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MARSIS surface reflectivity of the south residual cap of Mars

The south residual cap of Mars is commonly described as a thin and bright layer of CO 2 -ice. The Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) is a low-frequency radar on board Mars Express operating at the wavelength between 55 and 230 m in vacuum. The reflection of the radar wave on a stratified medium like the residual cap can generate interferences, causing weaker surface reflections compared to reflections from a pure water ice surface.

In order to understand this anomalous low reflectivity, we propose a stratified medium model, which allows us to estimate both the thickness and the dielectric constant of the optically thin slab. First, we consider the residual cap as single unit and show that the decrease in the reflected echo strength is well explained by a mean thickness of 11 m and a mean dielectric constant of 2.2. This value of dielectric constant is close to the experimental value 2.12 for pure CO 2 -ice. Second, we study the spatial variability of the radar surface reflectivity. We observe that the reflectivity is not homogeneous over the residual cap. This heterogeneity can be modeled either by variable thickness or variable dielectric constant. The surface reflectivity shows that two different units comprise the residual cap, one central unit with high reflectivity and surrounding, less reflective units. 

South residual cap

The south polar plateau of Mars is partially covered by a perennial thin layer of carbon dioxide (CO 2 ) ice, which is easily visible from Earth and spacecraft due to its high albedo compared to the surrounding regions. Astronomers have observed this layer over a century [START_REF] A C C E P T E D M A N U S C R I P T Accepted Manuscript 18 Flammarion | La planète mars et ses conditions d'habitabilité[END_REF]], but the composition (CO 2 -ice) was determined using Viking orbiter thermal data [START_REF] Kieffer | Mars south polar spring and summer temperatures: a residual CO2 frost[END_REF][START_REF] Paige | Mariner 9 observations of the south polar cap of Mars: evidence for residual CO2 frost[END_REF]]. It has been shown that this CO 2 layer directly lies above water ice (H 2 O-ice), which comprises the major part of the plateau [START_REF] Plaut | Subsurface Radar Sounding of the South Polar Layered Deposits of Mars[END_REF] An estimate of the quantity of CO 2 in the slab, which can be compared to the total CO 2 content of the atmosphere, was made by [START_REF] Byrne | A Sublimation Model for Martian South Polar Ice Features[END_REF]. They showed that a CO 2 residual ice cap with 10 m thickness, an area of 87,000 km 2 , and a density of 1.6 g.cm -3 , constitutes only about 5% of the average atmospheric mass.

Surface Reflectivity measured by MARSIS

MARSIS is a decameter-wave sounding radar, which can penetrate kilometers below the icy surface. It has provided important results on the Martian subsurface [Picardi et al. 2005;[START_REF] Plaut | Subsurface Radar Sounding of the South Polar Layered Deposits of Mars[END_REF]Watters et al. 2007] and ionosphere [START_REF] Gurnett | Radar soundings of the ionosphere of Mars[END_REF][START_REF] Duru | Magnetically controlled structures in the ionosphere of Mars[END_REF][START_REF] Safaeinili | Estimation of the total electron content of the Martian ionosphere using radar sounder surface echoes[END_REF][START_REF] Espley | Absorption of MARSIS radar signals: Solar energetic particles and the daytime ionosphere[END_REF]]. The radar uses four frequency bands, which are centered at 1.8,3,4 and 5 MHz (166,100,75,and 60 m wavelength). Each band has a width of 1 MHz.

The data have been corrected for the distortion (phase shift) [START_REF] Safaeinili | Impact of Mars ionosphere on orbital radar sounder operation and data processing[END_REF]Mouginot et al. 2008a] and absorption [Mouginot et al. 2008b] due to the ionosphere.

The radar frequency is close to the plasma frequency (up to4 MHz) of the ionosphere [Nagy et al. 2004;[START_REF] Gurnett | Radar soundings of the ionosphere of Mars[END_REF]] and as a result the signal is broadened significantly in addition to being delayed. This broadening of the pulses can cause smearing of the resulting radargram. Correction for ionospheric effects is performed to re-sharpen the pulses and compensate for the absorption effects as described in Mouginot et al. [2008a]. To first order, the reflectivity is inversely correlated with the surface roughness, because the power reflected by a surface at nadir decreases with its roughness. Thus the topographic variations at lateral scales comparable to and/or larger than the MARSIS wavelength are affecting the signal. This is normal behavior due to the loss of coherency of the radar signal.

A simulator of returned radar echoes from Mars was developed by [START_REF] Nouvel | A. Radar signal simulation: Surface modeling with the Facet Method[END_REF]. This computationally efficient radar signal simulation is based on the use of the Facet Method as surface modeling scheme. The slope and the large-scale roughness effects are simulated using MOLA topography to predict the surface echo amplitude in each point [START_REF] Nouvel | A. Radar signal simulation: Surface modeling with the Facet Method[END_REF]. In this simulation, the reflectivity
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variability is only due to surface slopes, with an assumption of a single fixed surface dielectric constant. It allows distinguishing dielectric and topographic effects.

