the backscattering of the illuminated
area of the surface will be approximated by the sum of the
backscattering of all facets:
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where A is the facet area. Therefore, our electromagnetic problem
reduces to estimate the backscattering of a facet at every incidence
geometry. If we approximate every facet by a flat rectangular plate,
we can use the approximation developed by de Adana et al. (2003):
a%(0,¢) = ‘f—fw cos2 0 3)
A k*sin” Ocos? ¢
where a is the plate length. This approximation works very well for
flat plates, even non-conducting ones when corrected using Fresnel
coefficients. But there is still a second problem: this approximation
is valid only for perfectly flat plates; therefore, the scattering will be
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confined to a very narrow angular beamwidth. This has been found
to be unrealistic in most studies about microwave scattering of
planetary surfaces (Campbell, 2002; Johnson et al., 2007). We must
therefore take into account that the facets cannot be considered flat
plates, since they must have some internal (although unknown)
structure. It is important to understand that a distribution of
heights and blocks inside the facet will imply a difference in phase
of the scattered signal of every point (Campbell, 2002). These phase
differences create interference patterns in the radiated fields that
cause the incident energy to be radiated in directions different to
the incident one. In SHARSIM, Hagfor’s model (Johnson et al., 2007)
was implemented in order to include this subresolution inter-
ference pattern in the facet’'s model. This model is related to
scattering process where mirror like facets pointed to the radar
produce strong peaks at smaller angles. The facets should be much
larger than the illuminated wavelength, a requisite that is satisfied
for SHARAD (}L=125 m, 5MQLA=500 m, 5HRSC pEMs =50 m) The
model also assumes a Gaussian distribution of surface heights, a
single scale exponential autocorrelation function of the surface
profile and an approximation to derive the autocorrelation function
at the origin (Johnson et al., 2007). The backscattering coefficient is
then modeled as

%= % {cos“9+Csin2 0} 32 )
where I is the Fresnel coefficient of the surface and Cis a constant
normally assumed to be the square root of the expected rms slope
(107'-1072 m; Biccari et al., 2001). Therefore, we estimate the
backscattering of every facet using Eq. (4), taking as input the DEM
derived geometric properties and dielectric parameters directly
derived from hypotheses about the surface material composition
derived from literature (Cereti et al., 2007; Carter et al., 2009).
Furthermore, we consider that the dielectric properties remain
constant for the considered swath. The selected values for the
different materials considered are summarized in Table 1.

2.3. Subsurface model

Little is known about the Martian internal crust structure. One
common assumption states that Martian crust is a stratified
medium consistent of several quasi-horizontal layers of different
materials. The composition and thickness of these layers is still a
subject to debate, since different geomorphologic theories about
Mars formation and evolution predicts different layered structures
(Baker, 2001; Zuber, 2001). In order to test hypotheses about which
geological structure will be observable in different geological
settings, we include in the simulation the possibility to add layers
at different depths in the form of DEMs below the surface, with
different geometrical and dielectrical properties. We take the
following general assumptions:

1. The layers have uniform dielectric properties. Therefore, scat-
tering will only occurs at structure’s interfaces (dielectrical

Table 1
Adopted dielectric properties of materials.

Material  Dielectric Attenuation Notes
constant real ()
part (&)
Lava flow 4.27 0.0033 Type 4 (basaltic-andesite with
50-15% H,0 ice) from
(Marinangeli et al., 2007)
Basalt 5.48 0.00077 Type 7: basalt with < 15% H,0

ice from (Marinangeli et al.,
2007)

boundaries) but not between them. Scattering will occur down-
wards and upwards.

2. A wave crossing a medium of thickness d will suffer a delay
equal to

d
0= ——+ 5
20z (©)
3. A wave crossing a medium of thickness d will suffer an
attenuation that can be approximated as

|§x(d)‘ — p—dV20i"/c /e 6)
|Ex(0)]

where ¢” is the medium conductivity.

Two sources of uncertainties arise: Which is the geometrical
structure of the dielectric boundaries and which are their dielectric
properties? The dielectric properties of any material are related to

Load
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Fig. 1. SHARSIM flowchart.
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their chemical structure. Therefore, if we assume a given layer
composition we are defining its dielectrical properties. About
boundaries geometry, no experimental information is available.
But it is important to stress that SHARSIM allows the introduction
of any given geometry.

3. Integration

The algorithm used to estimate the radargram for a given
SHARAD observations geometry and Mars surface and subsurface
is depicted in Fig. 1.

