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ARTICLE INFO ABSTRACT

Keywords: Studies of the roughness of natural surfaces (landscapes) provide useful information for planetary geology. This
Local fractal dimension paper covers the mapping and analysis of the spatial variability of the surface roughness of Martian topography
HiRISE

at a high spatial resolution (metre-scale). The methodology provides new images of the Martian surface texture at
the metre-scale that can assist in the interpretation of geological events, processes and formations. It can also
assist in geological mapping and in the evaluation of sites that merit further exploration. Digital elevation
models, generated by stereo-pair HiRISE images, of six different terrains (aeolian, volcanic, hydrated, cratered,
reticulate and sublimated) were used to characterize the metre-scale terrain roughness of representative test sites
on Mars. Surface roughness was evaluated by using the local fractal dimension and the results show that the
mean of the local fractal dimension ranges from 2.17 in reticulate terrain to 2.71 in sublimated terrain in the
southern polar cap. The roughness of the sublimated terrain is significantly higher than the roughness of typical
terrains on Earth. Basically, the roughness of the Martian terrain at the metre-scale depends on the rugosity of the
landscape, which can be quantified as the number of metric-scale closed depressions and mounds present on the
terrain. The information provided by the spatial variability patterns of metre-scale roughness maps provides a
significant resource for local planetary geology research at high resolution scale.

Metre-scale roughness
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1. Introduction

Landscapes, as described by surface topography, have different de-
grees of roughness or, alternatively, different degrees of smoothness.
Taking a flat surface as a starting point, as the roughness of a landscape
increases, so does its complexity, irregularity, and heterogeneity. The
evaluation of the landscape roughness of the Earth has received a lot of
attention particularly for studying the flow of air (wind) over the ground
(Martano, 2000; De Vries et al., 2003), radar scattering (Shepard and
Campbell, 1999), ecological habitat studies (Riley et al., 1999; Wilson
et al., 2007), characterising geomorphology (Xu et al., 1993; Schwim-
mer, 2008) and geological studies (Hayes and Kane, 1991) among other
applications. A review of roughness in the Earth Sciences can be found in
Smith (2014) and a review of the roughness of karst landscapes is given
in Day and Chenoweth (2013), and various applications can be found in
Glenn et al. (2006), Volker et al. (2007) and Grohmann et al. (2011),
among others. Furthermore, on Earth the study of landscape roughness
has been extended to the study of the seafloor roughness (Fox and Hayes,
1985), sub-glacial roughness (Cooper et al., 2019) and sea-ice roughness
(Segal et al., 2020).
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In addition to studies of landscape roughness there are many related
studies of the fractal dimension of Earth landscapes (Gilbert, 1989;
Huang and Turcotte, 1989) and of planetary geology (Shepard et al.,
2001; Sharma and Byrne, 2010; Robbins, 2018). Irrespective of the
debates of whether topography is fractal, multifractal or not fractal, in
general, topography is rough to some degree. The question is what is an
appropriate parameter for characterising topographic roughness? The
fractal dimension (FD) of topography is a good candidate. Shepard and
Campbell (1999), Shepard et al., 2001) started with the assumption that
planetary surfaces are self-affine (fractal) over the scales applicable to
radar scattering. Landscape roughness analysis and the mapping of Mars
at the global scale using MOLA DEMs (Smith et al., 2001) were
considered by Krelavsky and Head (2000), Orosei et al. (2003), Gerekos
et al. (2021) and Pardo-Iglizquiza and Dowd (2022), among others.
Gerekos et al. (2021) analysed the roughness of 2441 HiRISE tiles using
an automated detection of roughness analogues of terrains on Jupiter’s
moon Europa. However, they do not provide any images of the spatial
variability of the roughness or a spatial analysis of the maps. In addition,
there is no indication that this analysis has any relevance to the geology
of Mars.
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Fig. 1. Martian landscape roughness can be studied at different scales depending on the available experimental data.

The application of landscape roughness maps depends on the scale at
which roughness is calculated. In fact, roughness is clearly scale-
dependent. The roughness of a surface must be calculated for a spe-
cific scale otherwise the results would be meaningless. For example, on
Earth one of the smoothest surfaces imaginable in a landscape is a new
airport runway (Burrough, 1981), which will have a fractal dimension
(smoothness parameter) close to 2 at the metre-scale. However, at the
millimetre and micrometre scales (that is, as h — 0) the roughness will
be very high because of the irregularities of the aggregate materials of
asphalt or concrete which will be very rough at the microscopic scale.
Furthermore, the airport runway could be in the middle of the Hima-
layan Mountains and as such it would be a smooth element in a land-
scape that is very rough at the kilometre-scale. The same is true of Mars
and there are typical ranges of spatial scales at which the topographic
roughness of Mars can be investigated using the available data (Fig. 1).