For each MARSIS radargram, we generate the corresponding radar simulation and extract the surface amplitude from simulated radargrams to obtain a simulated reflectivity map (Fig. 1b). We use identical procedures to generate both the simulated map and the data map (Fig. 1a).

With such a simulated map, we can correct for any reflectivity variations that are due to topographic effects. Indeed, the reflection coefficient (backscattering coefficient) R can be written as the product of a dielectric constant function and a roughness function [Ulaby et al. 1986], which is independent of the dielectric constant. By normalizing the reflectivity map by the simulated one, we obtain a map proportional to the dielectric constant (Fig. 1c). This normalization consists of the difference of the power logarithms between data and simulated map. This normalized map reveals variations of surface reflectivity across our area of interest. Indeed, one can see that the region of the residual cap has very low reflectivity values (black box in Fig. 1c) compared to the other parts of the SPLD.

Wave propagation in a stratified medium

We built a first order model to describe reflectivity in the south residual cap. This model allows us to compute the radar wave propagation in a stratified medium and then obtain a corresponding reflectivity.

Previous work indicates that the south residual cap consists of a thin perennial slab of CO 2 -ice overlapping H 2 O-ice. So we model the south residual cap reflectivity using three layers: the atmosphere, the CO 2 -ice and the H 2 O-ice (Fig. 2).
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In a two-layer medium with refractive indices n i and n j , the reflection coefficient for normal incidence is given by the equation:

r ij = n j -n i n j + n i (1)
In a stratified medium (i.e., with three layers in our case), the reflection coefficient equation may be conveniently expressed in terms of the corresponding coefficients r 12 and r 23 associated with the reflection coefficients at the first and the second interface, respectively [Born and Wolf 1959]:

r = r 12 + r 23 e 2iβ 1+ r 12 r 23 e 2iβ (2)
where β = 2π λ n 2 h , h is the thickness of the intermediate layer and λ is the wavelength of the incident wave. r 12 , r 23 may be obtained by substituting equation 1with the corresponding subscripts. This notation implies that n 1 , n 2 and n 3 are respectively, the refractive index for the upper (atmosphere), intermediate (CO 2 slab)

and lower (H 2 O-ice) layers (see Fig. 2). This model does not include any losses in the media, which, we believe, is a good approximation because for CO 2 -and H 2 O-ice losses are known to be weak. In addition polar MARSIS measurements typically show low losses [START_REF] Plaut | Subsurface Radar Sounding of the South Polar Layered Deposits of Mars[END_REF]. The refractive index n i corresponds to the square root of the real part of dielectric constant:

n i = ε i .
As the MARSIS radar signal has a bandwidth of 1 MHz and therefore is not monochromatic, we cannot limit ourselves to equation 2 to obtain the reflectivity.

Instead, we have to calculate the reflectivity as:

R = max IFFT(S( f )r( f )S * ( f ) 2 ( ) (3) A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 9
where f is the frequency, r is the reflection coefficient defined in equation 2 and S is the linearly modulated chirp signal of MARSIS. Equation 3 describes our method to model the amplitude of the surface echo: we apply to an ideal transmitted signal (chirp) the reflection coefficient r(f). The Inverse Fast Fourier Transform (IFFT) gives a time dependent signal that corresponds to the output of the matched filter of the receiver.

In our model, we describe the H 2 O-ice as compact pure water ice, which corresponds to a dielectric constant ε 3 equal to 3.15. This value of pure water ice for the dielectric constant is probably a good assumption, as previous workers have shown that the deposits of the south polar-layered deposits are composed of relatively clean water ice [START_REF] Plaut | Subsurface Radar Sounding of the South Polar Layered Deposits of Mars[END_REF]Zuber et al. 2007]. Moreover laboratory experiments have shown that the real component varies between 3.14 and 3.19 [Ulaby et al. 1986] for various types of "dirty ices". In case of porous ice, the dielectric constant decreases. For example, if the porosity of ice were equal to 10%, then, using Maxwell Garnett mixing formulas [Sihvola, 1999], the dielectric constant would be 2.87. The dielectric constant of the atmosphere is set to 1. First, we see on Fig. 3 that the reflectivity is minimal for a layer whose optical thickness n 2 h is close to λ 0 /4 ( λ 0 is the central wavelength) and the reflectivity is maximal when optical thickness is close to λ 0 /2 [START_REF] Born | Principles of Optics: Electromagnetic theory of propagation, interference and diffraction of light[END_REF].
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Second, the reflectivity is minimum or strictly equal to zero when the dielectric constant of the intermediate layer is equal to n 1 n 3 . In our case, this corresponds with a dielectric constant of ε 2 ≅ 1.77.