A few remarks are in order:

1. Platform trajectory is obtained from SHARAD ancillary informa-
tion or can be synthesized in order to simulate hypothesized
trajectories. SHARSIM simulates a swath of ~1°.

2. Input DEM can be MOLA or HRSC.

3. In a real acquisition, SHARAD antenna footprint illuminates
large regions of Mars surface. The reflections coming from
before and after platform position is then compressed, using the
Doppler information in the reflected pulse. The compression
spatially localizes every pulse, effectively differentiating pulses
coming from different azimuth positions (Cumming and Frank,
2005; Quegan and Kingsley, 1999). The simulation proposed in
this paper assumes that azimuth compression is already done in
an error free way. Therefore, the column of the radargram
corresponding to every azimuth (along orbit) position is the
coherent sum of the reflected pulses coming from surface or
subsurface reflections. In future SHARSIM versions, this proces-
sing step will be simulated in order to include some specific
artifacts related to azimuth compression.

4. The backscattering wave delay and attenuation of every subsur-
face facet is estimated using Eq. (4)-(6), and the backscattering
of every surface facet is estimated using Eq. (4), using the values

of Table 1 for the dielectric properties and DEM derived values
for the geometric properties.

5. All these echoes are summed using (2) with their respective
delays to obtain the simulated echo measured by SHARAD.
Surface and subsurface propagation is done using raytracing
techniques, estimating the backscattering for every facet in the
corresponding surface/subsurface layer. A first order approach
(nodouble or higher order bounces allowed) was selected due to
the average low backscattering that characterizes the scattering
at this wavelength. This is done for each spacecraft orbital
position. The final product is SHARAD'’s simulated radargram.

6. This is a discrete simulation, since we are using a discrete
DEM (MOLA or HRSC) and discrete intervals for range and
azimuth positions. SHARAD also discretizes radar reflections in
range using a constant time frame, and discretizes azimuth
position using a constant PRF. However, actual Mars surface is
continuous. This leads to a striping artifact, mostly seen in lower
parts of the radargrams but actually corresponding to far off-
nadir reflections.

4. Simulations

First, it is important to evaluate the differential quality in the
radargrams simulated using DEMs from different resolutions.
Therefore, we simulated the same Mars area using as input HRSC
and MOLA DEMs. The result it is shown in Fig. 2.

As it can be seen from the figure, both simulated radargrams
present the same artifacts related to geometrical features of Mars
surface. In the selected area, the echoes coming from the craters near
the path are easily observed in both simulations. However, in the
zones near the smaller craters at the middle of platform track, the high
resolution of HRSC DEM produces a radargram that reveals a complex
reflection structure, unnoticed in the MOLA based simulation. In

Fig. 2. To the left the figure shows a Mosaic of MOLA and HRSC DEMs used to compare simulated radargrams. Platform path and illuminated area is marked in white where
simulation starting and ending points are marked as A and B, respectively. In the simulated radargrams (right, (a) MOLA only, (b) HRSC+MOLA). Although different from a
quantitative point of view, the radargram simulated using the high resolution DEM do not present more or more complex artifacts but a better resolution due to more facets.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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summary, with both DEMs we are able to identify off-nadir reflections To evaluate SHARSIM performance, we will now evaluate
(artifacts), which can be confused with subsurface reflections in a simulated SHARAD radargrams over selected topographies, speci-
geological interpretation. Nevertheless, with high resolution DEMs, a fically chosen to maximize known artifacts. The first example is
more detailed simulation could be performed. related to topographic artifacts. Since SHARAD has only one way to

\
Nadir reflection .

Fig. 3. Figure shows Pavonis mons MOLA DEM used to simulate the radargram (up). Platform path and illuminated area is marked in white (simulation start and end point is
marked as A and B, respectively). In the simulated radargram (down) the nadir reflection is marked as dashed line. A series of reflection artifacts are easily identified.
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differentiate pulses coming from across track direction (time
delay), it cannot differentiate pulses coming from surface or
subsurface. A typical artifact is observed when a large elevation is
near but not crossing platform trajectory (Fig. 3). For some points of
the elevation (a volcano in our case), the platform-surface distance is
less that the platform-nadir distance. Therefore, the first pulses
arriving are the ones corresponding to volcano’s walls, and not from
the surface. This will lead to a misinterpretation of the first radargram
echo (actually coming from volcano’s walls) as the nadir reflection.
Moreover, the next radargram echoes (the ones actually coming from
nadir) can be misread as subsurface reflections.