This paper illustrates the mapping and analysis of the spatial vari-
ability of the roughness of Martian topography at a high spatial reso-
lution (metre-scale). The local topographic roughness has been assessed
by using the local fractal dimension. Histogram, segmentation, con-
nectivity, variability, anisotropy, aggregation, extreme values and shape
analysis of the maps of local roughness provide new geomorphometric
parameters that can be used by planetary geologists to increase our
understanding of the geological and geomorphological processes,
products and events that have shaped the landscape of Mars. This
analysis is useful because, currently, Martian geology and geo-
morphology can only be accessed and studied by remote sensing. Any
newly acquired information will complement other sources of infor-
mation and assist planetary geologists in their geological and geomor-
phological interpretations of the Martian landscape.

The methodology used in this paper to assess the characterization of
the spatial variability and structure of local landscape roughness is
described in the next section.

2. Methodology

Landscape roughness can be characterized by different mathematical

metrics such as the interquartile scale variation (Aharonson et al., 1998,
Aharonson et al., 2001), root-mean-square slopes (Krelavsky and Head,
2000), multiscale analysis (Grohmann et al., 2011), wavelets (Deliege
et al., 2017), power spectrum density (Liu et al., 2021) and the fractal
dimension (Garneau and Plaut, 2000; Pardo-Igtizquiza and Dowd,
2022), among others. The use of the fractal dimension has the appeal of
fractal geometry and the fractal character of nature (Mandelbrot, 1983).
A fractal is a mathematical set that is irregular or fragmented at all scales
and it is a useful model for topography (Burrough, 1981).

The starting point for evaluating landscape roughness is a digital
elevation model (DEM) of the area of interest. The DEM is a digital
representation of the topography in raster format, that is, the plan
projection of the zone of interest is discretised into cells and the
topography, or vertical dimension, is represented by assigning an alti-
tude to each cell. A global fractal dimension can be calculated for a DEM
but that only gives an average value of roughness for the whole area
whereas the interest here is in the spatial variability of topographic
roughness obtained by evaluating roughness at the pixel scale of the
raster DEM. The methodology used in this paper is to calculate the
fractal dimension inside a moving window (Taud and Parrot, 2005)
centred at each cell of the DEM, thus assessing the local fractal dimen-
sion and, after the application to each cell of the DEM, obtaining a new
raster map with the local landscape roughness evaluated for each pixel
of the DEM.

The local fractal dimension for each cell (i,j) of the DEM, where the
(i) index represents columns and the (j) index represents rows, is
calculated by using the intersection of the surface, inside the moving
window, with four vertical planes that correspond to the principal
geographical directions (N-S, E-W, NW-SE and NE-SW). Thus, the
problem is reduced to the estimation of the fractal dimension of one-
dimensional topographic profiles (Dubuc et al., 1989), inside the two-
dimensional moving window of size {W + 1, W + 1}.

These topographic profiles are one-dimensional vectors of data. For
example, for the (i,j) pixel of the DEM, the E-W profile, which is the (j)
row index, is given by:
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Fig. 2. The white squares show the six test sites used in this paper to study terrain closed depressions and mounds on Martian landscapes: (1) Aeolian terrain in South
Melas Chasma, (2) Volcanic terrain in the Tharsis region, (3) Hydrated terrain inside Ius Chasma. (4) Cratered terrain, (5) Reticulate terrain and (6) Sublimated
terrain in the layered bands of the Southern polar cap. Mars MGS MOLA Global Colour Shaded Relief from the USGS Astrogeology Science Centre, Goddard Space

Flight Centre, NASA and digital elevation model of the Southern Pole.
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which is a sequence of W + 1 values and were 2(i,j) is the altitude of
pixel (i,j).

Many methods have been proposed for estimating the fractal
dimension of one-dimensional vectors of data in time series analysis
(Gneiting et al., 2012) and the variogram has proven to be an efficient
procedure for doing so (Wen and Sinding-Larsen, 1997; Pardo-Igtzquiza
and Dowd, 2020).

The variogram (Matheron, 1963) is a statistical function that esti-
mates the dissimilarity between two random variables separated by a

vector of distance h by taking one half of the mean of the squared dif-
ference between the two variables:

1 .
y(h) = EE{ ZGi+h) —Z@))} 2
where y(h) is the variogram for distance h, E{.} is the mathematical

expectation operator, and Z(i) is the random variable that describes the
altitude at location (i). The motivation for using the variogram method is
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Fig. 3. HiRISE images (1) ESP_060729_1670 for aeolian terrain. (2) PSP_008262_1855 for volcanic terrain. (3) ESP_041121_1725 for hydrated terrain. (4)
ESP_018007_2305 for cratered terrain. (5) ESP_025152_1945 for reticulate terrain and (6) ESP_013990_0930 for sublimated terrain.

that fractional Brownian motion (Franceschetti et al., 1999) is a good
stochastic model for topographic profiles and natural surfaces and its
variogram is a power-law model (Wen and Sinding-Larsen, 1997):

y(h) = ah’, 3)
a>00<p<2,

where (a, ) are the parameters that define the power variogram model.
The use of maximum likelihood to estimate the (a, ) parameters is given
in Pardo-Igtizquiza (1998). A method for generating simulations of two-
dimensional realisations of random functions using the power vario-
gram model with parameters (a, 1) is described in Pardo-Igtizquiza and
Dowd (2003) and a computer code for the inference of parameters is
given in Pardo-Igtizquiza (1997).

