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A COMPLETE AERODYNAMIC ROUGHNESS MAP DERIVED FROM ROCK ABUNDANCE DATA: EXTRAPOLATION TO HIGH LATITUDES

Introduction: Dust storms have been reported in all seasons on Mars from ground-based and spacecraft observations, across much of the planet and ranging from small local storms covering a few tens of km 2 to planet encircling [START_REF] Cantor | [END_REF]. Simulations of these dust events using Mars Global Circulation Model (MGCM) indicates that the large quantities of dust lifted into the atmosphere during these storms can have a strong impact on the atmospheric thermal structure, the global circulation patterns and thus the climate in general [2]. Further understanding of the origin of these local and global dust storms strongly implies the description of the processes involved in dust rising and transportation from the Martian surface. Looking at observations, it is almost certain that aeolian erosion varies from one region to another depending on the ease of dust lifting from the surface [3]. Yet, until recently, there have not been enough data available in modern MGCMs to implement a spatially variable wind stress threshold map nor, for that matter, any map for the factors that are controlling (interparticle cohesion, surface roughness, etc). The aerodynamic roughness length z 0 especially affect the model-calculated wind stresses and wind stress thresholds for dust lifting; a spatially varying aerodynamic roughness length field could thus affect the simulated dust cycle [4].

Parametrization of the aerodynamic roughness height z 0 : The spatial variations of the aerodynamic roughness length z 0 has not been fully investigated yet on Mars, and latest MGCM simulations have assumed a spatially uniform aerodynamic roughness length z 0 value within the 0.001-0.01m range [5,6,7] estimated for the Viking and Pathfinder landing sites [8,9]. Two different aerodynamic roughness maps on Mars were recently derived using high-resolution laser altimetry using data from the Mars Orbiter Laser Altimeter (MOLA) aboard Mars Global Surveyor (MGS) [10]. Here, we demonstrate the possibility of using rock abundance maps [11,12] to estimate the roughness density λ as well as some other rock-size frequency parameters (mean diameter D, mean height H) on Mars, and to retrieve subsequently the aerodynamic roughness z 0 by using a quantitative relationships based on wind-tunnel and field measurements on Earth (Fig. 1). Our calculations have been further validated using rock-size frequency distributions inferred from different Martian landing sites and Earth analogs [14,15]. Previous works on this topic have been mainly dedicated to better assess the quality of the landing sites [16,17,18,19]. As a consequence, the attention has been mainly focused on the bigger rocks distribution, a critical point for characterizing a landing site, that is well reproduced by their chosen exponential fits to the observational data. However, surface roughness can be principally driven by the smallest rocks, and log-normal distributions seem to be better adapted to reproduce with a comparable quality the varioussized components (Fig. 2). In the next section we build an extended rock abundance map between 87°N and 87°S and deduce the extended roughness map from it. We use the established equations linking D, H, the rock abundance and the roughness density  to derive the roughness length z 0 using [13].

Extrapolation to high latitudes:

Extending the range of our calculations poleward, well beyond the current limited coverage between latitudes 60°S and 60°N, is a mandatory task before using such maps in MGCM. To do so, we built upon the correlation existing between the albedo, the thermal inertia, and the rock abundance MGS-TES datasets [12,20,21]. The A, B, and C units are indicated, as defined by [22]. The grey area correspond to empty bins. For convenience we limite the map to inertia values < 1000 tiu. This map clearly displays three modes for the density, (low I-high ), (high I-low ) and (moderate to high I-intermediate ), as pointed out already by [22] who defined the corresponding A, B an C soil type, respectively.

In each [I k , l ] bin the points have a corresponding rock abundance distribution (hereafter : bindistribution) extracted from the corresponding pixels of the rock abundance map. It might be a single point (if there is only one pixel in the bin) or a well defined distribution (fig. 4). Each non-empty [I k , l ] bin has a bin-distribution from which we take the mean and the most probable value (i.e the value with the largest occurrence in the bin). Doing so, we plot two maps similar to the one Fig. 3 except that the color scales are this time correlated to either the mean (Fig. 5) or the most probable (Fig. 6) value of each bin-distribution. We now use these maps to fill the rock abundance map poleward of 60°S and 60°N. Inertia and albedo data are available until 87°S and 87°N so that we aim to obtain a rock-abundance map filled between these high latitudes (and so a roughness map as well).