Data Analysis

Comparison to H 2 O-ice

As the reflectivity measured by MARSIS is not absolutely calibrated, we have to compare the reflectivity in the south residual cap to a reference region of known composition.

We have chosen a reference region in the SPLD around the position 82°S and 150°W in a 2° by 2° box. It was chosen because of its flatness, so that we can expect that the only parameter that plays a role on the reflectivity is the dielectric constant. We know that the radar waves in the region are reflected by pure water ice, overlain by an optically thin soil layer [START_REF] Plaut | Subsurface Radar Sounding of the South Polar Layered Deposits of Mars[END_REF] We select all MARSIS reflectivity measurements that are either within the south residual cap or in the reference region. We obtain a distribution (see Fig. 4) of the reflectivity for both regions and for each of the three MARSIS frequency bands. The band 1 centered at 1.8 MHz is not used because of the low amount of data.
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In order to find the most probable reflectivity values that characterize each region, we fit this distribution by a Gaussian function. Best-fit parameters are summarized in Table 1. Results show that for all frequencies, the reflectivity is much lower in the south residual cap than in the reference region.

In order to find the best values for model parameters (ε, thickness) that reproduce the observations, we use the model described previously. We fix a range for these parameters, which are from 0 to 20 m for the thickness and from 1.0 to 3.15 for the dielectric constant. The limits for the dielectric constant are the dielectric constant of the upper and lower media (i.e. respectively the atmosphere and the water ice). The procedure consists of a minimization between the model of reflectivity in a stratified medium and the MARSIS measurements for all frequency bands simultaneously.

Application of this procedure gives the best value in our model of a mean thickness of 11 m and a mean dielectric constant of 2.3. This CO 2 dielectric constant is close to the value measured by Pettineli et al.

[2003] of 2.12. It confirms that the thin bright slab in the south residual cap is primarily CO 2 -ice. The formal 1-sigma errors on each parameter, computed from the covariance matrix in the minimization, are 1 m for the thickness and 0.2 for the dielectric constant.

Local Study

In this section, we are not considering the south residual cap as a single unit, but we try to evaluate, locally, (with a resolution of about 14.7 km) the properties of the CO 2 slab. One can see in Fig. 1c that there is a large variability of reflectivity in the residual cap. Next, we fix the CO 2 dielectric constant at 2.12 and estimate the thickness with our model. This CO 2 dielectric constant is close to the previously found value and corresponds to the value measured by Pettineli et al. 2003. Fig. 5b shows the CO 2 thickness computed by our reflectivity model. In this hypothesis, we observe on the Fig. 4b two types of terrains: terrains with relatively low thickness in the central part (less than 6-7m thick) and higher thickness in the surrounding terrains (about 12 m thick). As it is difficult to measure a 1 dB decrease, thicknesses under 4 m cannot be extracted from our analysis.

Discussion

Errors

In this section, we discuss possible errors in our method.

In the first part of the analysis, where we study the general reflectivity of the residual cap, we make an assumption of the constant dielectric of the reference region. For example, if there is a porosity in the shallow subsurface of the ice sheet, the dielectric constant of the reference would decrease and so the reflectivity. For 10% porosity, ε H 2 O-ice would be 2.87 and the corresponding reflectivity would be R = 0.066. A porosity of 10% in water ice would thus reduce the reflectivity less than 1 dB.

Our model assumes no porosity for water ice (i.e.

15

.

3 2 = -ice O H ε
) and we think that the assumption does not have a significant effect on our results. Our model is not particularly sensitive to this parameter. For the 10%-porosity case, the output values of the model would be still 11 m for the thickness and 2.2 for the dielectric constant of
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In the second part, where we study the spatial variability in the south residual cap, we cannot exclude that the effect of roughness at about tens of meters scale could explain the reflectivity variability. However we think that the geologic features in the residual cap (depressions of few meters) are small compared to the MARSIS wavelength and are not responsible for the decrease in reflectivity.

Conclusions

The It is interesting to note that the reflectivity detected by MARSIS is not homogenous across the residual cap. Indeed we observe that the central part of the residual cap has higher reflectivity than surrounding areas.

We have proposed an interpretation of this heterogeneity in terms of dielectric constant and thickness of the CO 2 -ice slab.

Firstly, supposing that the thickness is constant across the residual cap and solving for dielectric variations, we would conclude that the central part is a mixture of CO 2 and H 2 O ices, and the surrounding terrains are mainly pure CO2-ice.