The 1-D fractal Brownian motion is an appropriate model for a

topographical profile, that is, the intersection a topographical surface
and a vertical plane (Gneiting and Schlather, 2004). The fractal
dimension (FD) is related to the parameter 8 by the relationship (Voss,
1985):
FD=E+1— g, 4)
where E is the topological dimension of the Euclidean space of the
fractional Brownian motion. For one-dimensional fractional Brownian
motion, E = 1 and:

(FD), =2 — g. ®)
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Fig. 4. (A) Hillshade map of the HiRISE digital elevation model of test site 1 (aeolian terrain). (B) Map of roughness defined by the local fractal dimension (Fractal
D.). (C) Experimental variogram of (B) for distances up to 200 m. (D) Segmentation of (B) into four classes using the roughness quartiles. Class 1 are values of
roughness in the range [2, 2.283), class 2 are values of roughness in the range [2.283, 2.365), class 3 are values of roughness in the range [2.365, 2.445) and class 4

are values of roughness in the range [2.445, 3].

Table 1
Basic statistics of the topographic roughness parameter (fractal dimension FD)
for the different types of selected terrain.

Type of Mean Standard Median 10 90
terrain FD deviation FD FD percentile percentile
Aeolian 2.35 0.118 2.37 2.21 2.52
Volcanic 2.42 0.107 2.42 2.28 2.56
Hydrated 2.26 0.123 2.26 2.14 2.44
Cratered 2.37 0.124 2.37 2.20 2.53
Reticulate 217 0.091 2.20 211 2.32
Sublimated 2.75 0.089 2.71 2.61 2.80

The fractal dimension of the surface, (FD),, is estimated from the
fractal dimension of the vertical profiles (Voss, 1985):

(FD), = 1+ (FD);. (6)
where the one-dimensional estimated fractal dimension (FD);* is ob-
tained from the average of the directional fractal dimensions for the
principal geographical directions NS, NE-SW, EW and NW-SE (Pardo-
Igtizquiza and Dowd, 2020).

For a profile of length L, the variogram is estimated at K distances or
lags (k;k =1, ...,K) where the estimator at the Kt lag is given by (Journel

and Huijbregts, 1978):

1 L—k

D k@) —zi+ )]

=1

71(k) @

2L k)

where z(i) is the observed altitude, which is a realisation of the altitude
random variable at the spatial location (i) in the profile given in Eq. (1).

Thus, § can be estimated from the slope of a line fitted to the log-log
plot:

Inly, (k)] = Pln[k] + Inla]. ®

Two reliability parameters, the standard error of the estimated slope
parameter (o5) and the coefficient of determination (R?) (Draper and
Smith, 1998), can be estimated from the regression equation implied in
Eq. (8). The standard error of the slope is used to evaluate the standard
error of the estimated fractal dimension while the coefficient of deter-
mination provides an assessment of how well the straight-line model in
Eq. (8) fits the experimental data. The output from the methodology is a
raster map for each of these two reliability parameters and some com-
mon values are presented later. The experimental data in Eq. (8) are the
estimates of the variogram for K lags which depend on the selected size
of the moving window. If the window has a size of (W + 1) x (W + 1),
the variogram is calculated for K lags and the larger the value of W, the
more data pairs there will be in Eq. (7) to estimate the variogram. In
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Fig. 5. (A) Hillshade map of the HiRISE digital elevation model of test site 2 (volcanic terrain). (B) Map of roughness defined by the local fractal dimension (Fractal
D.). (C) Experimental variogram of (B) for distances up to 200 m. (D) Segmentation of (B) into four classes using the roughness quartiles. Class 1 are values of
roughness in the range [2, 2.344), class 2 are values of roughness in the range [2.344, 2.420), class 3 are values of roughness in the range [2.420, 2.493) and class 4

are values of roughness in the range [2.493, 3].

addition, independently of W, the number K of lags will influence the
reliability of the estimates (standard error of the slope and coefficient of
determination). Pardo-Igtizquiza and Dowd (2020) demonstrates the
robustness of the proposed methodology to the size W for a case that is
similar to the one used here because the estimated local fractal dimen-
sion does not change significantly for variations of the window size of up
to 25% of the window considered in this paper (a window size of 41 x 41
is used in this paper, that is, W = 40).