The north band [50°N:60°N] and the south band [60°S:50°S]

Before doing the extrapolation of the rock abundance values, one might want to use the closest region to the poles as a reference in order to avoid biases caused by terrain too far from the regions to fill. It allows as well to get rid of bi-modal bindistributions such as the one showed on fig. 4. On an 'areographical' and geological basis, it is more relevant to consider both north and south bands ([50°N:60°N] and [60°S:50°S] respectively) for an extrapolation of rock abundance values to the north pole and the south pole, respectively. We show fig. 7 and fig. 8 the density of points throughout the different bins. The A unit (see fig. 3) is now missing and B and C units are somewhat modifed (this variations justify the need of considering these bands before extrapolating the rock abundance values).

However the [I k , l ] bin coverage of both north band and south band is weaker than the one in the poles (especially in the north pole) and one needs to consider the entire [60°S:60°N] region (central region) as well. Furthermore, the [I k , l ] bin coverage is greater in the north pole than the one in the central region (fig. 8) as well. Thus some pixels remained unfilled, corresponding to the exposed ice at the surface of the polar regions. 

The extended roughness map

In order to estimate the rock abundance values at the poles we proceed as following. Considering for instance the south pole, for each non-empty [I k , l ] bin present in the south pole we check for the corresponding rock abundance value in the reference density maps (in either the south band or the central region if the information is missing from the south band). As a reference rock abundance value we have chosen the most probable one (and not the mean value) because it provided the lowest discontinuities at the borders (60°S and 60°N). The rock abundance map we obtained is shown fig. 10. Using the equations derived from the study explain in the second section of this abstract we were able to derive an extended roughness map, between latitudes 87°N and 87°S. The roughness map we obtained is shown fig. 11.
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 1 Figure 1: Ratio of the aerodynamic roughness length z 0 to the mean roughness elements height H as a function of the roughness density λ [13].

Figure 2 .

 2 Figure 2.a: Histograms reporting the number of rocks for each size bin diameter at Viking lander 1, along with our fitted lognormal distributions (in red).

  2.b: Same as figure 2.a for Viking lander 2 and Mars Pathfinder landing sites.

  The [60°S:60°N] region of Mars.On the [60°S:60°N] martian map ( (1/8)° x (1/8)° resolution), the albedo values range between 0.06 and 0.32. The inertia values are within the range 0-5000 tiu (thermal inertia units) with the majority of the points below 1000 tiu. We constructed 2D-bins of inertia and albedo [I k , l ] = [I k +/-I/2,  l +/-/2] with I = 8 and  = 0.006. Figure3is a map depicting the density of grid points on the albedo and inertia maps whose values belong to a certain 2Dbin. In other words, the plot shows for each [I k , l ] bin, the number of (1/8)°x(1/8)° pixels of the I k and  l maps having simultaneously an inertia value between I k -I/2 and I k + I/2, and an albedo value between  l -/2 and  l + /2.

Figure 3 :

 3 Figure 3: Density of points throughout the different [I k , l ] bins.The A, B, and C units are indicated, as defined by[22]. The grey area correspond to empty bins. For convenience we limite the map to inertia values < 1000 tiu.
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 4 Figure 4: A rock abundance bin-distribution for [I k , l ] with I k =284 and  l =0.117.
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 5 Figure 5: Mean values of the rock abundance bin-distributions. The shape of this density map is the same as the one fig.3, the values in each bin are different.
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 6 Figure 6: Most probable values the rock abundance bindistributions
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 7 Figure 7: Density of points throughout the [I k , l ] bins in the north band [50°N:60°N].
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 8 Figure 8: Density of points throughout the [I k , l ] bins in the south band [60°S:50°S].

Figure 9 :

 9 Figure 9: The density of points throughout the [I k , l ] bins in the north pole. Much more inertia values greater than 1000 tiu are involved in the different bins than in the central region (see fig.3).

Figure 10 :

 10 Figure 10: The extended rock abundance map between 87°N and 87°S. Unfilled pixels remain at the Poles (white areas on the map), due to high thermal inertia values of exposed ice sheets. These values are not found in the central region used as a reference, thus preventing from any extrapolation of the rock abundance in these restrained polar regions.

  

Conclusion :

We have been able to generate a consistent aerodynamic roughness length z 0 map on the whole surface of Mars. Compared to what has been inferred previously from different landing sites, our results suggest that the method used here to estimate the aerodynamic roughness length z 0 provides a reasonable picture of the actual conditions existing on Mars.