Alternatively, supposing that the residual cap composition is homogeneously pure
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CO2-ice and solving for thickness variations, it appears that the central terrains are thinner that the surrounding terrains. In this case, the volume of CO 2 -ice contained in the mapped part of the residual cap is about 4.1x10 11 m 3 . As MARSIS measurements cover 60% of the residual cap, we can estimate that the total volume 6.85x10 11 m 3 , which corresponds to about 5% (0.27 mbar) of atmospheric surface pressure (5.6 mbar) if we assume that the CO 2 -ice density is about 1.6 g.cm 3 . This estimation is consistent with previous works that predict that the amount of CO2 in the residual cap is small compared to the mass of the atmosphere [START_REF] Prettyman | Composition and structure of the Martian surface at high southern latitudes from neutron spectroscopy[END_REF][START_REF] Byrne | A Sublimation Model for Martian South Polar Ice Features[END_REF].

In both cases, our model shows that the central part of the mapped portion of the residual cap, which shows lower surface reflectivity, contains less CO 2 -ice than the surrounding parts of the residual cap.

A similar analysis could be conducted with the SHAllow subsurface RADar (SHARAD), which operates at 20 MHz (i.e., a wavelength of 15 m in vacuum). The SHARAD horizontal resolution is 300 m, which would allow description of the surface features at a better resolution. SHARAD may also be sensitive to the seasonal CO 2 deposits when the thickness is 1-2 m as described by Nunes and Phillips 2006., although 
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  in the form of South Polar Layered Deposits (SPLD).Thermal data from Thermal Emission Imaging System (THEMIS) revealed the presence of small exposures of H 2 O-ice adjacent to the CO 2 -ice, based on temperature signatures[Titus et al. 2003]. The Observatoire pour la Minéralogie, l'Eau, les Glaces, et l'Activité (OMEGA) observed spectral signatures of both CO 2 -ice and trace amounts of H 2 O-ice within the residual ice cap[START_REF] Bibring | Perennial water ice identified in the south polar cap of Mars[END_REF][START_REF] Douté | South Pole of Mars: Nature and composition of the icy terrains from Mars Express OMEGA observations[END_REF]]. OMEGA also confirmed the identification of H 2 O-ice-rich surfaces near the CO 2 -ice cap The perennial CO 2 deposit consists of numerous layers. Using Mars Global Surveyor Mars Orbiter Camera (MOC) images, Thomas et al.[2005] showed that the south residual cap consists of two distinct layered units, which were deposited at different by a period of degradation. The older unit, about 10 m thick, has layers approximately 2 m thick. The younger unit has variable numbers of layers, each about 1 m thick.

  echo returned by the surface from MARSIS radargrams by localizing the position in the radargram corresponding to the surface echo and measuring the amplitude. The position corresponds to the surface elevation given by Mars Orbiter Laser Altimeter (MOLA).

Fig. 3

 3 Fig. 3 presents the model of reflectivity R as function of the CO 2 thickness, h, for

  Fig.5a. One can see that the low reflectivity regions (Fig.1c) correspond to areas

  multi-layered reflection model proposed in this paper allows us to estimate a CO 2 slab thickness for a portion of the south residual cap of Mars. The mean CO 2 thickness measured by MARSIS seems to be in agreement with the thickness estimated by Thomas et al. 2005.

Fig. 4 .

 4 Figure Captions

Fig. 1 :

 1 Fig. 1: (a) Surface reflectivity map from MARSIS using the radar frequency centered

Fig. 2 :

 2 Fig. 2: Schematic view of a vertical ground section of the south residual cap, as

Fig. 3 :

 3 Fig. 3: Reflectivity R of the layered surface (see Fig. 2) as a function of the thickness h for different values of the dielectric constant ε CO 2 . The dielectric constants of the

Fig. 4 :

 4 Fig. 4: The distribution of surface reflectivity in the reference region (dark grey) and

Fig. 5 :

 5 Fig. 5: Maps of the south residual cap region. (a) Map of the dielectric constant found

  

  . In this case, the reflection coefficient of

	the reference region is estimated as	air r	/	H	2 O	-ice	=	279 . 0	with	ε	H	2	O	-ice	=	15 . 3	(see
	equation 1), which corresponds to a reflectivity	R	=	air r	/ 2 H	O	-ice	2	=	078 . 0	.
	In our modeling effort, we consider the south residual cap according to the geological
	unit defined by Skinner et al. [2006] in the Mars geologic maps. MARSIS
	measurements cover about 60% of the 87,000 km 2 the south residual cap (to 87°S).

  this study is probably more difficult because SHARAD is more sensitive to meter-scale roughness.
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Table Captions Table 1 :

 Captions1 The table summarizes the result of the Gaussian fit made on the distribution presented in
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