The estimation process generates three raster maps with the same
spatial resolution and dimensions as the original DEM. The original DEM
is the raster image:

{DEM(i,j) ;i =1,...,NC;j = 1,....NR}, )

where, NC and NR are the number of columns and number of rows,
respectively, of the DEM.

The new raster images with the local fractal dimension (FD), stan-
dard error of the local fractal dimension (SE) and coefficient of deter-
mination (R2) are, respectively:

{FD(i,j);i=1,...,NC;j = 1,...,NR}, (10)

{SE(i,j);i=1,...,NC;j = 1,...,NR} an

and

{R2(i,j);i=1,..,NC;j = 1,...,NR}, 12)

The layer of the local fractal dimension, representing local rough-
ness, can be spatially analysed and new geomorphometric parameters
can be calculated by analysing the histogram, segmentation, variability,
anisotropy, aggregation, connectivity, extreme values, and shape
analysis.

The histogram of the local roughness map is an estimate of the
probability density function of the variable and describes the frequency
of values of the local fractal dimension in the interval between 2 and 3.
The shape of the histogram, its mode and other statistics may be specific
to individual terrains. These and other statistics described below can be
calculated for the entire zone or for different areas.

The local roughness image can be segmented by applying a set of
local fractal dimension thresholds to generate a new raster image of the
spatial disposition of zones of, for example, very high, high, medium,
low, and very low roughness, for which four thresholds are required.
Segmentation is essentially a reclassification of the local fractal
dimension image to highlight areas of different roughness values. If only
one threshold is applied, the result is a binary image with only two
values representing areas of roughness above or below the threshold.
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Fig. 6. (A) Hillshade map of the HiRISE digital elevation model of test site 3 (hydrated terrain). (B) Map of roughness defined by the local fractal dimension (Fractal
D.). (C) Experimental variogram of (B) for distances up to 200 m. (D) Segmentation of (B) into four classes using the roughness quartiles. Class 1 are values of
roughness in the range [2, 2.192), class 2 are values of roughness in the range [2.192, 2.259), class 3 are values of roughness in the range [2.259, 2.342) and class 4

are values of roughness in the range [2.342, 3].

The variability or spatial continuity can be estimated by applying the
variogram in Eq. (7) to the image of local roughness given in Eq. (10).
The shape and parameters of the variogram can be used to characterize
the spatial variability of roughness in a particular zone. Anisotropy can
be evaluated by calculating the variogram of the local roughness image
for different geographical directions. Aggregation and connectivity can
also be characterized by the variogram estimated from a binary variable
provided by segmentation. These represent the degree of fragmentation
of a given interval of the values of local roughness. For example, if a
fractal dimension threshold is chosen to define very high roughness (i.e.,
extreme values), the aggregation and connectivity of these extreme
values can be estimated by calculating the variogram of the binary
image. Finally, shape analysis can be used to detect particular shapes of
roughness such as lineations, abrupt changes, and round shapes.

The previous list of geomorphometric parameters covers the main
parameters for characterising the spatial variability of local roughness
but it could be expanded if necessary. The geomorphometric parameters
could be applied to DEMs of Earth terrains, mainly in arid areas, to
provide standards for comparison. However, that is outside the scope of
this paper.

3. Case study

The digital elevation models (DEMs) used in this paper are the most

accurate local topographic maps available for Mars and were obtained
from images gathered by the High Resolution Imaging Science Experi-
ment (HiRISE) cameras (McEwen et al., 2010) on board the NASA Mars
Reconnaissance Orbiter spacecraft (Graf et al., 2005) and were down-
loaded from the HiRISE internet site (https://www.uahirise.org/dtm/).
HiRISE images are contributing significantly to our knowledge of
Martian geology at the local scale. The DEMs are derived from high-
resolution stereo-pair images (Kim et al., 2013) and they have an alti-
metric uncertainty of a few tens of centimetres (McEwen et al., 2010)
and a spatial resolution between 1 and 2 m.

Six HiRISE derived DEMs were selected for this study and their
spatial locations are shown in Fig. 2. The six HiRISE images are shown in
Fig. 3 and the test sites selected for each HiRISE DEM are shown as white
squares in Fig. 3. The DEM for each test site represents a surface of 2 km
x 2 km in terrain units, and each comprises a raster image of 2000 rows
and 2000 columns for the 1 m resolution DEMs and raster images of
1000 rows and 1000 columns for the 2 m resolution DEMs. The shaded
relief, or hillshade maps, (Marston and Jenny, 2015) from the DEMs of
the test sites are shown in Figs. 4A-9A for aeolian terrain (AT), volcanic
terrain (VC), hydrated terrain (HT), cratered terrain (CT), reticulate
terrain (RT) and sublimated terrain (ST), respectively. The six terrains
are named after the most distinctive, but not unique, morphological
process that shaped the examined landscape. This is considered to be a
representative, but not exhaustive, selection of Martian landscapes for
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Fig. 7. (A) Hillshade map of the HiRISE digital elevation model of test site 4 (cratered terrain). (B) Map of roughness defined by the local fractal dimension (Fractal
D.). (C) Experimental variogram of (B) for distances up to 200 m. (D) Segmentation of (B) into four classes using the roughness quartiles. Class 1 are values of
roughness in the range [2, 2.278), class 2 are values of roughness in the range [2.278, 2.366), class 3 are values of roughness in the range [2.366, 2.452) and class 4

are values of roughness in the range [2.452, 3].