Furthermore, if the volcano walls happen to be perpendicular to
the incoming EM wave, these reflections can be seen as intense as
the nadir reflection. This will reinforce the wrong interpretation
stated above and will assign a strong dielectrical change to the
subsurface echo. Finally, from different parts of the volcano surface
comes numerous echoes of varied intensity that arrives to the
platform after the first echo. These echoes can also be misinter-
preted as coming from subsurface structures. And it is important to
remark that all these spurious reflections artifacts are produced in a
simulation where there is no subsurface structure.

5. Comparison to real radargrams

In order to evaluate the full capabilities of SHARSIM, in Fig. 4 we
compare a simulated radargram with a real one. The radargram
corresponds to Biblis Tholus region, but the nadir track goes
through a relatively flat area. As can be seen, there are two clear
echoes in the real radargram, apparently coming from the subsur-
face. These echoes seem to be located at an average depth of
~400 m (assuming basalt materials (Biccari et al., 2001), see Eq. (5)
and presents a strong reflection, similar in intensity to the surface
echo. Theoretically, these kinds of reflections are typical of strong
dielectrical discontinuities, such as atmosphere/basalt or basalt/
pure ice (Cereti et al., 2007). This is reinforced by the fact that if

Biblis Tholus

A
Sk
T —

these are subsurface echoes, they should suffer a non-negligible
attenuation from the basalt soil (Biccari et al., 2001).

However, a direct comparison with the simulated radargram
shows that these are artifacts, which may be produced by: off-nadir
surface facet specular reflections related to topography, surface
reflections related to an off-nadir very rough areas, or off-nadir
reflections of surfaces with different dielectrical properties. Since
there are no experimental evidences of a change in landcover
related to a change in dielectrical or roughness properties, and
there is a large topographic feature near, the best explanation for
these observed artifacts is that they are reflections from Biblis
Tholus and Ulyses Tholus lateral walls, which are not in platform
nadir track but near it. Furthermore, more artifacts from both
volcanoes are expected, some near the observed subsurface echoes
and other arriving before the nadir reflections. However, these low
power artifacts are not observed in the real radargram due to
acquisition and processing limitations.

It is interesting to see that towards the tip of radargram track (B)
and near the surface, there are also strong reflections that do not
appear in the simulated radargram. This part of the track crosses
over a relatively flat area dominated by lava flows, as can be seen in
the Themis IR mosaic form (Fig. 5). These reflections do not seem to
be related to topography artifacts, since they do not appear in the
simulation.

In this kind of system, the width of a surface reflection is related to
both the range resolution of the system and the nature of the target.
The range resolution is related to chirp bandwidth, and for SHARAD,
this value is around 15 m. The observed reflection is wider than the
expected for a “point target” (a surface characterized by an ideal
specular scattering pattern). Nevertheless, every surface presents a
non-negligible superficial roughness, which leads to a wider scatter-
ing pattern. Therefore, every observed surface scattering in SHARAD is
characterized by a wider than a pixel response. But in order to explain
the observed reflection, whose width is not constant along track, two
possible explanations arise: (1) the observation is the combination of
two reflections from two separated layers not present on the whole

Fig. 4. Comparison between a real radargram and its simulation. To the left we show a location map made of MOLA and HRSC DEMs composition, with the path of radargram
r_0193902_002_ss19_700_a along A-B dash-line and the simulated area marked in full line. To the right we compare the real radargram with the simulated one. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. This figure shows the track of the simulated radargram and MOLA shots over a TEMIS IR mosaic (left), and the topography profile along track (right). In grey is
represented the surface topography used for simulation. Dots represent MOLA shots. The proposed subsurface topography for the simulation is shown in black.

Fig. 6. Simulation of radargram r_0193902_002_ss19_700_a based on MOLA Mars topography of Biblis Tholus region with a hypothetical subsurface layer added (Fig. 5). (a)
Simulation made using only the surface layer, (b) real radargram, (c) simulation made using the two dielectrical interfaces: one for vacuum/lava and another for lava/basalt
(subsurface). The intense backscatter observed in the lava flows in region of the real radargram (b) is better simulated when a subsurface dielectric discontinuity is added (c).

track or (2) the observation arises from the changes in surface
roughness along track. However, high resolution optical images do
not show evidence of a significant change in surface roughness
along track.