roughness mapping and for analysing the landscape at the metric-scale.
The selection of the sites was arbitrary although the intention was to use
a wide variety of different origins of the Martian landscapes. The pro-
cedure can be applied to any DEM for any part of Mars. Test site 1
(Fig. 2) in the southern part of the Melas Chasma in Valles Marineris was
selected as representative of aeolian terrain (AT), that is, with a land-
scape sculpted by the wind. Test site 2 (Fig. 2) in the northern part of
Ulysses Tholus and close to Ulysses Fossae in the Tharsis dome was
selected as being representative of volcanic terrain (VT), that is, with a
landscape sculpted by volcanic processes. Test site 3 (Fig. 2) inside Ius
Chasma in Valles Marineris was selected as representative of hydrated
terrain (HT), a light-toned landscape representative of diapiric-like
processes. Test site 4 (Fig. 2) in Lycus Sulci northwest of Olympus
Mons was selected as representative of cratered terrain (CT), that is, a
landscape representative of impact cratering without any resurfacing by
other processes. Test site 5 (Fig. 2), on the northern flank of the Tharsis
Tholus volcano, was selected as being representative of reticulate ter-
rains (RT), that is, a landscape representative of polygenetic processes.
Test site 6 (Fig. 2) in the Southern Polar cap was selected as represen-
tative of sublimated terrain (ST), that is, a landscape representative of a
CO4 ice sublimation process. These six text sites are the same as those
used in Pardo-Iglizquiza and Dowd (2022) for the mapping and spatial

analysis of closed depressions and mounds.

The methodology for mapping roughness using the local fractal
dimension, as estimated by using the variogram, was applied to the six
test sites described above. The graphical results are shown in
Figs. 4B-9B for aeolian, volcanic, hydrated, cratered, reticulate and
sublimated terrains respectively. Typical maps of the standard error of
the estimated fractal dimension and the coefficient of determination are
shown in Fig. 10 for the aeolian terrain. The mean of the standard error
(standard deviation of the estimation variance) of the estimated local
fractal dimension is 0.079, the 90 percentile is 0.096 and the maximum
is 0.120. Thus, for 90% of the area in Fig. 10A, the standard error is less
than 0.096. With respect to the coefficient of determination in Fig. 10B,
the mean is 0.959 and the 10 percentile is 0.854 meaning that 90% of the
area in Fig. 10B has a coefficient of determination greater than 0.854.

The histograms of the fractal dimension for all areas of the test sites
are shown in Fig. 11A and the main statistics of these histograms are
shown in Table 1. The figures and the table show that the sublimated
terrain, with a mean fractal dimension of 2.71, is the landscape with the
highest local roughness. They also show that the volcanic terrain, with a
mean fractal dimension of 2.42, is the terrain with the second highest
local roughness. The terrain with the smoothest landscape, with a mean
fractal dimension of 2.20, is the reticulate terrain followed by the
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Fig. 8. (A) Hillshade map of the HiRISE digital elevation model of test site 5 (reticulate terrain). (B) Map of roughness defined by the local fractal dimension (Fractal
D.). (C) Experimental variogram of (B) for distances up to 200 m. (D) Segmentation of (B) into four classes using the roughness quartiles. Class 1 are values of
roughness in the range [2, 2.144), class 2 are values of roughness in the range [2.144, 2.195), class 3 are values of roughness in the range [2.195, 2.257) and class 4

are values of roughness in the range [2.257, 3].

hydrated terrain with a mean local fractal dimension of 2.26. Finally, the
aeolian and cratered terrains have medium roughness each with a mean
local fractal dimension of 2.37. Notwithstanding this ranking of the
terrain by mean local fractal dimension, there is significant variation in
the local fractal dimension for each terrain as can be seen in the
roughness maps in Figs. 4B-9B and the histograms in Fig. 10A. Thus, if
for each terrain the 10% of the highest and the 10% of the lowest fractal
dimensions are not considered, 80% of the fractal dimensions are
included in the 10 to 90 interval percentiles which are (2.21, 2.52, 2.28,
2.56, 2.14, 2.44, 2.20, 2.53, 2.11, 2.32, 2.61, 2.80) for the aeolian,
volcanic, hydrated, cratered, reticulate and sublimated terrains respec-
tively. In addition, the local fractal dimension is spatially structured in
ridges of low roughness values and patches of high roughness values.
Furthermore, in addition to showing the spatial variability of landscape
roughness, the local fractal dimension maps may reveal some spatial
patterns that are hidden in the landscape as shown by the white arrows
in Fig. 6B for the hydrated terrain and Fig. 9B for the sublimated terrain.
In the hydrated terrain the white arrow at the right points to a fine
orientation in the roughness due to a plastic flow of material while the
white arrow on the left points to a marked contrast between high and
low values of roughness that delineate a structure that merits further
attention. In the sublimated terrain the two white arrows point to linear

structures that could be artefacts generated in the DEM processing.

Fig. 12 shows six typical topographic profiles, each 500 m in length,
one for each terrain type. The mean local fractal dimension is similar to
the mean fractal dimension for the corresponding type of terrain as
given in Table 1. These profiles illustrate the landscape roughness as
seen in topographic profiles.

4. Discussion

The fractal dimension used in this paper is related to the Hurst
parameter H that characterises long memory processes (Beran, 1994),
considering that # = 2H (Voss, 1985). Thus, the fractal dimension used
here could be called the Hurst fractal dimension (HFD) in order to
distinguish it from other fractal dimensions. For example, strictly
defined, the term fractal refers to a set in which the Haus-
dorff-Besicovitch dimension exceeds the topological dimension (Man-
delbrot, 1977). For a linear fractal function, the Hausdorff dimension D
may vary between 1 (completely differentiable) and 2 (so rough and
irregular that it effectively takes up the whole of a two-dimensional
topological space) (Burrough, 1981). That is the case for a random
walk that wanders over a square and fills the space as seen in Fig. 13A.
However, the latter is not possible for a random walk that represents a
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Fig. 9. (A) Hillshade map of the HiRISE digital elevation model of test site 6 (sublimated terrain). (B) Map of roughness defined by the local fractal dimension
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topographic profile (Fig. 13B) or a time series because both are ordered
sequences of data where there is a unique value of the variable (altitude)
for each space or time coordinate. Furthermore, for a topographic profile
the maximum roughness is achieved by a white noise that has a HFD of 2
(and 3 for a surface). However, its Hausdorf-Besicovitch FD is 1.5 for a
profile and 2.5 for a surface.

The local fractal dimension treats the fractal dimension as a spatially
variable parameter. From these maps, shown in this paper in
Figs. 4B-9B, the concept of fractally homogeneous regions (Klinkenberg,
1992) could be applied. This is a straightforward procedure using the
reclassification of raster maps and a Geographical Information System.
The only problem is the selection of the thresholds of fractal dimensions
that define the homogeneous regions according to a geomorphological
or geological task.

The local fractal dimension, i.e., the roughness of the terrain, could
be related to the number of closed depressions that are found on each
terrain. In this sense Fig. 14 shows the relationship between the mean
local fractal dimension of each of the terrains and their number of closed
depressions. The number of closed depressions is covered in Pardo-
Igtizquiza and Dowd (2022). From Fig. 14 it appears that low fractal
dimensions correspond to small numbers of closed depressions and high
numbers of closed depressions correspond to high fractal dimensions or
high roughness of the terrain. The correspondence between the two
extremes is not perfectly linear.

10

To provide a reference for comparison, the local fractal dimension
has been calculated for some Earth DEMs with spatial resolutions equal
to those of the Martian HiRISE DEMs. Although there are millions of
examples that could be used, only six cases have been considered and
these include two volcanic terrains, two karst terrains and two aeolian
terrains. For the aeolian terrains, one is a natural aeolian terrain and the
other is the same terrain plus an adjacent anthropic terrain. The areas of
these test sites are identical to the areas of the Martian test sites and the
histograms of the estimated local dimensions are given in Fig. 11B. In
general, the local Earth fractal dimensions are less than the Martian local
fractal dimensions although they may be similar. It is difficult to find on
Earth the level of roughness of the Martian sublimated terrain although
we have tried a minimal sample in the huge number of DEMs that could
be analysed for Earth terrains.

The following section provides a brief discussion for each of the test
sites.