Therefore, we propose that these observed echoes come from a
subsurface dielectrical discontinuity below the Mars surface. To test
this hypothesis, we can use SHARSIM to simulate r_0193902_
002_ss19_700_a radargram, but now considering both dielectrical
discontinuities. However, we need as input parameters the layer
depth, its geometrical structure and its permittivity. As an exercise,
we will propose values for all these parameters, based on ancillary
data or biographical information (see Table 1 and Carter et al., 2009).

To obtain a rough estimate of the lava flow thickness, we can use
MOLA data. From MOLA shots, it can be seen that the lava flows are
~50 m thick tops (Fig. 5). Furthermore, we will suppose that there
is basalt below the lava flow, so the adopted dielectric constant is
the one corresponding to lava flow material for the region between
the surface and the discontinuity and the one corresponding to
basalt for the region below the discontinuity. Last, we will suppose

that the layer and surface topography are similar. The proposed
profile for the subsurface layer is shown in Fig. 5.

In order to test if our geological hypothesis is consistent with the
observed radargram, we rerun the simulation of Fig. 4, but now
including the proposed subsurface layer. The adopted dielectric
constant was the one corresponding to lava flow material for the
region between the surface and the discontinuity and the one
corresponding to basalt for the region below the discontinuity. The
result of the simulation is shown in Fig. 6.

It can be seen from the simulations that the addition of the
subsurface layer increases radargram simulated backscatter of the
lava flow region (B on Fig. 4). This agrees with SARAD observations
better than the simulation without the subsurface structure (Fig. 6).
However, it is important to remark that we are not claiming that
there is a subsurface lava/basalt discontinuity in this region; we are
just pointing out that the observed radargram is consistent with
this hypothesis. There could be different geological configurations
(related to different geometrical/dielectrical hypotheses) that lead
to a radargram similar to the observed one. This is because there is
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no one way relation between geological structure and SHARAD
radargram. Therefore, in order to evaluate which subsurface
geological set up it is more likely it is mandatory to use all the
available information on the area, like optical images and radar-
grams at other frequencies.

6. Conclusion and future work

Although Mars exploration using remote sensing data is a
relatively old discipline, only in the last 5 years there is enough
information to test complex hypotheses about Mars geology using
real data. Now, it is possible to test models about Mars condition
and evolution using real information about soil hyperspectral
reflectance Combe et al., 2008; Le Deit et al., 2008), topography
(Smith et al., 2003; Neukum et al., 2004), subsurface dielectrical
reflectivity in the microwave regime (Fois et al., 2007) and local
gravity (Zuber et al., 2000).

Nevertheless, when using remote sensing data it is always
important to distinguish between instrument measurement and
geophysical information. This is particularly true for GPR instru-
ments, for which a wide range of ambiguities are usually observed.
There is information about Mars crust in SHARAD radargrams, but
there is no one way relation between radargram scattering patterns
and crust dielectric structures. In this paper, we have shown that
there are predictable patterns of artifacts, mostly related to off-
nadir surface scattering. Using SHARSIM, these artifacts are now
predictable, since it is possible to simulate the expected SHARAD
radargram from Mars topography information and ancillary data.
Comparing these simulated radargrams with real ones, it is possible
to identify artifacts from candidate subsurface reflections.

Moreover, it is possible to use SHARSIM as a predictive tool,
given as input known data about Mars surface and data about
hypothetical subsurface structures. Therefore, we can simulate the
expected radargram corresponding to a complex medium (Mars
surface and subsurface), which is a function of both geometrical
and dielectrical hypotheses about the medium structure. These
simulations are very important, since it is a rational way to test
which geologically predicted subsurface structures for Mars are
possible to identify using SHARAD and MARSIS.

For future work, we are including in the simulation more refined
hypotheses about the scattering processes and the processing
techniques. The first and most important is the simulation of the
azimuth compression process, since there is a well-known set of
artifacts related to this technique (Quegan and Kingsley, 1999).
This is particularly relevant to forward looking GPR SAR systems, in
which the spatiotemporal location of the impulse response func-
tion is a critical step in the compression scheme to correctly focus
SAR echoes. Secondly, we plan to improve the scattering model by
taking into account what is known about Mars small scale
topography (of the order of centimeters) by using the integral
equation method (Fung, 1994) to estimate the backscattering of
DEM’s facets. Early tests with this improved model predict a less
extreme dependence of the backscattering coefficient with the
incidence angle at large incidence angles, which is consistent with
the observations. To this end high resolution topographies with
submeter resolutions would be useful.
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