4.1. Aeolian landscape in Melas Chasma

This terrain has been interpreted as composed of blowouts and pan
marginal lunette dunes (Pardo-Igtizquiza and Dowd, 2022). This is a
detached geomorphology in which sediments transported by the wind
have covered the underlying bedrock. Curiously, the histogram of the
local fractal of the aeolian landscape is almost identical to that of the
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Fig. 10. A. Standard deviation of the estimated fractal dimension shown in
Fig. 4A. B. Coefficient of determination (R?) of the estimation of the fractal
dimension shown in Fig. 4A.

cratered terrain. However, the spatial variability of the high and low
values of roughness are in opposite topographic styles. In the aeolian
terrain (Fig. 4B), the closed depressions (blowouts) correspond to areas
with higher local fractal dimension (higher roughness) while the lunette
dunes are areas of low roughness (low local fractal dimension). How-
ever, in the cratered terrain (Fig. 7B) the closed depressions (craters) are
locations with lower roughness (low fractal dimensions). It is likely that
in the blowout depressions the removal of the aeolian cover (deflation
basin) has resurfaced an irregular bedrock while the aeolian dunes are
relatively recent and are still smooth and not significantly affected by
recent impact craters of small size. The variogram of local roughness for
distances up to 200 m (Fig. 4C) reaches a plateau at around 120 m,
which is the mean size of the main aeolian features in the image. Seg-
menting the roughness map in four quartiles, as described in Fig. 4D,
shows the high connectivity or low fragmentation of the low values of
roughness and their elongated shape.

4.2. Volcanic landscape in the northern part of Ulysses Tholus

This terrain has been interpreted as composed of erosion-
transformed depressions and mounds (Pardo-Igizquiza and Dowd,
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2022). A volcanic terrain is formed by lava flows that have the topog-
raphy of closed depressions and mounds that later will be smoothed by
erosion processes. The histogram of the local fractal dimension of the
volcanic terrain in Fig. 11A shows that this terrain has a little more
roughness than the aeolian terrain previously considered. In the volca-
nic terrain the topographic mounts correspond to low roughness (low
local topographic dimension) and the higher roughness is related to
topographic depressions. A typical topographic profile of this terrain is
given in Fig. 12B. The histograms of the volcanic terrains on Earth are
given in Fig. 11B and these are much smoother than those in the Martian
example. The variogram of local roughness for distances up to 200 m
(Fig. 5C) reaches a plateau at around 70 m, which is the mean size of the
main volcanic features in the image. At these short distances the spatial
variability of roughness is isotropic. The segmentation of the roughness
map into four quartiles, as described in Fig. 5D, shows more fragmen-
tation of the low values of roughness than in the aeolian case and the
volcanic features are more rounded than elongated in shape.

4.3. Hydrated landscape inside Ius Chasma

This terrain has been interpreted as composed of an evaporite karst
(Pardo-Iglizquiza and Dowd, 2022), similar to that of salt and gypsum
diapirs on Earth (Hudec and Jackson, 2007) and similar to the diapirism
found in the Hellas basin floor (Bernhardt et al., 2016). The local fractal
dimension map is given in Fig. 6B and reveals spatial patterns that could
be of significant interest in geomorphological and geological studies of
this terrain. It has a flow type orientation (white arrow on the right-hand
side of the image) and an area of very high roughness (white arrow on
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the left-hand side of the image) even though the histogram of the local
fractal dimension (Fig. 11A) shows that the terrain is quite smooth
although it does have localised areas of high roughness. The plastic
behaviour of the outcropping rocks in this terrain could explain the flow
structures shown in the spatial variability of the local fractal dimension.
The variogram of local roughness for distances up to 200 m (Fig. 6C)
shows two breaks in the slope at 30 m and at 140 m where the variogram
reaches a plateau. Thus, in this case, the spatial variability of roughness
for short distances has small components of up to 30 m and larger
components of up to 140 m that can be considered as the mean size of
the geological features in the image. At these short distances the spatial
variability of roughness is isotropic. The segmentation of the roughness
map into four quartiles, as described in Fig. 6D, shows fragmentation
similar to the volcanic case but with more elongated features.
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4.4. Cratered landscape in the northern flank of Tharsis Tholus volcano

This terrain has been interpreted as a typical impact crater landscape
(Pardo-Iglizquiza and Dowd, 2022). The local fractal dimension of this
terrain has previously been compared with the aeolian terrain. The
histograms of the local fractal dimension of both terrains are similar but
the zones of low roughness correspond to impact craters (negative to-
pographies) for this type of terrain while the same smooth surfaces were
in the positive topographies (dunes) in the aeolian terrain. It seems that
the impact craters have smoothed the terrain while the zones with
ejected material around the craters correspond to the rough landscape in
this type of terrain. The variogram of local roughness for distances up to
200 m (Fig. 7C) reaches a plateau at around 160 m, which is the mean
size of the main volcanic features in the image. At these short distances
the spatial variability of roughness is isotropic. The segmentation of the
roughness map into four quartiles, as described in Fig. 7D, shows little
fragmentation of the low values of roughness and their rounded shape.

4.5. Reticulate landscape in Lycus Sulci

This terrain has been interpreted as a jigsaw puzzle pattern of de-
pressions and mounds (Pardo-Igtizquiza and Dowd, 2022) and a possible
origin of this pattern could be the downslope movement of wall material
caused by the viscous deformation of ground ice (Bridges et al., 2010).
The histogram in Fig. 11A and the map of the local fractal dimension in
Fig. 8B show that this terrain has the lowest values of local fractal
dimension which implies smooth terrains or terrains with low rough-
ness. This smoothness may be related to the small number of closed
depressions as shown in the relationship in Fig. 14 and in the topo-
graphic profile in Fig. 12E. The variogram of local roughness for dis-
tances up to 200 m (Fig. 8C) reaches a plateau at around 30 m, which is
the mean size of the geological features in the image. At these short
distances the spatial variability of roughness is isotropic. The segmen-
tation of the roughness map into four quartiles, as described in Fig. 7D,
shows the high fragmentation of the low values of roughness, which is
much larger than the aeolian, volcanic, hydrated and cratered terrains.

4.6. Sublimated landscape at the Southern pole

This terrain has been interpreted as negative and positive aranei-
forms (Hao et al., 2019; Pardo-Igtizquiza and Dowd, 2022) and the
origin of this pattern is the seasonal sublimation of CO3 (Schwamb et al.,
2018). The histogram in Fig. 11A and the map of the local fractal
dimension in Fig. 9B show that this terrain has the highest values of the
local fractal dimension which implies a very rough terrain. This
roughness appears to be related to the high number of small, closed
depressions as shown in the relationship in Fig. 14 and in the topo-
graphic profile in Fig. 12F. The variogram of local roughness for dis-
tances up to 200 m (Fig. 8C) shows two breaks of slope at 5 m and at 30
m at which it reaches a plateau. Thus, the spatial variability of roughness
shows that there are very small-scale geological features of mean size 5
m and 30 m. At these short distances the spatial variability of roughness
is isotropic. The segmentation of the roughness map into four quartiles,
as described in Fig. 8D, shows very high fragmentation of the low values
of roughness, which are even larger than that of the reticulated terrain.

The roughness of Martian terrains and their spatial analysis provides
another layer of information that can be integrated with other layers of
information obtained from DEMs with different resolutions (Aharonson
et al., 2001), HiRISE images (Keszthelyi et al., 2008), spectral imagery
information generated by other sensors (Brown et al., 2012), etc. In this
context, terrain roughness will provide useful information on Mars as
applications on Earth have already done (Day and Chenoweth, 2013;
Smith, 2014).
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5. Conclusions

This paper presents the results of estimating surface roughness of
local terrain tiles using the fractal dimension. The purpose of doing so is
to quantify the terrain texture of different types of Martian terrain to
provide roughness maps that will assist Planetary Geologists in under-
standing geological processes and formations. The novelty of the work is
that the texture is characterized on a 1-m scale and maps of surface
roughness have been generated for local zones of 2 km x 2 km, neither
of which have been provided in any previous work. Six sites were
selected as archetypes for major Martian terrain types: aeolian, volcanic,
hydrated, cratered, reticulate and sublimated. The topography at these
sites is represented by 1 to 2 m resolution DEMs constructed from stereo-
pair HiRISE images. The moving window size of 41 x 41 cells are local
tiles of the DEM for which a fractal dimension is calculated. The fractal
dimension is obtained from 1D transects of the surface in principal di-
rections by using the variogram. The fractal dimension assigned to a
surface within a tile is an average of the four 1D fractal dimensions. The
final result is a map showing the spatial distribution of local values of the
fractal dimension across the site - a proxy for a map of local surface
roughness on a 1-m scale. Following good statistical practice, uncer-
tainty measures of the estimated roughness are provided.

The procedure does have its limitations. Landscape roughness is the
result of many complex geological processes such as faulting, folding,
erosion, deposition, mantling, resurfacing, mass movement, etc. It is
thus unrealistic to expect that a map of surface roughness would be a
diagnostic feature that unambiguously identifies a geological process or
geological formation. Even on Earth that is not possible (Smith, 2014)
and so it is even less likely to apply to Mars where our geological
knowledge is still fragmentary and uncertain. However, and because of
the latter, all tools and morphometric parameters that provide infor-
mation on the local geology should be integrated in any geological or
geomorphological study of Mars at the local scale. In this sense, the
images of the topographic roughness of Mars at the metre-scale can be
seen as a different view of the terrain that provides information on
roughness variability and that can reveal hidden spatial structures that
can assist in geomorphological and geological mapping and in the study
of processes and products. It has been shown how, in general, the ter-
rains on Martian landscapes are rougher than those on Earth because on
Mars the impact cratering of small bodies creates roughness (like in the
Moon as shown by Cai and Fa (2020)) while on Earth rainfall and sheet
flow, together with the corresponding drainage network, will smooth
the terrain. The sublimated terrain with its high roughness does not
appear to have an equivalent on Earth. The images of local roughness
presented in this paper, together with the method used to generate them,
provide the planetary geologist with a means of extracting more useful
information from the high-resolution digital elevation models from
HiRISE images.
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